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ABSTRACT


To assist in developing ozone control strategies for Southern California, the California Air Resources Board is developing a biogenic hydrocarbon (BHC) emissions inventory model for the SCOS97-NARSTO domain.  The basis for this bottom-up model is SCOS97-NARSTO-specific landuse and landcover maps, leafmass constants, and BHC emission rates.  In urban areas, landuse maps developed by the Southern California Association of Governments, San Diego Association of Governments, and other local governments are used while in natural areas, landcover and plant community databases produced by the Gap Analysis Project (GAP) are employed.  Plant identities and canopy volumes for species in each landuse and landcover category are based on the most recent botanical field survey data.  Where possible, experimentally determined leafmass constant and BHC emission rate measurements reported in the literature are used or, for those species where experimental data are not available, values are assigned based on taxonomic methods.  A geographic information system is being used to integrate these databases, as well as the most recent environmental correction algorithms and canopy shading factors, to produce a spatially- and temporally-resolved BHC emission inventory suitable for input into the Urban Airshed Model.  Model output will be validated using ambient air fluxes of BHC emissions, such as isoprene and monoterpenes, as well as their oxidation products, such as methyl vinyl ketone, which were measured during the SCOS97-NARSTO study. 


INTRODUCTION


Background


As the result of several decades of air pollution control programs by the California Air Resources Board (CARB) and several regional air quality agencies, air quality in Southern California has improved dramatically.  The number of first stage smog alerts in the South Coast Air Basin (SoCAB, Basin), for example, has fallen from approximately 120 annually in the mid-1970’s to only one in 1997 despite a doubling in population and tripling in vehicle miles traveled over the same time period.1  However, large areas of Southern California (San Diego, South Coast, Mojave Desert, Ventura) continue to exceed the 1 hour National Ambient Air Quality Standard (NAAQS) (0.12 ppm) for ozone.2  The importance of accurate emission inventories to the development of air pollution control strategies for meeting the NAAQS was formally recognized with passage of California SB2174 (Polanco Bill), requiring CARB to approve and validate emission inventories for mobile, stationary, areawide, and biogenic sources every three years.


Implementation of additional reactive organic gas (ROG) and oxides of nitrogen (NOx) control measures will be necessary if these areas are to attain the ozone NAAQS by the federally-mandated deadline of 2010.  To provide a technically sound basis for developing appropriate control strategies, the 1997 Southern California Ozone Study - North American Research Strategy for Tropospheric Ozone (SCOS97-NARSTO) program was undertaken by a multiagency task force.  Study participants included the CARB, Coordinating Research Council, Electric Power Research Institute, Mojave Desert Air Quality Management District, National Renewable Energy Laboratory, NARSTO, San Diego County Air Pollution Control District, Santa Barbara Air Pollution Control District, South Coast Air Quality Management District (SCAQMD), Ventura County Air Pollution Control District, U.S. Environmental Protection Agency, the U.S. Navy and U.S. Marine Corps, as well as a large number of academic and private sector researchers.  As shown in Figure 1, the SCOS97-NARSTO modeling domain encompasses most of Southern California south of Bakersfield, as well as portions of Nevada and Mexico.  The primary goals of SCOS97-NARSTO were to update and improve existing aerometric and emission databases, as well as computer models for representing urban-scale ozone episodes in Southern California.  An additional goal of SCOS97-NARSTO was to assess the contributions of ozone generated from emissions in a given Southern California air basin to federal and state ozone standard exceedances in neighboring air basins.3


Among the ozone precursors of concern in the SCOS97-NARSTO domain are emissions of volatile organic compounds (VOC) from vegetation, commonly referred to as biogenic hydrocarbons (BHC).  Although the emission of BHC such as isoprene and monoterpenes by vegetation has been known for several decades,4,5 concern about the potential impact of these emissions on urban air quality has been reinforced by studies indicating many BHC are on average as reactive, or more reactive, in the atmosphere than emissions from mobile or stationary anthropogenic sources;6,7 and a growing body of research from throughout the world suggesting BHC can constitute a significant and even dominant contribution to the overall VOC inventory in both regional airsheds and the global atmosphere.8,9,10,11,12,13,14,15,16  In California, recent modeling studies using the Urban Airshed Model (UAM) have shown that, depending upon the airshed, biogenic hydrocarbons can make the difference between ROG emission controls or NOx emission controls being the most effective in reducing ozone concentrations.17


