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Abstract

High resolution regiona and globa raster databases are currently being generated for a
variety of environmenta and scientific modeling gpplications. The projection of those data from
geographic coordinates to a plane coordinate system is subject to significant variation and error
based on the selected projection, the raster pixel size, and the specific latitude of the location
being projected. While equal-area projections are designed to specifically preserve area, research
shows that area preservation varies and selection of aprojection for the resolution of the datais
critical to developing accurate statistics of attributes such asland cover and devation. Ina
comparison of four equa area projections, the Lambert azimutha equd ares, the Maollweide, the
Goode homolosine, and the equa area cylindricd, results show that total areas of land cover vary
with projection type and with raster resolution. While no single projection is best for dl
resolutions and at dl latitudes, and any of the equal area projections tested are accurate with
resolutions of eight kilometer pixels or smdler, the Mollweide gppeared most accurate at larger
pixel szes. Andysis of the accuracy of raster projection was conducted by two methods. First, a
st of twelve one by one degree squares placed at various latitudes were projected at severa
raster resolutions and compared to a projection of avector representation of the same squares.
Second, severd different raster resolutions of land cover datafor Asawere projected and the
total areas of 21 land cover categories were tabulated and compared. The results indicate a
variance in projection accuracy with latitude and among projection types.

Introduction

With the advent of digita computers and their application to map projection problems from
the early 1960's, one might think that al projection problems have been solved. It istrue that
when handling geographic data for small areas at high resolution and large scale, projection
effects tend to be small compared to other sources of data error and inaccuracy. Renewed



difficulties occurred in the late 1970's and 1980's with the introduction of a datum change in the
United States from the North American Datum of 1927 (NAD 27) to the geocentric-based North
American Datum of 1983 (NAD 83) (ACSM, 1983). In recent years this datum shift has plagued
users of geographic information systems (GIS) and even with the current status of complete
dlipsoid, datum, and projection conversons available in most commercia GIS software

packages, the knowledge to use such conversons effectively is ill lacking in the GIS user
community (Welch and Homsey, 1997). Often gpproximations to projection equations are used
resulting in error and comparing the results from various projections is difficult (Snyder, 1985;
Tobler, 1986a; 1986h). We are now entering a phase of GIS and digital cartographic use in which
large datasets of high resolution are available for globa and regiond modeling applications.

With these large areas and high resolution, data problems of map projections again become
sgnificant. In particular, raster datasets suffer accuracy problems directly attributable to
projection transformation (Snyder 1983; 1987; Steinwand et al.,1995).

Equd-area projections are generdly better for raster datasets since preservation of area
characterigtic yields pixel areas which are more correct and equivadent. The interrupted Goode
homol osine projection has been recommended for global-raster GIS databases, particularly for
products generated from the National Aeronautics and Space Adminigtration’s (NASA)
Advanced Very High Resolution Radiometer (AVHRR) data (Steinwand et al.,1995). If agloba
GIS database is built using the vector data structure, an equa area projection will preserve most
of the origina information such as the size of areas, but research indicates that even projections
designed to preserve aress, i.e., equivaent or equd-area projections, may distort original
information when the database is built using the raster GIS data structure.

As Steinwand et al. (1995) indicate, the loss and digtortion of origind information occurs
during the image warping as well as the reprojection of raster deta. In addition, the spatia
resolution of araster pixel can cause an inaccuracy depending on the projection selected.
Assuming a projection with minimum area distortion and dlowing maximum angular digortion,
the projection will be gppropriate only when the raster pixel szeissmal enough not to be
sgnificantly affected by the angular distortion (Nyerges and Jankowski, 1989). As pixd sizesare
increased, the information for areas are affected significantly due to the distorted shape.

This paper investigates the effect of spatid resolution change in large regiond ragter GIS
databases using four mgjor globa projection methods. The next section provides the theoretica
bass for the work and an andys's usng mathematicaly constructed datasets. The third section
provides an empiricd andysis of the problem using regiond land cover for Asa A find section
provides some conclusions about raster projection based on pixd size and latitude.

Theoretical Approach

Twelve ground festures were designed specificaly considering geographic location (Figure
1). Each feature has a rectangular shape covering a one degree by one degree area under the
geographic reference system with latitude and longitude coordinates represented in the decimal
degree format. The lower left origins of the rectangles are placed at the intersections of the 0, 25,
50 and 75 degree lines of latitude and the 50, 100 and 150 degree lines of longitude.

