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Abstract. The U.S. Geological Survey’s (USGS) EROS (Earth Resources Observation
System) Data Center’s (EDC) 1-km classified land cover data are combined with other land
use data using a Geographic Information System (GIS) to create the Biogenic Emissions
Landcover Database (BELD). The land cover data are being used to estimate biogenic
emissions in the contiguous United States. These emissions include volatile organic com-
pound (VOC) emissions from vegetation and nitric oxide (NO) from soils. The EDC data
are used predominately in the western United States, while other sources, such as the U.S.
Department of Agriculture’s Census of Agriculture and the U.S. Forest Service Eastwide
Forest Inventory and Analysis Database (EWDB), are used in the eastern United States.
The EROS Data Center land cover classifications must be used with caution in heterogenous
areas. Emission factors vary drastically by specific crop and tree genera, and mixed classes
in the EDC scheme may not always accurately reflect the actual crop/genus mix. However,
future use of satellite-derived vegetation indices and other land cover characteristics may
prove useful in understanding geographic distributions of foliar mass and seasonal variation

in Leaf Area Index (LAI), which are important drivers in biogenic emission models.
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INTRODUCTION

Emission inventories of biogenic volatile organic
compounds (BVOC) from vegetation and nitric oxide
(NO) from soils are important inputs to models that
simulate photochemical smog. Results from these
models are often used in developing strategies for con-
trolling anthropogenic sources of VOC and NO (Ro-
selle 1994). Although they are not subject to controls,
emissions from biogenic sources must be accurately
estimated to develop effective control strategies for
anthropogenic sources, such as motor vehicles and
power-generation facilities. Averaged over the entire
U.S., estimated BVOC emissions are greater than an-
thropogenic VOC emissions. Biogenic NO emissions
from agricultural soils can also be regionally signif-
icant (Novak and Pierce 1993). Soil NO and BVOC
emission models for the United States are described
in Williams et al. (1992), Lamb et al. (1993 4a), Guenth-
eretal. (1994), and Geron et al. (1994). A generalized
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approach typically used in these systems is illustrated
in Fig. 1.

The land use, soils, and vegetation types used by
biogenic emission models are aggregated into classes
consistent with available emission rate data. The emis-
sion rate factors are usually expressed as mass of com-
pound per unit time per unit area or plant dry mass.
Therefore, spatial and temporal estimates of leaf area
and foliage biomass are necessary. Emissions of spe-
cific compounds are estimated independently as func-
tions of air and soil temperature and solar radiation.
Emissions from specific soil or vegetation types are
estimated on an hourly basis according to inputs of
environmental variables, and then aggregated to ap-
propriate grid or county scales for input into air quality
simulation models. Although most of the uncertainty
associated with BVOC and soil NO emission models
is due to variation in measured emission rates and re-
sponse to environmental factors, accurate character-
ization of land cover is very important. Individual veg-
etation types can emit drastically different types and
quantities of compounds. In this paper, we will focus
on the development of updated and refined land use/
land cover data for BVOC emission models. Effects of
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PLATE 1. Biogenic Emissions Landcover Database (BELD); percentage county area occupied by forest and agriculture
and areal distribution of urban areas and water.
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land use classification on calculated emissions will also
be explored.

METHODS
Biogenic Emissions Landcover Database (BELD)

Hourly county level and gridded estimates of BVOC
and NO are needed for photochemical air quality mod-
els. The initial development of a land characteristics
database used by the Environmental Protection Agency
(EPA) for estimating biogenic area source emissions
in the contiguous United States will aggregate vege-
tation types and land use to the county level. In the
second stage of this work, a gridded database will be
constructed from similar data sources. The process used
to develop the county-level database is described be-
low.

The Biogenic Emission Landcover Database (BELD)
consists of county level data for nine broadly defined
land use classes for every county in the contiguous
United States. These classes include urban areas, coast-
al and inland water, forest, urban forest, agriculture,
barren, scrub, grass, and other. Each of these land use
classes can include many different land use types; up
to 158 specific land use types are included in the da-
tabase. These data were obtained from sources listed
in Table 1 and separately processed to obtain the coun-
ty-level area for each land use type. They were then
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merged into a Geographic Information System (GIS)
layer of county boundaries using a hierarchy of rules,
listed in Table 1, that emphasizes the relative impor-
tance of each land use type in the database. For ex-
ample, Level I is the U.S. Forest Service Eastwide
Database (EWDB) of forest crown covers by genus
This land use is merged first to ensure that the forest
classes needed for biogenic emissions modeling are
preserved. The next level added is water, then urban
areas, and so on until either the county is 100% full or
the areas from all land use data sources are exhausted.
Each county in the completed database consists of one
polygon with total county area and percentage of each
land use type associated with that county. Quality as-
surance checks in the form of GIS plots were created
after each land cover class was added to the database
to ensure that the amount and distribution of land use
classes were reasonable across the country. A com-
parison of the land use distribution in BELD with sim-
ilar land use inventories is discussed in the Results.