Previous BHC Studies within the SCOS97-NARSTO Domain


To date, no comprehensive BHC emission inventory for the entire SCOS97-NARSTO domain has been completed.  However, as described below, a number of studies have been conducted for portions of the study domain, including within the the SoCAB,8,18,19,20,21,22,23,24 the Central Valley,25,26,27,28 and the Santa Barbara/Ventura area.29


The first BHC emission inventory within the SCOS97-NARSTO domain was completed by Winer and co-workers8 in 1983.  As shown in Figure 1, the study area corresponded to about one-third the area of the SoCAB (specifically the western and middle portions of the Basin containing most of the anthropogenic emissions of VOC and NOx at that time).  This study employed a combination of aerial photography18 and ground surveys19 with a stratified random sampling approach to determine green leaf biomass.  Of the more than 180 plant species identified in the study area, hydrocarbon emission rates were determined experimentally for more than 60 of the dominant species.  In addition, leafmass constants (g per cubic meter) were developed for 55 genera of plant species found in the Basin, permitting conversion of crown volume to green leafmass.  Winer and co-workers8 used these leafmass constants, along with the experimentally determined isoprene and monoterpene emission rates, to estimate a likely range of total isoprene and monoterpene emissions of 20 to 80 TPD for this portion of the SoCAB.


Horie and co-workers20 conducted a study supported by the SCAQMD designed to provide a gridded inventory of plant biomass in order to develop an improved hydrocarbon emissions inventory for use in the UAM.  High- and low-altitude photography, in combination with ground surveys, was used to identify vegetation in the study area, which corresponded approximately to the boundaries of the SoCAB (Figure 1).  More than 470 plant species were identified with total biomass of approximately 8 million metric tons.  Horie et al.20 also compiled an emissions rate database from the literature and suggested values for isoprene and monoterpene emissions rates for the plant species identified in the biomass survey.  For those species without measured emissions rates, values were assigned based on the average emission rate for the structural class (i.e., conifers, broadleaf deciduous, broadleaf evergreen, shrubs and palms) of that plant.  Correction factors were also supplied to account for the effects of seasonal and diurnal changes in light intensity and temperature on vegetation emissions, and for changes in biomass associated with seasonal changes (e.g., deciduous tree leaf fall).


The resulting data were used by the SCAQMD to develop spatially-resolved biogenic emissions estimates for each day of three meteorological episodes.21  These emissions ranged between 150 and 250 TPD, with the majority produced in the heavily vegetated mountain areas in the downwind portions of the SoCAB.


Using the same biomass and emissions data compiled by Horie et al.,20 Systems Applications International (SAI) developed a temporally-resolved gridded inventory of BHC for the SoCAB.22  A computer model (VEGIES) provided an hourly estimate of BHC for each grid square (5 km by 5 km) in the SoCAB during an entire year utilizing temperature and light intensity correction factors and a canopy adjustment factor to model the effects of decreased light levels with the leaf crown volume of trees.  The results of the SAI survey indicated there were approximately 100 TPD of hydrocarbons emitted from vegetation during the summer compared to approximately 30 TPD emitted in the winter.22


In a more recent study, sponsored by the California Institute for Energy Efficiency and the CARB, Winer and co-workers23,24 extended and refined the previous studies for the SoCAB by addressing four areas of uncertainty.  First, land use distribution for the SoCAB was digitized and analyzed with a geographic information system (GIS) at a 300 m resolution for the urban portions of Los Angeles and Orange Counties, as compared to 5000 m resolution of previous studies.20,22  Second, the existing database of emissions measurements was enhanced by the use of additional experimental measurements for emission rates reported in the literature.  Third, as discussed in more detail below, for the more than 200 species without measured rates, emission values were assigned based on taxonomic relationships2 rather than on the structural class of the vegetation.  Finally, the most recent correction algorithm for environmental factors such as temperature and light intensity developed by Guenther et al.31 was used in place of the Tingey et al.32 algorithm.


