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Abstract 

Urban forests can provide multiple environmental benefits. As urban areas expand, the role of urban vegetation in 
improving environmental quality will increase in importance. Quantification of these benefits has revealed that urban . .- 

credit tree planting as means to improve air quality. Similarly, quantification of other environmental benefits of urban 
trees (e.g., water quality improvement, carbon sequestration) could provide for urban vegetation to be incorporated in 
other programs/regulations designed to improve environmental quality. 
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Introduction is projected to increase from 3.1 % in 2000 to 8.1 % in 
2050, an area (392,000 km') greater than the size of 

Urbanization concentrates people. and Montana. By 2050, four slates (Rhode Island, New 
energy into relatively small geographical areas to 
facilitate the functioning of society. Urbanization often 
degrades local and regional environmental quality as 
natural landscapes are replaced with anthropogenic 
materials. Byproducts of urbanization (e.g., heat, 
combustion. and chemical emissions) affect the health 
of the local and regional landscapes, as well as the health 
of people who reside, visit, and/or work in and around 
urban areas. 

In the lower 48 United States, percent of land 
classified as urban increased from 2.5% in 1990 to 
3.1% in 2000 (44.834 km'). an area about the size of 
Vermont and New Hampshire combined. Patterns of 
urban expansion reveal that increased growth rates are 
likely in the future (Nowak et al., 2005a, b). Urban land 
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Jersey, Massachusetts, and Uonnect~cut) are pro~ected 
to be more than half urban land (Nowak and Walton, 
200 5). 

Urban vegetation, through its natural functioning, 
can improve environmental quality and human health in 
and around urban areas. These benefits include im- 
provements in air and water quality, building energy 
conservation, cooler air temperatures, reduction in 
ultraviolet radiation, and many other environmental 
and social benefits (Nowak and Dwyer. 2000). Properly 
designed and managed, urban vegetation can be used as 
a natural "biotechnology" to reduce some of the adverse 
environmental and health effects associated with urba- 
nization. With the extent of urbanization expanding 
across the landscape, there is an urgent need to 
incorporate the effects of urban vegetation on reducing 
the adverse effects of urbanization into long-term 
planning, policies, and regulations to improve environ- 
mental quality. 
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The purpose of this paper is to detail effects of urban 
forests on air quality and streams Aows in particular 
cities and discuss the role of urban forests kvithin 
national programs/regulations related to environmental 
quality and human health. 

Methods 

To incorporate the effects of urban trees in meeting 
environmental standards, the impacts of trees on the 
environment need to be quantified. The urban forest 
functions that appear to be most critical to environ- 
mental quality and associated regulations are tree effects 
on air and water quality, and carbon sequestration. To 
quantify these urban forest effects in various cities, the 
Urban Forest Effects (UFORE) model was used. The 
UFORE model uses standardized field data from 
randomly located urban forest plots and local hourly 
air pollution and meteorological data to quantify urban 
forest structure, functions, and values (e.g., Nowak 
et al., 2000, 2001, 2002a, b, 2005a, b; Nowak and Crane, 
2000, 2002). The model currently quantifies: (a) urban 
forest structure by land use type (e.g., species composi- 
tion, tree density, tree health, leaf area, leaf and tree 
biomass, species diversity, etc.); (b) hourly amount of 
pollution removed by the urban forest, its value, and its 
associated percent air quality improvement throughout 
a year. Pollution removal is calculated for ozone, sulfur 
dioxide, nitrogen dioxide, carbon monoxide. and 
particulate matter (< 10 pm); (c) hourly urban forest 
volatile organic compound (VOC) emissions and the 
relative impact of tree species on net ozone and carbon 
monoxide formation throughout the year; (d) total 
carbon stored and net carbon annually sequestered by 
the urban forest, including its value to society; and (e) 
effects of trees on building energy use and consequent 
effects on carbon dioxide emissions from power plants. 

To date, urban forest structural data (e.g., tree species 
composition, number of trees, trees size, health) have 
been or are being collected and analyzed with the 
IJFORE model for about 30 cities, with about one-third 
of the analyses occurring in cities outside of the United 
States - e.g,, Beijing, China (Uang et al., 2005); 
Fuenlabrada, Spain (Lozano, 2004); Santiago, Chile 
(Escobedo et al., 2004); and Toronto, Ontario, Canada 
(Kenney et al., 2001). From this basic field data, leaf 
area and leaf biomass estimates are made and combined 
with local meteorological and pollution data to estimate 
hourly air pollution removal, total carbon storage, and 
annual carbon sequestration. 

Hourly pollution removal is based on the downward 
pollutant flux (F; in g/mZ s) calculated as the product of 
the deposition velocity (yd; in m: s) and the pollutant 
concentration (C; in gjm3) (F= Vd C). Deposition 

velocity was calculated as the inverse of the sum of the 
aerodynamic (R,), quasi-laminar boundary layer (Rb). 
and canopy (&) resistances. Hourly estimates of R, and 
Rb were calculated using standard resistance formulas 
and local hourly weather data. Hourly canopy resistance 
values for 03 ,  SO2, and NO2 were calculated based on a 
modified hybrid of big-leaf and multilayer canopy 
deposition models (Baldocchi et al., 1987; Baldocchi, 
1988). As removal of CO and particulate matter by 
vegetation are not directly related to photosynthesis/ 
transpiration, R, for CO was set to a constant for in-leaf 
season (50,000 s/m) and leaf-off season (1,000,000 s/m) 
(Bidwell and Fraser, 1972). For particles, the median 
deposition velocity (Lovett, 1994) was set to 0.064m/s 
based on 50% resuspension rate (Zinke, 1967). The base 
Vd was adjusted according to in-leaf vs. leaf-off season 
parameters. To limit deposition estimates to periods of 
dry deposition, deposition velocities were set to zero 
during periods of precipitation. Detailed methods of 
pollution removal are given in Nowak et al. (1998, 
2002b, 2006). 

