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a b s t r a c t

Trees remove air pollutants through dry deposition processes depending upon forest structure, meteo-
rology, and air quality that vary across space and time. Employing nationally available forest, weather, air
pollution and human population data for 2010, computer simulations were performed for deciduous and
evergreen trees with varying leaf area index for rural and urban areas in every county in the conter-
minous United States. The results populated a national database of annual air pollutant removal, con-
centration changes, and reductions in adverse health incidences and costs for NO2, O3, PM2.5 and SO2. The
developed database enabled a first order approximation of air quality and associated human health
benefits provided by trees with any forest configurations anywhere in the conterminous United States
over time.

Comprehensive national database of tree effects on air quality and human health in the United States
was developed.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Air pollution is responsible for many adverse effects on human
health andwell-being. In the United States, it is estimated that 4700
and 130,000 deaths annually are attributable to ground-level ozone
(O3) and fine particulate matter (PM2.5), respectively in 2005 (Fann
et al., 2012). TheWorld Health Organization estimated that 800,000
deaths annually could be attributed to urban air pollutants
worldwide (WHO, 2002). Under provisions of the Clean Air Act, the
United States Environmental Protection Agency (EPA) established
National Ambient Air Quality Standards (NAAQS) for six criteria air
pollutants (CAP) to improve the quality of air in the United States
(US EPA, 2015a). The CAP includes carbon monoxide (CO), nitrogen
dioxide (NO2), ground-level ozone (O3), sulfur dioxide (SO2), and
particulate matter consisting of particles smaller than 10 and
2.5 mm (PM10 and PM2.5).
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Air pollutants can be removed through primarily three mecha-
nisms: chemical reactions, wet deposition, and dry deposition
(Rasmussen et al., 1975; Fowler, 1980). Chemical reactions in a gas
phase can result in aerosols in the atmosphere that are removed
through wet or dry deposition processes, or produce oxidized
products such as carbon dioxide (CO2) and water vapor (Nowak,
1994). Deposition is a process by which gaseous and particulate
pollutants are transferred to the terrestrial surfaces such as soils,
vegetation canopies, and man-made structures as well as marine
surfaces of the Earth; wet deposition is caused by precipitation,
while dry deposition is caused by air flows. Due to their large sur-
face areas, trees play an important role in dry deposition processes.
Gaseous pollutants are essentially deposited to trees through the
leaf stomata, while particulate matters deposited to trees' surface
(Fowler, 1980; Murphy and Sigmon, 1990; Smith, 1990). Trees and
forests are increasingly employed as ecological engineering designs
to biologically filter the air pollutants and improve air quality
(Beckett et al., 1998). Besides controlling emission sources of air
pollutants such as motor vehicles and energy plants, it is of interest
to planners and managers to employ this approach to effectively
improve health and well-being of human populations.

Pollution removal through dry deposition varies throughout a
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landscape, depending on forest structures, pollutant concentration,
length of growing season, and meteorological variables, so does its
effect to the local air quality and associated human health. The
annual pollution removal and associated human health effects
were quantified across the United States (Nowak et al., 2014). In
their study, four air pollutants, NO2, O3, PM2.5 and SO2 were
assessed to derive dry deposition by trees and link the results to
reductions in human health incidences and costs for rural and ur-
ban areas within each county across the conterminous United
States. This was the first to assess the air quality improvement
provided by trees and associated human health effects for such a
broad scale and coverage. However, for planners and managers in
smaller municipality these analyses need to be done at a finer
spatial resolution, which would take too much time and effort as
the number of such areas is huge e.g., the number of census places
and county subdivisions across the United States is over 41,000 (US
Census Bureau, 2015). In addition, since the forest structures such
as leaf area index, LAI (m2 leaf area per m2 projected ground area of
canopy) and deciduous/evergreen species compositions in the
municipalities will change through time due to tree growth, mor-
tality, new plantings and/or natural regeneration, the results from
one year are not applicable to another year in the future or past.

In this study, a new national database of air pollutant removal,
concentration changes, and associated health incidence and cost
reductions at the county level was developed to account for
changes in the forest structure. A new solution is then proposed to
downscale the county level analyses to the finer scale within
counties based on the records in the newly developed database.