Processing of data

The completed BELD database contains land use ar-
eas for the 3109 county polygons comprising the con-
terminous United States. A series of steps was required
to define the county boundaries, to process separate
sources of data, and to merge the data into each county.
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TaBLE 1. Sources of data and hierarchy of rules used in
building the Biogenic Emissions Landcover Database
(BELD).

BELD vegetation

Level  Description of raw data class

Total forest land
area

Forest crown cover
by tree genus

L U.S. Forest Service East-
wide database
(=1990). Contains
0.4-ha plot survey of
=97000 forest loca-
tions in eastern U.S.
Allometric equations
used diameter-at-
breast-height measure-
ments to estimate
crown cover by genus.

1L USGS Land Cover Char-
acteristics Data Set
(AVHRR =1990);
1-km classified pixels
for conterminous U.S.

III. U.S. Census Bureau.
1990 urbanized area
boundaries.

U.S. Forest Service (D.
Nowak, personal com-
munication). Fraction
of urban area assumed
to be forested. Based
on potential natural
vegetation and relative
percentages of forest/
tree genera in sur-
rounding area.

Iv. U.S. Department of Com-

merce {1987), Bureau

of the Census. 1987

Census of Agriculture.

Inland water area

Total urban area

Ila, Total urban forest

land area

Total agricultural
area

IVa. Specific crop areas, Area by crop type

IVb.  Nondesignative cropland.  Area assumed as
miscellaneous
crop

V. USGS Land Cover Char-  Area of generalized

western forest
classes, i.e., bar-
ren, scrub and
grass

acteristics Data Set
(see II). Land use
classes (except water)
assigned to Guenther et
al. (1994) emission cat-
egories. Used almost
exclusively in the
western U.S. and
southern Florida, ex-
cept for barren, scrub,
and grass classes used
for entire U.S.

VL Undesignated/other. Area
remaining in a county
that was not allocated
above.

Area of other

During creation, separate county boundary files were
developed for eastern states and western states because
they use different data sources and processing schemes.
Two county boundary files were created for each side.
The first contains boundaries from USGS Digital Line
Graph (DLG) county boundary files, which are clipped
to the coastal shorelines (i.e., do not extend beyond the
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shorelines). The second file contains county boundaries
from the U.S. Census Bureau’s 1990 Topologically In-
tegrated Geographic Encoding and Referencing (TI-
GER) line files. These boundaries extend out into coast-
al and inland waters and represent the true county areas.
The coastal water area was calculated by overlaying
the TIGER county polygons with the clipped USGS
county polygons. The difference between the two areas
was considered to be coastal water.

The inland water polygons were obtained from the
USGS EROS Data Center Land Cover Characteristics
database (Loveland et al. 1991, referred to hereafter as
the EDC data). The water image extracted from the
EDC data was first converted into a GIS grid and
clipped to coastal boundaries. This raster grid file was
converted into vector polygons and overlaid on the
county boundaries. The inland water polygons areas
were then summed by county. Total water area and its
percentage of total county area were calculated. The
total water area in each county is the sum of the inland
and coastal water areas.

The percentage of urbanized area per county was
calculated using the U.S. Census urbanized-area poly-
gons obtained from the U.S. EPA GRIDS database
(1993). Urbanized areas are defined as ‘‘a central city
or cities and surrounding closely settled territory areas
that together have a minimum population of 50,000
(Bureau of the Census 1989). It was decided if an urban
polygon and a water polygon overlapped, the area
would be considered water. With this in mind, the urban
polygons were first made to conform to the U.S. coastal
boundaries. Next, the inland water polygons were used
to erase the urban polygons so that any water areas on
the edge of or within urban polygons were preserved.
The final urban polygons were overlaid with the county
boundaries to get the urban area within each county.

A set of crude assignments was used for tree cover
in urban areas. A map of potential vegetation was used
to calculate the relative amounts of forest, grass, and
desert that would be present in each county if it were
undisturbed. If a given urban area fell in a forested
region, then 32% of that urban area was said to be
covered by tree canopy composed of genera found in
the surrounding region. This percentage fell to 22 and
10% in grass and rangeland/desert classes, respectively.
These figures are in general agreement with those from
Dave Nowak (personal communication, USDA Forest
Service). Percentages of forest, grass, and desert were
weighted by relative area and an urban forest factor
calculated for each county. This factor was then used
to multiply the total urban area to get the area of urban
forest.

Once the coastal and inland water and urbanized ar-
eas were completed, the processing for the 37 eastern
states and 11 western states diverged. The total forest
area and individual areas of 12 forest classes for coun-
ties in the western U.S. were obtained from the 1-km
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TABLE 2. The relationship between EDC, Anderson Level II, and BELD data classes.t

EDC class Anderson Level II class BELD class
1-21 dryland cropland miscellaneous crops/grass
22-32 irrigated cropland miscellaneous crops/grass
33-34 mixed cropland miscellaneous crops/grass
35-39 grassland cropland miscellaneous crops/grass
40-54 woodland cropland woodland cropland
55-65 grassland grass
66-71 desert cropland scrub/barren
72-83 mixed shrub/grass scrub/grass
84-85 chaparral scrub/grass
86-89 savannah scrub/grass
90-93 northern deciduous forest hardwood forest
94-65 southeastern deciduous forest southern hardwood forest
96-97 western deciduous forest hardwood forest
98-99 southeastern coniferous forest coniferous forest
100-125 western coniferous forest western coniferous forest
126132 western woodlands western woodlands
133-137 northern mixed forest northern mixed forest
138-141 eastern mixed forest southeastern mixed forest
142—-148 western mixed forest western mixed forest
149-149 water water
150-152 wetlands wetland forest
153-154 forested wetlands wetland forest
155-155 barren barren
156-156 subalpine forest boreal forest
157-159 alpine tundra boreal forest

T EDC = EROS (Earth Resources Observation Systemn) Data Center; BELD = Biogenic

Emissions Landcover Database.