In order to represent the curvature of projected lines, each polygon is composed of 1,000 line
segments. Each arc segment, therefore, spans 0.004 decima degrees. The length of each arc
segment dong ameridian is aout 445 meters and the length of each arc segment along aparale



[ [ ]
NENNNENNSNSNSNENNNENRS,

I A I R A B R r I T

u

Figure 1. Location of one-by-one degree samples for examining projection effects on area

of latitude is about 445, 403, 286 and 115 meters at 0, 25, 50 and 75 degrees, respectively (note
that distance dong ameridian = radius of the earth R 6,371.1 km x difference of latitudesin
radians, dn, and distance dong a parallel = radius of the earth R 6,371.1 km X cos (latitudein
radians) x difference of longitudes in radians, d? (Mding, 1992)). A perfect sphere without
flattening is used as amodel of the globe. The radius of the earth is consdered as 6,371.1 km.

The twelve polygons were imported into the Arc/Info” and ArcView™ software systems
(ESRI, 2000), and then reprojected to four globa projection systems. equal-area cylindrica with
the zero-degree centra meridian and standard pardld; Mollweide with zero-degree centra
meridian; Robinson with zero-degree centra meridian; and the Goode homolosine interrupted by
oceans. As Steinwand et al. (1995) suggest, the interrupted Goode homolosine projection was
considered first. Because the Goode homolosine projection gives an interrupted look, two other
equal area projection methods were selected as dternatives. Mollwel de was sdected because of
its continuous look which is necessary for land-seaintegrated global database building. The
equa-area cylindrica projection was chosen because of its straight meridians and pardlels as
well as an entire world look. In addition, anon-equd area projection, the Robinson projection,
was selected as an aternative to the equal area projections assuming the attractive look would be
useful if it doesn't cause high levels of error when rasterized.

" Any use of trade, product, or firm namesis for descriptive purposes only and does not imply
endorsement by the U.S. Government.



In terms of the spatia resolution, the raster pixd sze used in most coarse-resolution satellite
products was considered, because satellite images are very good sources for agloba GIS
database. Specificaly, seven spatial resolutions, 500 m and 1, 4, 8, 16, 25, 50 km, were selected.
The 500 m resolution was chosen to match the MODI S sensor system. The resolutions 1, 4, 8 and
16 km were sdlected representing the products of the Local Area Composite (LAC), Globa Area
Composte (GAC), and other composite images of the AVHRR. The 25 km resolution was
chosen because the longitudina one-degree distance at 75-degrees latitude is dightly more than
25 km. Also, the 50 km resolution was selected to assess the effect of apixd size larger than the
size of mogt ground features used in GIS andysis.

Mathematical Basis

The surface area (S, ;,) covered by a one-by-one degree polygon can be calculated using the
integras of arevolving circle dong the x-axis with the radius (R) of 6,371.1 km (Equeation 1).

So = Q20 XF 001+ /()7 o (€.

where, S, = surface area of revolving circle
dividedby x=aandx = b, and

f(X)=VR- X (Ea. 2)
- X
f'(x)= N (Eq. 3)

a=Rgsan(n,) and b=Rgsan(n,), wheren, islaitude 1
and n, islatitude 2.

Thesurface areq, S,,, is 1/360" of the total surface area S, because the distance between
longitudes is one degree. Therefore, the size of the one-by-one degree polygon just above the
equator is 12,364.072 square kilometers. Using Equation 1, the areas for the rest of the one-
degree by one-degree rectangles are 11,160.054; 7,864.816; and 3,095.834 square kilometers at
the latitudes of 25, 50 and 75 degrees, respectively.

When the experimenta polygons were rasterized usng the ‘polygrid’ command in the
Arc/Info software, the results were unexpected (note: the polygrid command creates a grid file
from the polygon feetures of an Arc/Info coverage and can take weighting values when two or
more polygons overlap in apixd. In this sudy, the weighting method was not used, because the
12 sample polygons do not overlap each other in araster pixd). Figure 2 shows the effects of
different projections on the accuracy of the raster area estimation. The X axis denotes pixel szes
from 0.5 km to 50 km and the Y axis shows the percent of area represented by each projection.
After the percentage represented in each test polygon was calculated, they were added, and then
the sum was divided by the number of test polygons to caculate averages.
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Figure 2. The effect of spatid resolution and globa projections on the accuracy of araster GIS
database. The percent of area represented on the Y axis was cdculated by averaging the percent
vaues of dl the sample polygons, regardless of latitudes and longitudes.

As shown in the figure, the Robinson projection overestimates the areaat most pixel sizes except
50 km. At spatid resolutions less than one kilometer, the other three projections show smilar
high accuracies, which means any equal-area projection can be used for agloba GIS database at
these spatia resolutions. At aspatid resolution from one kilometer to eight kilometers, the
Mollweide projection shows the best representation. The equa-area cylindrical and Goode
projections show dight overestimation, but the Mollweide projection shows an dmost perfect fit.
From 16 km to 25 km, the equa-area cylindrical projection shows the best representation. The
Robinson projection shows the best representation at the 50 km spatia resolution.