2. Methods

For 3094 rural and 2425 urban areas in counties in the conter-
minous United States delimited using 2010 Census data (US Census
Bureau, 2015), deciduous and evergreen trees with varying LAI
were separately employed in the national run of i-Tree Eco (i-Tree,
2015)'s dry deposition and human benefit models for 2010. i-Tree
Eco is a component of i-Tree tools developed by the USDA Forest
Service, in which US EPA's BenMAP (US EPA, 2015b) was incorpo-
rated to link air quality improvement to human health improve-
ment (Nowak et al., 2014). Three analyses were conducted: 1) the
total tree cover and leaf area index, 2) the flux to and from leaves
and resultant changes in concentration for the four air pollutants,
and 3) the reduction of adverse health incidences and costs due to
changes in air pollutant concentration. To efficiently run themodels
for the entire areas, a batch processing was constructed.

2.1. Tree cover and leaf area index

Tree cover within each of urban and rural areas in the counties
was derived from 2001 National Land Cover Database (NLCD) 30-m
resolution tree cover maps (MRLC, 2015) and adjusted for its po-
tential underestimates based on the methods detailed in Nowak
and Greenfield (2012). It was assumed that the entire tree cover
was either deciduous or evergreen, and the maximum (mid-sum-
mer) LAI values (LAImax) varying within a typical range for boreal,
temperate, and tropical forests (0e18) (Barbour et al., 1980;
Scurlock et al., 2001) with 0.5 increments. For evergreen tree
cover, LAI value was assumed to be constant at the mid-summer
value throughout a year, whereas the minimum (mid-winter) LAI
(LAImin) was assumed to be 0 for deciduous tree cover. Deciduous
trees had a four-week leaf transition period from leaf-off to leaf-on
and vice versa based on the local spring leaf-on and autumn leaf-off
dates determined from local frost free dates (NCDC, 2015a). A
modified sigmoid function was used to estimate daily LAI values
(LAIdaily) for the deciduous cover in each county during this four
week period (Koller and Upadhyay, 2005; Wang et al., 2008):

LAIdaily ¼ LAImax � LAImin

1þ e�0:37ðdaya�daybÞ þ LAImin (1)

where daya is day of year and dayb is leaf-on date for spring, while
daya is leaf-off date and dayb is day of year for autumn.
2.2. Air pollutant removal and concentration change

Hourly pollutant flux per unit tree cover, F (mg m�2 h�1) was
estimated as a product of the dry deposition velocity, Vd (m h�1),
and the air pollutant concentration, C (mg m�3):

F ¼ Vd$C (2)

Vd for NO2, O3 and SO2 were estimated as the inverse of the sum
of resistances to pollutant transport in the crown space (ra: aero-
dynamic resistance), adjacent to canopy surfaces (rb: quasi-laminar
boundary layer resistance), and on leaf surfaces (rc: canopy resis-
tance) (Baldocchi et al., 1987). Both ra and rb are a function of
meteorological conditions including temperature, wind speed, so-
lar angle, and cloud cover. rc is calculated based on trees' bio-
physical variables including LAI and meteorological variables
including temperature, pressure, relative humidity, and solar ra-
diation. The detailed process is described in Hirabayashi et al. (2011,
2015). Vd for PM2.5 for unit LAI was estimated based on the median
of deposition velocity measurements for varied wind speeds re-
ported in the literature. Vd was then multiplied by LAI, and F for
PM2.5 was computed accounting for the resuspension of the par-
ticles from leaves to the atmosphere due to the wind and wash-off
of particles from leaves to the ground by precipitation. The detailed
process for PM2.5 dry depositions is given in Nowak et al. (2013).
Annual air pollutant removal, Ra (t) can be calculated as

Ra ¼ Fa$TC$A (3)

where Fa (t m�2 yr�1) is annual sum of F, TC (%) is tree cover percent
and A (m2) is area for the study area.

For each urban or rural area, hourly air quality improvement, I
was calculated as the ratio between the mass of air pollutant
removed within the tree cover area and the mass of air pollutant
existed within the study area:

I ¼ F$TC$A
F$TC$Aþ C$H$A

(4)

whereH (m) is mixing height. Hourly concentration change,DCwas
estimated as:

DC ¼ C
1� I

� C (5)

In BenMAP, seven concentration change metrics annually aver-
aged from DC were employed; daily 1 h maximum of DC (1Max),
daily mean of DC for 8e10 a.m. (3Mean), daily mean of DC for
6e9 am (4Mean), daily maximum of DC for 8 h moving average
(8Max), daily mean of DC for 9 a.m.e4 p.m. (8Mean), daily mean of
DC (24Mean), and quarterly mean of daily mean of DC (24MeanQ).