USGS EDC land cover image. This image aggregates
the original 159 EDC classes into 25 modified Ander-
son Level II classes (reference the 1990 Conterminous
U.S. Land Cover Characteristics Data Set for classifi-
cation). The Anderson classes were further aggregated
into classes suitable for biogenic emission modeling.
The relationships between the original 159 EDC class-
es, Anderson Level I classes, and the final BELD class-
es are illustrated in Table 2. For each of the 23 western
forest classes, it is assumed that a constant proportion
of plant composition is present within each cell wher-
ever the cell is identified. For example, if a cell is
classified as western coniferous forest it is assumed
that the forest is distributed evenly across that cell. For
many western cover types, spatial heterogeneity is min-
imal with respect to the 1-km pixel size, and therefore
use of the EDC in these regions is probably justified.
In regions with complex vegetation mixes, however
(such as montane forests), it should be used with cau-
tion.

Western forest cover areas were calculated by first
converting the Land Cover Characteristics image into
a GIS grid format. A mask of the western counties was
imposed on the land cover grid to clip out western
counties. Next, a grid was created of the western county
boundary polygons whose cell size and grid origin
matched the land cover grid exactly. The cells of the
county boundary grid contained the state/county Fed-
eral Information Processing Standards (FIPS) codes.
The county grid was added to the land cover grid re-
sulting in grid cells with both state/county FIPS and
land cover class. The number of cells in each class

were then multiplied by the cell area (1 000000 m?)
and summed by state/county FIPS to obtain the area
of each forest class per county. An identical method-
ology was applied to the EDC image of the entire U.S.
to obtain area values for the barren, scrub, and grass
classes.

The forest area for the eastern counties was obtained
from the Forest Inventory and Analysis (FIA) Eastwide
Data Base (EWDB, Hansen et al. 1992). The forest
coverage data used for the eastern 37 states are de-
scribed in Geron et al. (1994). Forest extent, species
composition, and tree diameter distribution data were
obtained from the most recently available EWDB data.
The data are collected on =10-yr cycles by the United
States Department of Agriculture Forest Service FIA
units. Using the EWDB as opposed to the EDC data
in the eastern region has two advantages: (1) areal cov-
erages, which are estimated from aerial photos, are like-
ly to provide more accurate estimates of forested areas,
and (2) estimated crown coverages in forested areas
can be separated into specific tree genera, allowing use
of the genus-level emission rate factors from Guenther
et al. (1994). These factors provide more accurate emis-
sion rates of BVOC from forested environments. How-
ever, the EDC data provide indices of vegetation bio-
mass that may be useful in the future for estimating
vegetation density (Guenther et al. 1996).

Data from the EWDB used in the BELD database
were processed into two separate data files. The first
data file, containing the total forest land area per coun-
ty, was merged directly into the county polygons. The
second data file contains crown cover for up to 67
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County Total BVOC Emissions
Ambient Temperature = 30 °C, PAR = 1000 umolsm 25!
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Total BVOC (mg Cem-2h-7)
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PLATE 2. (Top) Total county biogenic volatile organic compound (BVOC) emissions (mg C-m~*h~") and (bottom) soil
NO emissions (mg NO-m~>h-!) modeled using BELD (Biogenic Emissions Landcover Database) from Geron et al. (1994).
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different genus types within each county. The large
number of genus types dictated that crown cover data
be stored in a separate data file and accessed by state
and county FIPS code as needed.

Areas for specific crops and nondesignative cropland
were extracted from the Census of Agriculture data
(U.S. Dept. of Commerce 1987). County acreage for a
total of 15 individual crops as well as total cropland
and total farmland were read into a data file. The total
cropland area was subtracted from total farmland and
the difference added into the miscellaneous crop cat-
egory to obtain the total agricultural area.

Once all the data sources were processed and county
level areas calculated across the United States, the land
use types were merged into the county polygons using
the hierarchy of rules shown in Table 1. This hierarchy
for filling in the land use for a county ensured that the
total land use area did not exceed 100% of the county
area. For counties that did not have 100% of the area
filled by individual land cover types, the remaining area
was designated as Other.

Biogenic emission rates

Each land cover type developed in the BELD data-
base can be associated with a corresponding emission
factor. For biogenic emission modeling, the area of
each land use type is multiplied by a standardized emis-
sion flux to obtain a standardized emission rate by
county. This emission rate is then adjusted to account
for environmental conditions.