Figure 3 shows the ragter area representation at four latitudes using an eight-km pixd sze.
The figure shows genera over-representation at latitudes of 60 degrees or more. The Mollweide
and Goode projections show relatively high accuracy regardless of |atitudes. The equd-area
cylindrica projection shows dight overestimation at the high latitude. In case of



180

160

T~
\\>

[EEN
LN
o

/

\

Percent of arearepresented
= =
o N
o o
|

/li/

\\

80

+

Goode

——

Mollweide
Equal-Area
—A—

Robinson

60

!
25

Latitude (degree)

Figure 3. The effects of latitude and projections on the accuracy of the raster GIS database, eight
kilometer pixd sze. The figure shows generd over-representation at the latitudes 60 degrees or

more.

the Robinson projection, the represented areas are significantly smaller than the actud aress a
low latitudes, while they are sgnificantly larger than the actud areaat high latitudes. These
findings suggest the Mollweide projection is dightly better than the Goode projection at the

gpatid resolutions of eight km or less.

Projection Application to Geographical Distributions of Land Cover

In this section, the problem of establishing area percentages for various land cover categories
defined on ragter datasets is examined as afunction of projection method and data resol ution.




The base data for this andysis was downloaded from the EROS Data Center of the U.S.
Geologica Survey (USGS) (http://edewww.cr.usgs.gov/landdaac/glcc/alcc.html) and consists of
two files of land cover for Eurasia, one in a Goode homolosine projection and the second in a
Lambert azimutha equa area projection. Both were coded in a USGS land cover categorization
(Table 1) with 24 categories and the Asia portion extracted with a vector boundary (Figures 4a
and 4b). The data from the Lambert projection were projected to geographic coordinates and then
reprojected to the Mollwelde, Robinson, and equal area cylindrica projections usng arigorous
transformation with the ERDAS Imagine84  * software (Figure 4c, 4d, and 4e, respectively). The
datain geographic coordinates were projected to the equa areacylindrical projection using
ESRI’s Arc/Info. The areas for each land cover category were then tabulated as percentages of
the total area. Because the extent of the background area and water from the oceans varies from
one projection to another depending on the chosen areato be projected, these categories were
excluded from the tabulations. Also, since there were no areas of bare ground tundra and
dryland/irrigated cropland and pasture in Asa, these two categories were eliminated from the
percentage tabulations and do not appear on the maps or in the discussion below.

Tablel
AsalLand Cover Percentages by Projection
16-km Pixds 50-km Pixds
Land Cover Categories Lam Goode Eqg-Cyl [Mw Rob Lam Goode |Eqg-Cyl [Mw Rob
Urban & Built-Up Land 0.16 | 0.17| 0.16] 0.16 | 0.15 0.14] 0.17| 0.21 | 0.15| 0.09

Dryland Cropland & Pasture ((12.36 | 12.70 | 12.13 | 12.47 (11.97 | [12.24 |13.16 | 12.48 |12.57 | 11.76
Irrigated Cropland & Pasture|| 11.26 | 12.24 [ 11.20 [ 11.06 {10.33 ||11.60 | 12.38 [11.59 |11.07 | 10.70
Cropland/Grassland Mosaic | 589 [ 5.78 591| 5.79 | 5.83 595| 581 | 566 | 578 | 5.84
Cropland/Woodland Mosaic || 4.24 | 3.96| 4.33| 4.32 | 4.28 3.85| 3.79| 4.15| 437 | 3.97

Grassland 17.12 |14.82|17.05]17.00 |17.65 | [17.14 [14.55 [16.61 [ 16.96 | 17.57
Shrubland 14.27 111.69 | 14.45]14.25 |14.31 | | 13.94 | 11.96 | 14.19 | 14.44 | 14.62
Mixed Shrubland/Grassland || 2,05 | 2.39| 2.07| 2.10 | 1.96 205 242 224 2.05( 2.03
Savanna 449 | 523 4.39] 455 | 458 454 | 496 | 464 | 465| 5.03

Deciduous Broadleaf Forest 3.20| 3.67| 3.23| 3.16 | 3.14 344 | 344 | 341 | 293 | 3.02
Deciduous Needleleaf Forest 1.87 | 2.86| 1.92]| 1.89 [ 2.23 188 294 | 1.86| 2.04 | 2.08
Evergreen Broadleaf Forest 270 3.09| 2.79]| 2.73 | 2.40 260 | 3.19| 2.72| 2.60| 257
Evergreen Needleleaf Forest|| 0.83 | 0.94| 0.86| 0.85| 0.81 0.85| 0.76 | 0.86| 0.96 | 0.85