Hourly meteorological data for 2010 from 910 weather stations
nationwide were employed from National Climatic Data Center
weather stations (NCDC, 2015b). Hourly air pollutant concentration
data for 2010 were obtained from the US EPA's Air Quality System
(AQS) national database (US EPA, 2015c). The number of monitors
ranged from 399 for NO2 to 1232 for O3. Upper air temperature and
pressure for 2010 from 74 stations nationwide were obtained from
National Oceanic and Atmospheric Administration Earth System
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Research Laboratory (NOAA ESRL)'s radiosonde database (NOAA,
2015) to calculate hourly mixing height with US EPA's PCRAM-
MET program (US EPA, 1995) integrated into i-Tree Eco. These
monitor stations are more densely located in urban than rural
areas. Themonitor located nearest to the geographic center for each
of rural and urban areas was used to represent each area. Due to the
scarcity of the monitors, more than 80% of both rural and urban
areas were assigned monitors located outside of its boundary.
2.3. Adverse health incidence and cost

Adverse health effect categories analyzed include Acute Respi-
ratory Symptoms (ARS), Emergency Room Visits (ERV), and Hos-
pital Admissions, Respiratory (HAR) associated with NO2, O3, PM2.5,
and SO2, Asthma Exacerbations (AE) associated with NO2, PM2.5,
and SO2, Mortality (M) associated with O3 and PM2.5, Acute/Chronic
Bronchitis (AB/CB), Acute Myocardial Infarction (AMI), Hospital
Admissions, Cardiovascular (HAC), Upper/Lower Respiratory
Symptoms (URS/LRS), and Work Loss Days (WLD) associated with
PM2.5, and School Loss Days (SLD) associated with O3.

BenMAP uses concentration-response functions that relate the
concentration change metrics to changes in adverse health in-
cidences for age group populations at the county level in the
conterminous United States. Valuation functions are then used to
convert the incidence changes to monetary values. Derived from
BenMAP, i-Tree Eco holds multipliers for adverse health incidences
and values per unit concentration change and per person in age
groups for each county in the conterminous United States. Table 1
presents the value multipliers averaged for each health effect
category across the counties. AE, CB and M multipliers were com-
parable to the values in the same category in the Air Quality Ben-
efits Assessment Tool (AQBAT) of Canada (Judek et al., 2006). Due to
the difference in health expenditure per capita between United
States and Canada ($US 8233 vs. $US 4445) (Kane, 2012), the values
for the United States were generally higher than Canada.

Multiplying the concentration change metrics estimated for
rural/urban areas and population for the age group by the multi-
pliers, tree effects on incidence and value for each health category
were estimated. Most of the health effect categories had multiple
functions corresponding to different air quality metrics and age
groups; multiple estimates for a health effect category were
aggregated by either averaging or summing the estimates. For
instance, incidence estimates for HAR associated with NO2 derived
from three concentration-response functions for age groups 0e14,
15e64, and 65e99 were summed to produce an incidence change
for the entire ages of 0e99:
Table 1
Mean monetary value per incidence multiplier for health effect calculatio

Health effect

Acute Bronchitis (AE)
Acute Myocardial Infarction (AMI)
Acute Respiratory Symptoms (ARS)
Asthma Exacerbation (AE)
Chronic Bronchitis (CB)
Emergency Room Visits, Respiratory (ERV)
Hospital Admissions, Cardiovascular (HAC)
Hospital Admissions, Respiratory (HAR)
Lower Respiratory Symptoms (LRS)
Mortality (M)
School Loss Days (SLD)
Upper Respiratory Symptoms (URS)
Work Loss Days (WLD)
IHAR;NO2
¼ IM58$P0�14$1Maxþ IM59$P15�64$1Max

þ IM64$P65�99$24Mean (6)

where IM is incidence multiplier and the subscripts indicate the
function number, P is population for age group denoted by the
subscripts. For health effect values, value multipliers were used in
Eqn. (6).
2.4. Batch processing and database creation

i-Tree Eco's dry deposition and BenMAP valuation models esti-
mate hourly air quality and health benefits for NO2, O3, PM2.5 and
SO2 for a study areawith a defined tree cover, mid-summer LAI, and
evergreen percentage, and then summarize the result for a year.
This study required these models to run for deciduous (0% ever-
green) and evergreen (100% evergreen) forest configurations
separately with 37 LAI values for totally 5519 rural/urban areas,
totaled over 400,000 iterations. To efficiently run the entire pro-
cess, a batch process was constructed, inwhich a single run handles
a unique combination of LAI, deciduous or evergreen trees, and
urban or rural area in each county where nearest weather, radio-
sonde, air pollutant monitor stations were pre-assigned. The esti-
mated air pollutant removal, concentration change metrics, change
in health incidences and costs along with A (m2) and TC (%) for all
combinations of counties, rural/urban areas, air pollutants, leaf
types, and LAIs were stored in a database.
2.5. Downscaling of air pollutant removal