Standardized emission rates

Guenther et al. (1994) and Geron et al. (1994) pro-
vide a basis for the emission rates of isoprene and
monoterpenes for dominant tree genera and EDC
mixed-forest classes in North America. These emission
rates have been standardized for bright sunlight (1000
pmol photons-m~2-s~") and a leaf temperature of 30°C.
Standardized emission rates of isoprene and monoter-
penes for species within a genus generally have been
found to fall within = 50% of these emission rates. A
third emission rate class aggregates all other volatile
organic compounds (OVOC) that have a typical at-
mospheric lifetime of <1 d. Standardized emission
rates for soil NO were adapted from Williams et al.
(1992).

Emission rates for specific agricultural crop types,
with the exception of corn, are taken from Lamb et al.
(1993b). The negligible VOC emission factors for corn
are based on more recent field data by Sharkey et al.
(1992). These agricultural emission factors assume a
constant biomass that reflects peak foliation during the
growing season. Table 3 lists examples of the land use
cover types and their standard BVOC and soil NO emis-
sion rates. These emission rates are broken down by
the individual forest genera as available from the
EWDB and for the mixed classes available from the
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EDC. Emission rates for the EDC land use types are
derived from a vegetation species mix described by
Guenther et al. (1994).

Environmental correction

BVOC emission rates increase exponentially with
increasing leaf temperature (up to =38°C for isoprene),
while the isoprene emission rate also increases with
increasing light intensity up to =800 pmol pho-
tons-m~2-s~! (Tingey et al. 1979, 1980, Guenther et al.
1991). The equations of Guenther et al. (1993) were
used to simulate the effects of leaf temperature on iso-
prene and monoterpene emission rates.

Since photosynthetically active radiation (PAR)
strongly controls isoprene emission rate, a simple al-
gorithm to reduce PAR at lower levels within forest
canopies was applied. Specific leaf mass (SLW, in g/m?®
dry mass) is also adjusted vertically through broadleaf
canopies. These effects are discussed in detail in Geron
et al. (1994) and Lamb et al. (1993a, b).

Emission rates from other types of vegetation are
expressed as emission rate per unit area, with a constant
peak growing season biomass assumed. The light and
temperature corrections are applied, but no canopy
model is used. Soil NO emissions are estimated as func-
tions of soil temperature, which are assumed to vary
as a function of air temperature as suggested by Wil-
liams et al. (1992).

RESULTS
BELD

Plate 1 illustrates the county level land cover dis-
tribution for inland waters, urban areas, forests, and
agriculture from BELD. The figures appear to yield
reasonable spatial patterns for each broad land use
class, for example, high percentages of forest follow
the mountainous regions, and agriculture is concen-
trated in the midwest. However, the areas of all land
use classes when summed are often much less than the
total county land area. This is likely due to problems
with the source data. For instance, in the Agricultural
Census data, summation of the areas in individual crops
per county often yields total land areas that are much
lower than total cropland area. This problem can be
resolved by using the EDC for crop land areas in the
same way that forest areas were calculated in the west-
ern U.S. This would entail estimation of emission fac-
tors for the mixed-crop classes in the EDC data. The
EWDB data used for forest in the east is collected only
for tracts over 0.4 ha in size. The smaller stands of
trees left uncounted can often add up to a significant
portion of county area. Also the EWDB does not always
account for forested wetlands, which are important in
localized areas.

Comparison of BELD to other land use inventories

Land use areas in the BELD county level database
were compared with three other land use data sets de-
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TaBLE 3. Examples of isoprene, monoterpene, other VOC (volatile organic compounds), and
soil NO emission rates (pg-m-2h-'). Forest genera and mixed-EDC (EROS Data Center)
forest class rates are adapted from Guenther et al. (1994) and Geron et al. (1994). Crop
category rates are derived from Lamb et al. (1993) except for corn, which is from more
recent field data. NO rates for all classes are derived from Williams et al. (1992). All emission
rates are standardized for bright sunlight (1000 wmol photons-m-2-s-") and 30°C.

Mono- Other

Code Isoprene terpene vocC NO Description
Commeon individual forest genera from the EWDBY

Abie 170.0 5100.0 2775.0 4.5 Abies (fir)

Acer 425 680.0 693.7 4.5 Acer (maple)

Betu 42.5 85.0 693.7 4.5 Betula (birch)

Cary 42.5 680.0 693.7 4.5 Carya (hickory)

Fagu 42.5 255.0 693.7 4.5 Fagus (beech)

Frax 42.5 42.5 693.7 4.5 Fraxinus (ash)

Liqu 29750.0 1275.0 693.7 4.5 Liquidambar (sweetgum)

Liri 42.5 85.0 693.7 4.5 Liriodendron (poplar)

Pice 23800.0 5100.0 2775.0 4.5 Picea (spruce)

Pinu 79.3 2380.0 1295.0 4.5 Pinus (pine)

Plat 14875.0 42.5 693.7 4.5 Platanus (sycamore)

Popu 29750.0 42.5 693.7 4.5 Populus (aspen)

Pseu 170.0 2720.0 2775.0 4.5 Pseudotsuga (douglas fir)