Mixed Forest 856 | 9.46| 852] 8.64 | 9.25 8.63 | 9.53| 8.25| 8.45| 9.01
Herbaceous Wetland 0.14| 0.19| 0.16] 0.14 | 0.15 0.12| 0.18| 0.16| 0.12| 0.11
Wooded Wetland 0.11| 0.13( 0.11] 0.09 | 0.14 0.17| 010 0.12| 0.11 | O.11
Barren or Sparsely 9.20| 866 9.19] 9.24 | 9.19 9.28 | 8.65| 9.38| 9.12 | 9.02
Herbaceous Tundra 0.16 | 0.06( 0.17] 0.16 | 0.17 0.17| 0.07| 0.12| 0.21| 0.17
Wooded Tundra 111 156| 1.07] 112 | 1.16 123 154 | 1.07| 110 1.19
Mixed Tundra 0.04| 0.11| 0.05] 0.05 | 0.07 0.03| 0.11| 0.04 | 0.04 | 0.02
Snow or Ice 0.25] 0.28| 0.24] 025 0.25 0.15]| 0.30] 0.24| 0.28| 0.25

Any use of trade, product, or f|rm namesis for descriptive pur, only and does not impl
endorsementbytheU% Government ptive purposes only ply
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Figure 4. Asaland cover a 8 km pixdsin five different projections.



Analysis of Projection Effectson Land Cover Percentages

The tabulations of total areas for the 21 land cover categories for the five different projections
provides abass for empiricaly verifying the results of the mathematicd analysis above. Ascan
be seen in Figure 2 and Table 1, the Robinson projection sgnificantly overestimates the land
compared to the equa area projections. The Lambert, equal-area cylindrical, and Mollweide yield
amogt identicd results at the 16-km resolution, but only the Mollweide retains dmost identical
percentages at the 50-km resol ution. Mollweide and equal-area cylindrical projections provide
smilar ared percentages. The Goode projection aso fals to retain land cover ared percentages
between the two resolutions reflecting the mathematical results of Figure 2.

The latitudina results are most easily verified by examining particular land covers which
occur amogt exclusively a specific latitudes. For example, the deciduous needleleaf forests
occur & high latitudesin Siberia. For the four projections in Figure 3, the Mollweide projected
results should have the lowest vaues, followed by the equa-area cylindricd, the Goode, and the
Robinson should show the greatest overestimation. These results are consstent with the tabulated
percentages in Table 2, with the exception of the Goode which was projected from a different
source and includes a dightly different area (including a portion of the Kamchatka Peninsula not
contained in the other source data). The different sources were needed because of the current
limitations of commercia software to generate Goode projections. As expected from Figure 3,
the Robinson projection overestimates the area a high latitudes, shown by the deciduous
needleleaf category, but dso shows areduction of the overestimation at the 50 km resolution.
Data projections of the various categories at 1, 4, 8, 16, 25, and 50-km resolutions verify the
mathematical results of Figures2 and 3.

Summary and Conclusons

In this paper, the sgnificant effect of globa map projections on the accuracy of tabulated
datistical results has been examined. Through integration of raster and vector representations and
reprojections of the raster data, accuracy of results has been shown to be dependent on raster
resolution and latitudina position. At resolutions from one to eight kilometers, most equa area
projections perform adequately. At resolutions coarser than eight kilometers, variances by
projection can be sgnificant with the Mollwe de maintaining the grestest consstency over
various pixd szes and over various latitudes.

The result of the effect of spatid resolution and globa map projectionsis significant.
According to the results found from the twel ve one-by-one degree polygons, the Robinson
projection, a non-equal-area projection, showed the poorest estimation in terms of the percentage
of areas represented after rasterization, an expected result. Three equal-area projection methods,
the interrupted Goode homolosine, Mollweide, and equd-area cylindrica projections, showed
little difference in area representation in spatid resolutions of one kilometer or less. However, at
the spatid resolutions from one kilometer to eight kilometers, the Mollweide projection showed
the best result. At the spatia resolution ranges from 16 km to 25 km, the Goode homolosine and
equa-area cylindrica projections showed dightly better results than the Mollweide projection
(the Mollweide projection tends to under-represent the origina areaat this spatial resolution
range). The Robinson projection significantly over-represented the origind area at the spatia
resolution ranges of 16 kilometers or less and the over-representation reached about 10 percent.



At the spatid resolution of eight km, al the globd projections used in this study tend to over-
represent the origina area a latitudes of 60 degrees or higher. The representation is most
accurate in the Mollweide projection with Goode homolosine, equal-area cylindrica, and
Robinson following in order of accuracy. These findings suggest that the Mollweide projectionis
agood dternative to the interrupted Goode homolosine projection. Also, the Mollweide
projection has an advantage in that it represents the oceans and land masses without any
interruption.
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