This study found total green leaf biomass for the SoCAB of approximately 6.5 million metric tons both in the winter and summer (neglecting vegetation leaf loss for plant species in natural areas), with biomass concentrated in the forested mountains on the northern and eastern boundaries of the Basin.  Isoprene and monoterpene total emissions were estimated to be in the range 135-140 TPD in the summer and 40 TPD in the winter, with total emissions as high as 200 TPD for ozone episode days.24  On a mass basis, this represents approximately 10% of the 1993 anthropogenic VOC inventory in the SoCAB.33


The first BHC emission inventory in the Central Valley was completed by the Desert Research Institute (DRI) for the San Joaquin Valley Air Quality Study/Atmospheric Utility Signatures, Predictions and Experiments (SJVAQS/AUSPEX) region.25  As shown in Figure 1, the southernmost portion of the AUSPEX study area extends into the SCOS97-NARSTO modeling domain.  The DRI study was based on a combination of satellite imagery used to identify vegetation classes and Radian’s Emissions Model System.25  Of 39 identified vegetation classes, one was agricultural, two were urban, three consisted of sand, water or snow-covered areas with negligible biogenic hydrocarbons and the remaining 33 classes were natural vegetation communities with varying degrees of specificity in plant species distribution.  For each species known to be present in each natural community, community-specific biomass factors were assigned, as were either measured emissions rate factors or an emission factor based on a surrogate species from the same genus or family.  Agricultural emissions were spatially defined only on a county basis, using a species mix of 10 crops identified as significant emitters by Winer et al.26,27  Agricultural acreages for 1990 were used along with biomass estimates provided by Sidawi and Horie28 based on summaries of literature data.  Based on county-wide data, Tanner et al.25 obtained a preliminary estimate that about 15% of the total biogenic hydrocarbon emissions by mass in the AUSPEX region, approximately 480 TPD of a total 3360 TPD, were produced by agricultural crops.


A BHC emission inventory was recently developed for the Santa Barbara/Ventura area (Figure 1) based on compiled landcover data, field survey-derived biomass factors for landcover types, and calculation of BHC emissions using a modified version of the UAM-BEIS2 model.29  Locale-specific leaf biomass and emission factors were developed for each of the 111 landcover categories in the study area.  For those categories for which field survey were not available, BEIS2 default values were used.  For the study area shown (Figure 1), of the estimated 600 TPD BHC emissions, approximately half were determined to be contributed by oaks and pines.


Scope of Present Study


As described above, although a number of BHC emission inventories have been completed within the SCOS97-NARSTO modeling domain, for a large portion of the study area (Figure 1), primarily in the south and east, no BHC emission inventories of any kind have been completed.  In addition, since the existing BHC emission inventories for the SCOS97-NARSTO domain involve a wide range of different databases and modeling methodologies, it is difficult to use them directly as the basis for a comprehensive BHC emission inventory for the study area.


Given published results suggesting the potential significance of BHC emissions in the SCOS97-NARSTO domain,24 as well as the enormous costs associated with further reducing VOC and NOx in Southern California to meet state and federal air quality standards, it is critical to develop a single comprehensive emissions inventory of BHC for this region.  The purposes of this paper are to describe the databases, modeling methodology, and validation methods being used by the CARB in developing a spatially- and temporally-resolved BHC emissions inventory for the SCOS97-NARSTO domain; to briefly note some of the experimental studies conducted during SCOS97-NARSTO to generate the needed databases and validation data; and to describe current progress toward the goal of developing an integrated BHC inventory for the entire SCOS97-NARSTO domain.