Quer 29750.0 85.0 693.7 4.5 Quercus (oak)

Robi 5950.0 85.0 693.7 4.5 Robinia (black locust)

Sali 14875.0 42.5 693.7 4.5 Salix (willow)

Tsug 79.3 158.7 1295.0 4.5 Tsuga (eastern hemlock)
Crop categories

Alfa 19.0 7.6 114 12.8 alfalfa

Barl 7.6 19.0 11.4 256.7 barley

Corn 0.5 0.0 0.0 577.6 corn

Cott 7.6 19.0 11.4 256.7 cotton

Gras 56.2 140.5 84.3 57.8 grass

Hay 37.8 94.5 56.7 12.8 hay

Mscp 7.6 19.0 11.4 12.8 miscellaneous crops

Oats 7.6 19.0 114 256.7 oats

Pean 102.0 255.0 153.0 12.8 peanuts

Pota 9.6 24.0 14.4 192.5 potato

Rice 102.0 255.0 153.0 0.2 rice

Rye 7.6 19.0 11.4 12.8 rye

Scru 37.8 94.5 56.7 57.8 scrub

Sorg 7.8 19.5 11.7 577.6 sorghum

Soyb 220 0.0 0.0 12.8 soybean

Toba 0.0 58.8 235.2 256.7 tobacco

Whea 15.0 6.0 9.0 192.5 wheat
Mixed-cover types derived from EDC data

Borf ¢10.0 713.0 755.0 4.5 boreal foest

Conf 1550.0 1564.0 1036.0 4.5 conifer forest

Harf 8730.0 436.0 882.0 4.5 hardwood forest

Nmxf 10150.0 1100.0 850.0 4.5 northern mixed forest

Shrf 10750.0 530.0 910.0 4. southeastern/western

deciduous forest
Smxf 17000.0 1500.0 1250.0 4.5 southeastern mixed forest

EWDB = U.S. Forest Service Eastwide Forest Inventory and Analysis Database.

veloped for the purpose of estimating biogenic emis-
sion of VOC. These include Advanced Very High Res-
olution Radiometer (AVHRR)-based data for a three-
state area in the southeastern U.S. done in 1990, a foliar
biomass inventory compiled for the Oak Ridge, Ten-
nessee area using Landsat Thematic Mapper (TM) im-
agery in 1991/1992, and an evaluation of vegetation
biomass and emission factors conducted in the South
Coast Air Basin surrounding Los Angeles, California
in 1990.

A study conducted at the Computer Graphics Center
(CGC) at North Carolina State University for the U.S.

EPA focused on North Carolina, South Carolina, and
Georgia in development of a methodology for mapping
the current (1990) status of land use types (CGC 1994).
Land use classification was based on the use of AVHRR
data calibrated with classified Landsat TM imagery,
aerial photography, and USDA FIA field data. The
study area was divided into three distinct physiographic
regions: (1) Coastal Plain; (2) Piedmont, and (3) Ap-
palachian Ridge and Valley prior to classification. Ini-
tially, the spatial distribution of six general cover types
was studied using Landsat TM data. The land cover
types included urban, water, nonforest, hardwood for-
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est, conifer forest, and mixed forest. The resulting land
cover files were then used to characterize the spectral
response of these six types within the AVHRR data for
the three state study area. A least-squares linear mixture
model that predicted the occurrence of the six cover
types within a given AVHRR cell based upon that pix-
el’s spectral characteristics was developed using the
observed relationships between the classified Landsat
TM data and the unclassified AVHRR data. Cover type
occurrence data at the 1-km resolution of the AVHRR
data were aggregated so as to summarize the data at
the 20 X 20 km resolution of the EPA modeling grid.

For comparison purposes, the six land use types were
aggregated to the physiographic province level. This
resulted in three separate data sets. Because the CGC
data contained a mixed-forest class, which could not
be accurately broken down into hardwood and conifer,
the forest classes were summed to a total forest value.
The county-level BELD data were intersected with
physiographic boundaries and land areas for the five
classes aggregated for the three provinces. Table 4A
lists the amount of each of the five land use types by
province for both BELD and the CGC study. The BELD
database shows significantly less urban area for each
of the three provinces. Because the AVHRR urban class
is dependent on spectral signatures, the AVHRR data
would tend to overestimate urban area due to the in-
clusion of land use such as barren and desert whose
spectral signatures are similar to urban areas. The water
area in BELD is also much smaller than in the CGC
data. This is probably due to the difference in spatial
resolution between the EDC-derived water in BELD (1
km) and the Landsat TM data in the CGC data (30 m).
The nonforested area in BELD includes agriculture,
barren, scrub, grass, and other land use types. It is
higher than the CGC data in physiographic regions 1
and 3 and about equal in region 2. Because of the
complex nature of this class it is difficult to assess the
cause of any differences. Finally, the total forest area
in BELD is larger for all the regions with a more pro-
nounced difference in region 2. From the unaggregated
data this seems to be due primarily to a lesser amount
of conifer in the CGC data.