To calculate current carbon storage and annual 
carbon sequestration, biomass for each measured tree 
is calculated using allometric equations from the 
literature (Nowak, 1994; Nowak et al., 2002b). Equa- 
tions that predict above-ground biomass were converted 
to whole tree biomass based on root-to-shoot ratio of 
0.26 (Cairns et al., 1997). Equations that compute fresh- 
weight biomass were multiplied by species- or genus- 
specific conversion factors to yield dry-weight biomass. 
Open-grown, maintained trees tend to have less above- 
ground biomass than predicted by forest-derived bio- 
mass equations for trees of the same diameter at breast 
height (Nowak, 1994). To adjust for this difference, 
biomass results for urban trees were multiplied by a 
factor 0.8 (Nowak, 1994). No adjustment was made for 
trees found in more natural stand conditions (e.g., on 
vacant lands or in forest preserves). Total tree dry- 
weight biomass was converted to total stored carbon by 
multiplying by 0.5 (Forest Products Lab, 1952; Chow 
and Rolfe, 1989). 

The multiple equations used for individual species 
were combined together to produce one predictive 
equation for a wide range of diameters for individual 
species. The process of combining the individual 
formulas (with limited diameter ranges) into one, more 
general species formula, produced results that were 
typically within 2% of the original estimates for total 
carbon storage of the urban forest (i.e., the estimates 
using the multiple equations). Formulas were combined 
to prevent disjointed sequestration estimates that can 
occur when calculations switch between individual 
biomass equations. If no allometric equation could be 
found for an individual species, the average of results 
from equations of the same genus were used. If no genus 
equations were found, the average of results from all 
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broadleaf or conifer equations was used. Average 
diameter growth from the appropriate land use, 
diameter class, and tree health was added to the existing 
tree diameter (year X) to estimate tree diameter and 
carbon storage in year x + 1. Detailed methods for 
carbon storage and sequestration are given in Nowak et 
al. (2002b) and Nowak and Crane (2002). 

A semi-distributed, physical-based urban forest ef- 
fects hydrological model (UFORE-Hydro) was created 
to simulate and study tree effects on urban runoff at the 
catchment scale. Key processes for each hydrologically 
representative unit are precipitation, interception, eva- 
poration, infiltration, and runoff, Algorithms are 
designed to simulate runoff generation from different 
land and soil types. Tree interception estimation used an 
hourly simulation time step for precipitation, evapora- 
tion, and tree storage updates and a daily leaf area 
index. This GIs-based program uses digital elevation 
data and calibrates against local gauging station data to 
quantify hourly changes in stream flows and water 
quality due to changes in tree and impervious surface 
cover within a watershed (Wang et al., in review a, b). 
As this model is new, few analyses have been conducted 
to date, but simulation results are presented for the 

Dead Run watershed, located near Baltimore, Mary- 
land. 

Results - urban forest effects 

Air quality 

Urban vegetation can directly and indirectly affect 
local and regional air quality by removing air pollution 
and altering the urban atmospheric environment. 
Factors that affect pollution removal by trees include 
the amount of heal thy leaf-surface area, concentrations 
of local pollutants, and local meteorology. In the US, 
urban forests are estimated to remove about 71 1,000 
metric tons ($3.8 billion value) of air pollution per year 
(Nowak et al., 2006). Computer simulations using the 
UFORE model with local field data reveal that 
pollution removal by urban trees in selected cities range 
from 8 metric tons per year in the developed portion of 
Fuenlabrada, Spain, to over 1500 metric tons per year in 
Atlanta and New York (Table 1). Amount of pollution 
removed was typically greatest for ozone, followed by 

Table 1. Total estimated pollution removal (metric tons) by trees during non-precipitation periods (dry deposition), and associated 
monetary value for various cities (pollutant year = 2000 unless otherwise noted) 

Pollution removed 

City CO (t) NO2 (t) O3 (t) PMlO (t) SOz (t) Total (t) Range (t) gjm2 cover;' $ (USD) $/ha cover" 

New York, NY 
Atlanta, GA 
Beijing, Chinac 
Toronto, Canadad 
Baltimore, M D  
Philadelphia, PA 
Washington, DC 
Boston, MA 
Wood bridge, N J 
San Francisco. CA 
Moorestown, NJ 
Syracuse, NY 
Morgantown, WV 
Jersey City, NJ 
Freehold, NJ 
Fuenlabrada, Spain" 

Estimates are for particulate matter less than 10pm (PMIO), ozone (a3),  nitrogen dioxide (NO2), sulfur &oxide (SO;?), and carbon monoxide (CO). 
Monetary value of pollution removal by trees was estimated using the median externality values for United States for each pollutant. Externalit: 
values are: NO2 = $6750't, PM I0 = $45001t, SOz = $1650/t, and CO = S950,t (Murray et al., 1994). Externality values for Ox were set to equaI the 
value for NOz. 

"Average grams of pollution removai per year per square meter of canopy cover. 
' ~ v e r a ~ e  dollar value of pollution removal per year per hectare of canopy cover. 
'Central city area (301 km2); Yang et al. (2005); year = 2002. 
d~unic ipa l i ty  of Metropolltan Toronto (632 km2]; Kenney et al. (2001 ); year = 1998. 
"Developed area only (8 km2); Lozano (2004); year = 2002. 
'values based on euros per ton for Spain (Lozano, 2004); converted to US dollars (IEUR = 1.32 US$). 