INVENTORY DEVELOPMENT


Due to the high reactivity of BHC emissions and the heterogeneity of vegetation species in many urban airsheds, direct experimental determination of BHC fluxes is infeasible.  Thus, most regional BHC emission inventories are developed with computer models using a bottom-up approach in which the flux of biogenic emissions is linked to the amount of foliage or biomass for each species in the study area.  As shown by the flowchart in Figure 2, such computer models (e.g., BEIS, BEIS-2, GEMAP, VEGIES) estimate BHC emissions using a similar methodology requiring input of landuse and landcover, plant identity and canopy volume, leafmass constant, and emission rate databases.  Algorithms which account for ambient temperature, light intensity, and canopy shading effects on BHC emissions are then applied to produce spatially- and temporally-resolved BHC emission inventories.


However, a recent analysis23 of the models most commonly used in calculating BHC emission inventories in the United States (BEIS, BEIS-2, GEMAP, VEGIES) indicates limitations in each of these models when applied to California, suggesting the need for development of a region-specific BHC emissions inventory model for the SCOS97-NARSTO modeling domain. The major restriction of the existing models is they lack either the California-specific input databases or spatial modeling and resolution capabilities necessary to accurately estimate BHC emissions from the approximately 6000 plant species found in California.  For example, BEIS and BEIS-2 use county-level landuse maps which do not have the spatial resolution to adequately represent the heterogeneous vegetation distribution in the SCOS97-NARSTO domain.  Although GEMAP and VEGIES are California-specific, they are regional models, having been designed for only the AUSPEX and SoCAB modeling domains, respectively.  In addition, VEGIES use dated environmental correction algorithms.


As a result, the CARB is developing a GIS-based BHC emission inventory model, using California-specific landuse/landcover, biomass, and emission factor databases, as well as the most recent environmental and canopy correction algorithms, to model BHC emissions in the SCOS97-NARSTO domain.


General Model Structure


Use of a GIS as the means for developing a BHC emissions inventory model for the SCOS97-NARSTO study area was adopted for the following reasons.  First, many of the input landuse and landcover maps used as the basis for modeling BHC emissions are now maintained in GIS-compatible format.  Second, GIS software can readily convert spatial data from vector (point, line, polygon) format commonly used in representing landuse and vegetation maps to raster (gridded) format of variable resolution suitable for inclusion into atmospheric models such as the UAM.  Third, GIS software not only has powerful analytical tools capable of manipulating the BHC environmental and canopy correction algorithms, but also visualization capabilities for interpretation and presentation of emission inventory output.  Fourth, GIS-based models can be be easily modified to accept new data or algorithms.  Finally, and perhaps most importantly because of the strong dependence of BHC emissions on spatially- and temporally-dependent factors such as temperature and light intensity, GIS software can most readily be used to develop spatially- and temporally-resolved BHC emission inventories.


Input Databases


Landuse and Landcover Maps


As shown in Figure 2, the initial database required in developing a BHC emissions inventory is a map of landuse and landcover types in the study area.  In this paper, the terms “landuse” and “landcover” are used to differentiate between maps developed for urban/agricultural and natural areas, respectively.  The distinction between landuse and landcover maps is important because the different motivations (land use planning versus natural resource management) in developing these maps influence the types of attribute information  (e.g., plant species distribution and biomass estimates) associated with the spatial data.


As described in previous Southern California BHC emission inventory studies,8,20,23,24,25 delineation of landuse and landcover types is usually based on remote sensing techniques, such as aerial photography and satellite imagery.  In general, landuse categories are differentiated based on density and types of buildings (e.g., close-set homes) or on functional use (e.g., parks, golf courses) while landcover categories are differentiated based on plant communities (e.g., oak, woodlands, chaparral).