The Oak Ridge, Tennessee land use data comes from
a Landsat TM classification image created using mul-
tidate imagery and supervised classification techniques
(Baugh et al. 1996). Eleven land use classes were iden-
tified, with an emphasis on oak tree concentrations
since they are the dominant BVOC (isoprene) emitters
in the region. The classes are as follows: conifer forest,
mixed-pine forest, young/dense conifer, high oak de-
ciduous (50-80% oak), medium oak deciduous (25—
50% oak), low oak deciduous (<25% oak), shrubs and
grasses, agriculture, water, bare soil, and urban. The
satellite image data was collected by the Landsat The-
matic Mapper (TM) on 17 December 1991, 23 April
1992, and 30 September 1992 and covers a square re-
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TaBLE 4. Comparison of BELD (Biogenic Emissions Land-
cover Database) land use areas to areas from other land use
inventories.

A) BELD vs. North Carolina state—southeastern United
States

North Carolina

Land use type BELD (ha) state (ha)
Physiographic province 1: Coastal Plain
Urban 381 813 510 375
Water 326 460 1 430 333
Nonforest 7109 131 6 107 476
Forest 12 312 357 12 089 857
Physiographic province 2: Piedmont
Urban 680 669 772 844
Water 81171 824 568
Nonforest 3906 147 3908 803
Forest 7 387 750 6 549 954
Physiographic province 3: Appalachian Ridge and Valley
Urban 65 400 183 143
Water 9 895 171 326
Nonforest 942 139 677 700
Forest 2 774 891 2759 979
Total area 35977 823 35977 358

B) BELD vs. Oak Ridge TM (Thematic Mapper)—eastern
Tennessee

Land use type BELD (ha) Oak Ridge (ha)
Urban 53911 61 145
Agriculture 140 745 75 847
Forest 604 146 700 447
Water 13 151 31408
Scrub/grass 4 088 72 395
Barren 0 7574
Other 181 225 48 449
Total area 997 266 997 265

C) BELD vs. SoCAB (South Coast Air Basin)—southern
California

Land use type BELD (ha) SoCAB (ha)
Urban other 604 328 561 665
Urban forest 100 024 82 099
Grass 335611 114 396
Serub 265 061 1044 531
Barren 887 849 664 466
Inland water 22 B85 0
Agriculture 143 777 204 000
Wood/cropland 8 406 0
Forest 601 461 293 390
Total area 2973 402 2965 047

gion = 105 km on a side. The supervised classification
method used in this analysis is called the Spectral An-
gle Mapper (SAM). This method treats image spectra
as n-dimensional vectors (where n is the number of
bands). A test spectrum (from a pixel) is compared with
a reference spectrum (the desired class) and a smaller
angle between the spectral vector indicates a better
match. A threshold angle is used to determine whether
a spectrum is classified as a specific class. The power
of the SAM method is that it is very sensitive to small
spectral differences, yet it is highly resistant to illu-
mination differences (Kruse et al. 1993).

In order to compare the land cover types of the two
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a) Berkshire
BELD EDC BELD EDC
Isoprens Emission Flux 3.51 m,+ m¥h? Isoprens Emission Flux 5.06 mg-m$hi Eopeene Emission Flux 7.47 mg-m3hi Isoprens Emission Flux 6.59 mgem#hi
LandCover Percetages LendCover Fa LandCover LaodCover Percentages =~ |

Forest 76.59 | Grass 0.0 Forest 9431 | Grass 0.1 Forest 40.89 | Grass 0.44 Forest 74.14 | Grass 263
Agri 530 | Scub 0.0 Agri  555| Scrub 0.0 Agri 206 | Scrub 1.56 Agri 2297 | Scub 026
Urban 510 | Water 0.04 Urban 0.0 | Water 0.04 Urban 55.05 | Water 0.0 Urban 0.0 Water 0.0
Other 12.97 Other 0.0 Other 0.0 Other 0.0

¢) Franklin

EDC LandCover

@  DrylandCropland B N Deciduous Forest
Grassland Cropland = SE Deciduous Forest
@ Woodland Cropland ® N Coniferous Forest

Grassland B SE Coniferous Forest

B  Desert Shrubland B N Mixed Forest
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LandCover LandCover
Forest 5058 Grass 00 | |Forest 97.72| Grass 005 Savannah B water
Agi 2141/ Saub 00 Agi  223| Scwb 00
Uban 00 | Water 00 Uban 00 | Water 0.0 & Urban Area Boundary
Other 2801 Other 00

PLATE 3. Vegetation cover derived from EDC (EROS Data Center) data for (a) Berkshire County, Massachusetts, (b)
Fulton County, Georgia, and (c) Franklin County, Georgia. Tables compare isoprene emission fluxes calculated using BELD
(Biogenic Emissions Landcover Database) data vs. those calculated using the EDC data.
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databases, the Oak Ridge conifer and oak forest classes
were combined into one forest class. This resulted in
the seven land use types listed in Table 4B whose areas
were summed over the entire image. The boundary of
the study area was extracted and then used to clip the
BELD county level land use. BELD classes were then
summed for the study area with the results also listed
in Table 4B. Both the urban and forest classes match
up reasonably well across the region, while the agri-
culture in BELD is approximately twice that of the Oak
Ridge data. The TM classification may have put some
crop/pasture categories, which are considered agricul-
ture in BELD, into the Oak Ridge scrub/grass class.
The total amount of water is much lower in BELD and
is again probably due to differences in the spatial res-
olution of the input data. The higher amount of the
OTHER class in BELD indicates a larger degree of
uncertainty in the data but not necessarily a more in-
accurate classification.