Due to scarcity of weather, radiosonde and air pollutant monitor
stations, monitors used to represent the rural or urban areas of a
county may be representative for a smaller scale area such as place
within the county. If this is the case, Fa in Eqn. (3) is the same for the
county and the place for the same LAI. Therefore, looking up the
newly developed database, for a place in rural or urban part of a
county, annual air pollutant removal can be estimated by Fa for the
county multiplied by the tree cover area for the place. The estimate
can bemade for each of deciduous and evergreen tree cover and the
results can be weighted based on the deciduous and evergreen
composition for the place.
2.6. Downscaling of air pollutant concentration change

Based on Eqn. (4), the ratio of hourly air quality improvement
between a county, Ic and a place within the county, Ip is:
n.

Air pollutant Value ($)/Incidence

PM2.5 88
PM2.5 89,765
NO2, O3, PM2.5, SO2 66
NO2, PM2.5,SO2 82
PM2.5 279,574
NO2, O3, PM2.5, SO2 416
PM2.5 38,302
NO2, O3, PM2.5, SO2 29,875
PM2.5 52
O3, PM2.5 7,773,554
O3 98
PM2.5 45
PM2.5 137
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Ic
Ip

¼ F$TCc$Ac

F$TCc$Ac þ C$H$Ac

�
F$TCp$Ap

F$TCp$Ap þ C$H$Ap

¼ TCc
TCp

$
TCp þ C$H=F
TCc þ C$H=F

(7)

where subscripts c and p denote parameters for county and place
within the county, respectively. Assuming that the monitors for the
county and the place are the same, F, C, and H remain the same for
the same LAI. Since tree cover percent for the county and the place,
TCc and TCp are from 0 to 1, C$H/F is usually much greater than TCc
and TCp, and thus Eqn. (7) can be reduced to:

IpzIc$
TCp
TCc

(8)

As hourly DC and the seven concentration change metrics for
the place are calculated based on Ip, they can be estimated from the
county value multiplied with TCp/TCc.

Once the concentration change metrics for the place are esti-
mated, the BenMAP protocol can be applied using the county-level
incidence and value multipliers and age group populations for the
place as shown in Eqn. (6).

3. Results and discussions

3.1. Tree cover

On average, rural had 40 times greater tree cover area than ur-
ban areas (81,000 vs. and 4000 (ha)). Average tree cover percent
was 42% for rural and 31% for urban areas.

3.2. Air pollutant removal and concentration change

In urban areas, annual mean air pollutant concentration, Cawere
15.5 (mg m�3) for NO2, 61.7 (mg m�3) for O3, 10.0 (mg m�3) for PM2.5,
and 4.9 (mg m�3) for SO2. Ca for rural areas were slightly smaller
than urban areas. NO2 and SO2 are primary air pollutant, PM2.5 is
emitted directly frommobile sources and also created by secondary
formation (Hodan and Barnard, 2004), and O3 is a secondary
pollutant. Primary air pollutant concentrations are typically higher
near the emission sources, such as urban areas with a high volume
of motor vehicle traffic and stationary industrial sources (Gualtieri
and Tartaglia, 1998; Jenson, 1998). O3 and secondary PM2.5 are less
impacted by local sources (Ito et al., 2005; Sarnat et al., 2010). Wind
carries precursors of O3 and PM2.5 hundreds of miles away from
their original source, which may smooth the variation across space.

Distributions of Ra and 1Max for all combinations of the air
pollutant, rural or urban area, deciduous or evergreen trees, and LAI
are presented as boxplots (Fig. 1). Ra, 1Max and other concentration
changemetrics were generally greater in rural than urban areas due
to greater tree covers in rural areas. Ra and concentration change
metrics for evergreen were always larger than deciduous trees in
both rural and urban areas since LAI was assumed to be 0 in the
winter for deciduous trees, resulting 0 pollutant removal and
concentration change, while LAI was assumed to be constant
throughout a year for evergreen trees. Due to the largest concen-
tration across the country, O3 generally had the highest removal
and concentration changes among the four pollutants.

Both Ra and concentration changes increased as the LAI
increased for each combination of the air pollutant, rural or urban
area, and deciduous or evergreen trees. But the relationship is non-
linear for NO2, O3 and SO2; the magnitude of increase became
smaller as LAI exceeded a threshold value around 5 (Fig. 2). This
results agreed with the sensitivity of Vd to LAI (Hirabayashi et al.,
2011). On the other hand, PM2.5 removal and concentration
changes were almost linearly increased with LAI since Vd for PM2.5
was proportional to LAI. (Nowak et al., 2013).