For the purposes of BHC emission inventory development, the ideal landuse and landcover database would: 1) be in a digital format (i.e.,. GIS compatible) to facilitate data management and processing; 2) have sufficient spatial resolution and accuracy to reflect the heterogeneity of vegetation in the study area, especially in urban areas; 3) be current enough to reflect changes in vegetation, especially at the natural/urban interface; and 4) include detailed vegetation species identification and biomass estimates, preferably based on field surveys, for each landuse and landcover type.


There is currently no single landuse and landcover database available for the SCOS97-NARSTO domain which meets these ideal requirements.  Therefore, in the present study, we are developing a composite landuse and landcover map by compiling a variety of databases from different sources, as described below.


For urban areas, the most highly-resolved and up-to-date landuse maps are those produced by municipal governments, such as the Southern California Association of Governments (SCAG) and the San Diego Association of Governments (SANDAG).  The primary disadvantage of the SCAG and SANDAG landuse maps is the paucity of vegetation species identity and biomass data for each of the landuse types.  


For agricultural areas, a direct approach23 based on current California Department of Food and Agriculture (CDFA) data is recommended rather than the more indirect approach based on remote sensing.  It is doubtful that remote sensing of agricultural areas can provide a better estimate in the near future than directly reported crop acreages.  Movement within the CDFA toward the reporting of crops based on a geographical grid system further recommends this data source for future incorporation into a comprehensive SCOS97-NARSTO landuse and landcover database.


For natural areas in the SCOS97-NARSTO domain, an important database has been produced by the GAP Analysis Project (GAP), a biodiversity mapping effort undertaken by the National Biological Service throughout the United States.  The GAP database for California was generated from summer 1990 Landsat Thematic Mapper satellite images, 1990 high altitude color infrared imagery, vegetation-type maps based on field surveys conducted between 1928 and 1940, and miscellaneous vegetation maps and ground surveys.34,35  The GAP database lists primary and secondary vegetation assemblages, both with up to three dominant species each covering a minimum of 20% of the relative canopy cover as well as plant community classifications.  The advantage of the GAP database is that it is GIS-compatible and, being primarily based on satellite image analysis, reflects the most recent changes in landuse patterns and plant species distribution.  A significant limitation of the GAP database is the lack of leafmass estimates necessary for quantifying biogenic emissions.  Another disadvantage of the GAP database is that, due to the intensive labor and high costs associated with botanical surveys, there has been little field validation in California, with the exception of a limited CARB-funded prototype study in San Diego County.36  This study has provided canopy volume estimates, as well as validating plant community identities.


By combining landuse data for urban areas obtained from SCAG, SANDAG, and the other counties within the SCOS97-NARSTO domain, CDFA data for agricultural areas, and GAP data for natural areas, a comprehensive landuse and landcover map for the SCOS97-NARSTO modeling domain is being produced.  However, as emphasized by Winer et al.23 in their critical evaluation of BHC inventories and models for California, the absence of validated landuse and landcover vegetation maps for this region may be a major source of uncertainty given the heterogeneous composition of urban landscape and natural plant communities in Southern California.


Plant Species Identities and Canopy Volumes


The next step in developing a BHC emissions inventory (Figure 2) involves first identifying the dominant plant species occurring in each landuse and landcover type and then estimating or assigning for each species a canopy volume within that landuse or landcover type.  Currently, a volumetric approach to leafmass estimation is being used but indirect methods, such as light interception, may be feasible in certain situations.  Where possible, as in natural areas characterized by relatively homogeneous species distributions, plant species may be identified using remote sensing techniques.  In urban areas, or for validation of plant species identification in natural areas, botanical field surveys, using a stratified random sampling approach as developed by Winer et al.,8,36 are required.  Similarly, estimates of the canopy volume of plants are generally obtained by either remote sensing or field surveys, or a combination of both.23


To date, relatively few botanical field surveys8,20,25,29,36 have been conducted within the SCOS97-NARSTO domain specifically related to development of biomass for BHC inventories, although numerous surveys of various kinds have been conducted for other purposes.  Of these various botanical surveys, some may not reflect recent changes in plant communities or may not provide leafmass estimates (GAP vegetation surveys), while others8,20 were collected for landuse categories which do not correlate directly to landuse categories defined for the most spatially accurate and up to date landuse maps (e.g., those from SCAG or SANDAG).  However, until such time as additional botanical field surveys are performed for representative landcover and landuse types throughout the SCOS97-NARSTO domain in specific support of BHC inventory development, it will be necessary to extrapolate, as best as possible, plant identity and leafmass data from previously studied areas to currently unstudied areas.