The South Coast Air Basin (SoCAB) in southern
California was the site of another land use inventory
(Horie et al. 1990). This project was designed to pro-
duce basic data on leaf biomass in the SoCAB and
incorporate emission factors for plant species compos-
ing this biomass. The main focus of the study was
placed on characterization of species composing the
urban vegetation and development of a spatially re-
solved biomass inventory for both urban and natural
areas. Using readily available aerial photographic re-
sources and street maps, a detailed land use map was
constructed for urbanized portions of SoCAB. A low
aerial photographic survey yielded vegetation type and
characteristics including size, number, and tree species
for 13 land use categories. A total of 70 sites were
visited by a greund survey team to determine a rep-
resentative mix of plant species and stem volume to
area ratio for each tree species. Vegetation in natural
areas was inventoried using data, and maps delineating
plant communities on USGS quadrangles were used to
create a gridded inventory or land cover by plant com-
munity.

For purposes of comparison the urban land use types
in the SoCAB study were merged into two classes,
urban other and urban forest. The natural area land use
types were mapped into existing BELD land use classes
and all were summed across the study area. Study
boundaries were derived from an existing coverage of
the Urban Airshed Model modeling domain used to
define the SoOCAB area. The BELD data were clipped
and all land use types summed with the results shown
in Table 4C. The BELD data show slightly more area
in the urban classes, which could be due to differences
in the Census definition of urban area and the delin-
eation of developed areas on aerial photographs used
for the SoCAB study. The barren, scrub, and grass cat-
egories all show differences, but when summed to-
gether into one class are similar. One interesting feature
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is the lack of an inland water class in the SoCAB study.
It is unclear where water was included as a class within
the natural area definition. The total agricultural area
in BELD is much less than in SoCAB, while the overall
forest area is over twice as large. This could be due to
the SoCAB study classifying natural areas as scrub,
while BELD put these areas into scrub forest catego-
ries.

Emission fluxes

The forest coverage provided by the EWDB data in
BELD provides genus-level data for the eastern U.S.
and is well suited to experimental BVOC emission rate
information available for modeling. Plate 2 (top) il-
lustrates the pattern of total BVOC emissions derived
from the BELD landuse. Maximum emission rates are
found in the Ozark and Appalachian Mountains and
adjoining piedmont regions. This is attributed largely
to the abundance of high-isoprene-emitting oak trees
in these areas. The soil NO patterns (Plate 2) (bottom)
show highest emissions in the midwest where fertilized
croplands dominate the rural landscapes. Forested
lands exhibit the lowest soil NO rates, with grasslands
being intermediate between these two classes. Hourly
emission rates are dependent upon timing of fertiliza-
tion, moisture, and other factors. These temporal fac-
tors, as well as spatial uncertainty in current soils da-
tabases, induce high levels of uncertainty in NO emis-
sions models.

Forested areas produce the highest levels of biogenic
VOC emissions. Therefore, large differences in emis-
sion fluxes can result when using the broadly defined
forest classes and forest areas from the EDC as opposed
to the genus-level EWDB data in BELD. Three counties
are used to illustrate this point in Plate 3. In Franklin
County, Georgia, the isoprene emission flux calculated
using EDC data is 8.67 mg:m~h~!, nearly a factor of
two higher than the flux of 4.52 mg-m~2h"! calculated
when using BELD. This roughly corresponds to the
higher percentage of forest area reported in the EDC
data as opposed to BELD. Likewise, Berkshire County,
Massachusetts shows isoprene emission estimates over
one-third higher when using the EDC land use per-
centages as opposed to the EWDB. This is again at-
tributed to the much greater forest area determined
from the EDC. In contrast, isoprene emissions for Ful-
ton County (Atlanta), Georgia estimated using the
EWDB are higher, even though the estimated forest
area is lower using this data. This is due to a substantial
amount of oak (Quercus), a high isoprene emitter, in
the area as determined from the EWDB as opposed to
the EDC. In the two rural counties, the estimated per-
centage of forest from EDC data may actually be more
reasonable than the EWDB, since a substantial per-
centage (28 and 13%, respectively) of the land area in
these counties is classified as “other”” in BELD. It is
likely that a significant proportion of this unclassified
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area is covered by smaller tracts of tree cover (i.e.,
<0.4 ha), which are not accounted for in the EWDB
source data but are correctly classified in the EDC data.
However, many of the EDC classes contain joint def-
initions such as cropland/woodland, which prevent ac-
curate estimates of forest cover and lack tree species
identifications. Thus, while the EWDB in BELD pro-
vides genus-level coverage of forest land, perhaps the
EDC data provide a more accurate assessment of the
total land area of tree cover.