Leafmass Constants


The third database needed for development of a BHC emissions inventory (Figure 2) is leafmass constants, or biomass factors, for each of the plant species in the study area.  Leafmass constants, which are generally expressed in terms of grams green leaf mass per cubic meter (g/m3) of canopy volume, are used to convert plant species canopy volumes to grams of green leaf mass.  As described by Miller and Winer,19 leafmass constants can be experimentally determined by removing and weighing samples of leaves collected from within open cubes of known volume placed within tree canopies (selective sampling) or, as discussed by Karlik and Winer,37 can be measured from whole-tree leaf harvesting.  The resulting leafmass constants can then be used to calculate green leafmass by use of geometric solids to model tree crowns or from various allometric relationships based on tree and shrub morphology.  A recent study which focused on more than a dozen tree species indicates leafmasses calculated using selective sampling and geometric solids or allometric equations are generally within ± 50% of  the leafmasses determined by leaf removal of the entire tree to obtain a directly measured whole tree leafmass.37


Due to the significant labor costs involved, to date leafmass constants have been experimentally determined for less than 1%  of the approximately 6000 plant species in California.8,19,37,38,39  The lack of experimentally determined leafmass constants for the remaining 99% of plant species has forced the use of structural class averages (i.e.,. deciduous, coniferous) in previous Southern California BHC emission inventory studies.20,24  A larger leafmass constant dataset including additional tree species is clearly needed to more accurately quantify leafmasses of urban trees and to better understand structural class values.37


Although additional leafmass constant data for California plant species are currently being developed by CARB-funded research,36 the relative scarcity of such data is requiring extrapolation of measured data, using taxonomy or structural class, to the large numbers of plant species in the SCOS97-NARSTO study domain for which no experimental data are presently available.


Emission Rates


As shown in Figure 2, the fourth database required for development of a BHC emissions inventory is a compilation of BHC emission rates.  Based on plant enclosure, leaf cuvette or ambient atmosphere (tracer and micrometeorological gradient profile) measurements, it has been found that BHC emission rates, which are generally expressed as µg BHC per gram dry leaf mass per hour, vary by more than three orders of magnitude among plant species.7,30  Therefore, measurement of emission rates for the highest emitting or most common plant species in a study area is critical to the development of reliable BHC emission inventories.  


However, to date, less than 5% of all California plant species have undergone even qualitative measurements of BHC emissions.40  Due to budget constraints and the laborious nature of such measurements, it may be unlikely that a large number of new emission rate measurements will be performed beyond the current CARB-supported program.36,41  As a result, in order to compile a BHC emission inventory for the SCOS97-NARSTO domain, a methodology for assigning emission rates must be developed and applied to those plant species for which no measured data are available.


Based on initial work by Horie et al.,20 Benjamin et al.30 proposed a methodology for assigning BHC emission rates based on taxonomic relationships at the genus and family level.  The foundation of this methodology lies in the premise that closely related plant species are more likely to have similar emission rates and BHC compound speciations than more distantly related plant species.  This premise is supported by phytochemical research,42,43,44 as well as by empirical evidence from existing emission rate data.12,41,45,46  In applying the taxonomic methodology, Benjamin et al.30 found that of the 372 most common tree and shrub species in the SoCAB, 33% could be assigned emission rates based on experimental measurements, 32% based on relationships at the genus level, 21% based on relationships at the family level, and 14% could not be assigned emission rates. 


Although the taxonomic method of assigning emission rates shows promise, recent work in Europe47 shows that the approach must be applied carefully.  Additional validation by measuring emission rates of species predicted to be either high or low emitters, as has been proposed by Winer and Karlik,40 is needed to place the taxonomic predictive method on a robust statistical foundation.  CARB-supported research has recently generated such experimental data for more than 65 plant species important in California.36,41  However, given the lack of alternatives for assigning BHC emission rates to the large number of plant species in Southern California for which emission rates have not been measured, use of the taxonomic method will be required in developing a BHC emissions inventory for the SCOS97-NARSTO domain. 


Model Output


Using a similar methodology as employed by Benjamin et al.24 in developing a detailed BHC emission inventory for the SoCAB, the input databases discussed above are being integrated using a GIS (ArcInfo v. 7.1.2) to produce a spatially- and temporally-resolved BHC emissions inventory for the SCOS97-NARSTO domain.  As shown in Figure 2 and discussed earlier, the first step involves combining leafmass constant and canopy volume data for each plant species identified in each landuse and landcover type in the study area to produce a biomass distribution.  The biomass distribution is then combined with measured and assigned BHC emissions at standard temperature and light conditions (30°C, 1000 µmol m-2 s-1 photosynthetically available radiation (PAR)) to produce a distribution of BHC emissions in the SCOS97-NARSTO domain at these standard conditions.  


To provide the hourly resolved, gridded BHC emissions required as input to the UAM, the distribution of BHC emissions at standard conditions is combined with hourly, gridded temperature and light intensity databases representative of meteorological conditions in the SCOS97-NARSTO domain.  As shown in Figure 2 and described in detail below, this process involves applying environmental correction algorithms and canopy shading factors using the GIS.


Environmental Correction Algorithms


Emission rates of isoprene and monoterpenes are known to depend on many environmental parameters, including temperature, light intensity, relative humidity, and ambient CO2 levels,31,32,48,49,50,51,52 and developmental variables, such as canopy position, leaf age, and nitrogen status.53,54,55  However, light intensity and temperature are the dominant parameters affecting isoprene emission rate and temperature is the most dominant influence on monoterpenes emissions.31  In order to normalize emission rates to common conditions (e.g., standard temperature), as well as to develop computer models which account for spatial and temporal differences in regional BHC emissions, algorithms have been emperically derived which describe variations in BHC as a function of these environmental parameters.31,32,48,52,56,57


Environmental correction algorithms have evolved over the past 15 years due to improved knowledge of the influence of environmental conditions on emission rates and from emission measurements for an increasing number of plant species.16  However, a common finding of these studies31,32,48,52 is that isoprene emission is known to be dependent on both light and temperature while monoterpenes emissions are generally only temperature dependent, although recent exceptions have been reported in which monoterpenes emissions are also light dependent.47,58,59  Therefore, historically, two sets of algorithms have been developed for modeling these emission rates, one for isoprene and the other for monoterpenes.


A sensitivity analysis31 of how well each of the different algorithms31,32,48,52 modeled measured isoprene and monoterpenes emissions found the Guenther et al.31 algorithms best correlated with the experimental data, being able to account for about 90% of observed diurnal variability and to predict diurnal variations in hourly averaged isoprene emissions to within 35%.  Other investigators are examining modifications to these algorithms.60  However, due to their widespread acceptance and usage at this time,24,61,62,63 the Guenther et al.31 algorithms are being used in modeling spatial and temporal variations in BHC emissions in the SCOS97-NARSTO domain.  Should more representative environmental correction algorithms be developed in the future, the flexibility of a GIS-based model will allow them to be incorporated into future SCOS97-NARSTO BHC emission inventories.