DiIscussioN

In urban areas and western ecosystems, we must rely
on the EDC classifications and other databases that are
not as compatible with current biogenic emissions
modeling schemes. Urban areas are especially impor-
tant since they are often the focus of ozone (0,) air
quality modeling exercises. In addition, soils databases
that include variables such as texture, pH, albedo, bulk
density, and moisture capacity are also needed for more
accurately modeling soil NO fluxes. Soils data from
the USDA Natural Resources Conservation Service
(NRCS) STATSGO (State Soil Geographic) database
are being explored for driving soil NO emissions, water
balance, and transpiration rates.

Work is underway to improve the biogenic emission
modeling procedure by handling seasonal changes in
leaf biomass and LAI Currently the model uses just
one emission factor table for summer emissions and
one for winter emissions. Genus types are assigned a
fixed emission rate and LAI value independent of sea-
son and phenology. The improved model will take ad-
vantage of phenology metrics that have been calculated
at the EROS data center using 5-yr average NDVI (Nor-
malized Difference Vegetation Index) values and their
relation to foliar biomass and LAIL These metrics in-
clude onset of greenness, peak of greenness, and end
of greenness for each 1-km grid cell. Rates between
the onset, peak, and end have also been calculated.

For the eastern United States, the EWDB genus-level
data have initially been aggregated to the county level.
Individual plot data are available, but statistically the
county-level data is more reliable (e.g., Thompson
1989). County labels will be moved to the centroid of
the county land area using GIS. Individual genus crown
areas associated with each county centroid will then
be contoured in order to eliminate false boundaries at
county lines that are due to sampling and aggregation
procedures. Once a continuous surface of each genus
type has been created, it will be gridded to match the
I-km NDVI grid. NDVI metrics will be Jjoined to each
cell, thereby establishing a relationship between FIA
genus crown areas and phenology. Because the LAI for
each genus type at onset, peak, and end of greenness
is well established, these values can be associated with
the corresponding metric data for each cell. A leaf bio-
mass value at monthly intervals will be calculated
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based on the dates and rates of emergence and senes-
cence. These biomass values will be used by the model
to more accurately reflect the increase and decrease of
leaf biomass as the seasons progress.

Results presented in this paper and in Geron et al.
(1994) indicate that relatively few genera are estimated
to be responsible for a large proportion of BVOC flux
(especially in the case of isoprene) on a regional basis.
Data describing the geographic extent and seasonal fo-
liation patterns of these major genera (e.g., Quercus,
Liquidambar, Populus, Picea, and Pinus) could further
improve BVOC emission models.

Recent work by Sharkey et al. (1992), Kuzma and
Fall (1993), and Monson et al. (1993) indicates that
there are strong seasonal effects on emission rates, even
after leaves have fully emerged in the spring. Isoprene
emission rates are very low for several weeks following
leaf out, and likewise decrease during leaf senescence.
Seasonal vegetation characteristics data are needed to
quantify the seasonal variation in leaf area and foliage
biomass.

Since biogenic emission estimates for urban areas
are important in local air quality assessments, more
resolved land use and vegetation cover data are needed
for these areas. The FIA data set is of limited utility
in urban areas because it contains only samples of for-
ested areas that are at least 0.4 ha in size as determined
by aerial photography. While this may include some
suburban areas, many sparsely forested areas are omit-
ted. Likewise, the Census of Agriculture data are lim-
ited to county level resolution and tracts at least 0.4
ha in size. Urban vegetation surveys for individual ur-
ban centers can help address this problem, although
such surveys can be prohibitively expensive. Remotely
sensed data such as aerial photography and satellite
imagery are more useful in describing forest extent,
LANDSAT Thematic Mapper (TM) data have been
used in spatially complex areas (A. B. Guenther et al.,
unpublished manuscripr). Spectral characteristics from
TM data can be coupled with survey data available
from the FIA or other urban forest inventories derived
from aerial photography. Vegetation indices that are
correlated with Leaf Area Index (LAI) can also be de-
rived from remotely sensed data. Such inputs into bio-
genic emissions models will allow determination of
sunlight and leaf temperature profiles, both of which
control biogenic emission rates. As national survey da-
tabases of soils, vegetation, and remotely sensed in-
formation become more readily available, the accuracy
of national biogenic emission models should improve.

The improvements suggested above may assist reg-
ulatory decisions being made to control smog produc-
tion in many areas of the country. For instance, in
southern regions such as the Atlanta area, the relative
abundance of high-isoprene-emitting vegetation from
a few specific tree types influences the decision to con-
trol NO, sources, if NO, emissions are indeed found to
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be the limiting chemical factor in photochemical smog
production. On the other hand, northeastern and south-
western regions of the U.S. may be VOC limited. If
this is determined to be the case, accurate natural emis-
sion models will be needed to verify this and to ap-
proximate the impacts of controlling anthropogenic
VOC sources.

Midwestern states may be particularly sensitive to
biogenic sources of both VOC and NO,, since intensive
agriculture and forest cover area are usually intertwined
in these landscapes. Natural and agricultural sources
of these compounds must be estimated in an accurate
and scientifically valid manner, since the estimates may
ultimately affect important regional policy and eco-
nomic decisions.
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