Canopy Correction Factors


In forested areas, all leaf biomass is not subject to the same environmental conditions throughout the canopy.  While leaves in the upper canopy may receive direct sunlight, leaves in the lower canopy are expected to receive significantly reduced sunlight levels due to shading effects.  Similarly, leaf temperatures are expected to vary within the canopy.  For example, it has been demonstrated that leaves subject to direct sunlight can be as much as 10 °C warmer than ambient temperatures.64  On the other hand, leaves in the lower portions of the canopy which do not receive direct sunlight may have temperatures lower than ambient air.  Recent studies have further characterized such variations.16 


Modeling studies have shown that canopy shading effects can have a significant effect on BHC emissions.65,66,67,68  Using idealized, homogeneous forest characteristics of canopy height (20 meters for coniferous forests and 15 meters for deciduous forests), estimated vertical biomass distribution, and leaf orientation, shape, and size, a canopy shading model developed by Lamb et al.67 yielded a 50% reduction in isoprene emissions, while terpene emissions were reduced by 6% relative to assuming full sunlight and ambient temperature for all leaves.  This algorithm was incorporated into the PC-BEIS, UAM-BEIS, and GEMAP BHC emissions inventory models.  An alternate canopy shading model developed by Geron et al.68 estimated isoprene emissions to be a factor of between 5 and 10 higher and terpene emissions to be comparable to those predicted by the Lamb et al.67 model.


Given these results, use of an appropriate canopy shading factor is critical to the development of an accurate BHC emissions inventory for the SCOS97-NARSTO domain.  However, the applicability of the existing canopy shading models to the heterogeneous plant communities of Southern California is questionable because these models were developed and applied to homogeneous forest communities consisting of only a few types of trees exhibiting generally closed canopies.  However, the plant densities in much of the SCOS97-NARSTO domain are not as high as for the forests for which these models were developed, leading to much more open canopies and even widely spaced tree stands.  Although a Southern California-specific canopy shading factor, based on a U.S. EPA canopy shading model,66 has been developed21 and applied to Southern California,22,24 it is viewed as highly simplistic and needs further evaluation.  Consequently, CARB is investigating various canopy shading models to determine the most appropriate model for application to the SCOS97-NARSTO domain.  


Model Validation


The most common approach for validating BHC emission inventories or fluxes is by comparing ambient air biogenic hydrocarbon measurements, utilizing grab sample, gradient, or tracer methodologies, with predictions from airshed models incorporating BHC emission inventories and atmospheric models appropriate to a given airshed.23  However, the most successful applications of this approach16,61,69,70 have been for forested regions with fairly homogenous species distributions, such as the northeast and northwest United States.  When BHC emission inventory model output is compared to ambient BHC concentrations measured above a heterogeneous landscape, discepancies in the measured and predicted results may be significant.  For example, Baldocchi et al.69 found that output from a BHC emission inventory model agreed well with ambient BHC measurements above a homogeneous aspen stand but under- or over-estimated measurements above a mixed oak-maple forest by 30 to 40%.  Such discrepancies can be much larger for highly complex and varied vegetation distributions involving urban and natural species in close proximity as is the case in Southern California.  The very high chemical sensitivity of any BHC toward hydroxyl and nitrate radicals, as well as ozone, also contributes to the difficulty of reconciling BHC emissions and ambient concentrations.


As part of the SCOS97-NARSTO study, ambient air concentrations of isoprene, terpenes, and other BHC, as well as methyl vinyl ketone and other BHC oxidation products, were measured using GC-FID and GC-MS methods by Arey and co-workers71 for samples collected at four sites within the boundaries of the SoCAB.  These ambient BHC and oxidation product concentrations will be compared to predicted BHC and reaction product concentrations from UAM runs to assess the accuracy of the BHC emission inventory for the SoCAB portion of the SCOS97-NARSTO domain.  However, as noted above, reconciliation of the inventory and ambient observations may be problematic due to the high chemical reactivity of the BHC, as well as the heterogeneous plant species distribution characteristic of the SCOS97-NARSTO domain. 


CONCLUSIONS


Although several BHC emission inventories have been previously developed for portions of the SCOS97-NARSTO modeling domain, this paper describes a GIS-based methodology for developing the first comprehensive and integrated BHC emission inventory for the entire domain.  This represents a critical first step in better quantifying the contribution of BHC to the formation of ozone in Southern California.
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