By fixing the LAI value to 5 that is near the threshold (Fig. 2),
sensitivity of Fa, Ra, and concentration change metrics to their input
parameters in Eqns. (2)e(4), respectively were analyzed using the
results for evergreen trees for totally 5519 rural and urban areas.
For the four air pollutants, Fa was dependent on Ca as Pearson
product moment correlation coefficient (PMCC), which is a simple
measure of the dependence and linear relationship between two
sets of values (Saltelli et al., 2000), between Fa and Ca ranged from
0.68 for PM2.5 to 0.98 for NO2., indicating near linear relationship. Fa
had a limited dependence on Vd as PMCC was smaller than 0.05 for
all air pollutants except for O3 (PMCC was 0.43). TC (%) � A (m2) or
tree cover area (m2) had a greater impact on Ra than Fa, and PMCC
ranged from 0.55 for SO2 to 0.97 for O3.

Linearity between the seven concentration change metrics for
O3 and TC (%) was highest with PMCC of over 0.84. The concen-
tration changemetrics for NO2 and PM2.5 were also near linear with
TC (%) as PMCC ranged from 0.57 to 0.70. For SO2 though, PMCC
between the concentration change metrics and TC (%) was slightly
smaller, and Fa and Ca had a greater impact with PMCC of over 0.7.
3.3. Adverse health incidence and cost

Population and population density were larger for urban than
rural areas; urban areas had 5 times larger population (102,000 vs.
19,000) and 46 times larger population density (690 vs. 15 (people
km�2)) than rural areas. Because of the larger populations in urban
areas, the relative smallness in air quality benefits for urban areas
was offset in the health benefits; both reductions in adverse health
incidence and cost were greater for urban than rural areas (Fig. 3).
Same as air pollutant effects, evergreen trees were always better
than deciduous trees in both rural and urban areas. Due to the
greatest removal and concentration change for O3, the avoided
incidences were also greatest for O3. Among the adverse health
effects, incidence reductions for ARS associated with O3 and PM2.5,
AE associated with NO2 and PM2.5, and SLD associated with O3 were
generally greatest, while costs reduction was greatest for O3 and
PM2.5 because the changes in these pollutant concentrations were
related to human mortality, which was assigned the greatest
monetary values per incidence by BenMAP (Table 1).

Similar to air pollutant results, health effect results were
increased as the LAI values increased non-linearly for NO2, O3 and
SO2, whereas almost linearly for PM2.5. Fixing LAI to 5 for evergreen
trees in both rural and urban areas, population had the highest
PMCC with incidences and costs, ranging from 0.58 for HAR asso-
ciatedwith SO2 to 0.90 for AE associatedwith NO2, indicating a near
linear relationship between number of incidence and cost re-
ductions and population.
3.4. Developed database

The developed national database is populated with annual
removal and seven different concentration change metrics for NO2,
O3, PM2.5 and SO2 as well as 25 health incidence and cost changes
for all combinations of county, rural/urban areas, leaf type and LAI
values, totaling to over 33 million values. Table 2 presents an
example of the contents that present results for Onondaga County,
NY for LAI of 5. These results represent general tendencies in the
comparison of the estimates between rural/urban areas, deciduous/
evergreen trees, and among the four air pollutants mentioned in
the previous sections.



Fig. 1. Distribution of (a) annual air pollutant removal, Ra and (b) annual mean of daily maximum concentration, 1Max (unit is ppb for NO2, O3, and SO2, and mg m�3 for PM2.5) across
the entire study area for LAI of 0 to 18.
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Fig. 2. Distribution of a) annual removal, Ra for O3, b) annual removal, Ra for PM2.5, c) annual mean of daily maximum concentration, 1Max for O3, and d) annual mean of daily
maximum concentration, 1Max for PM2.5 against LAI for evergreen trees in rural areas.
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3.5. Downscaled estimates

To demonstrate the usefulness of the developed database,
annual air quality and health benefits provided by trees with 26.9%
tree cover, 16.3% evergreen trees, and LAI of 5 were estimated for
Syracuse, NY, which is in the urban area of Onondaga County.
Table 3 presents the results for Syracuse estimated based on the
urban area values in Table 2. Downscaling the county results to
Syracuse produced first order approximations that agreed relatively
well with the results for Syracuse estimated hourly and summa-
rized annually by i-Tree Eco with generally less than 20% errors.

3.6. Limitations and advantages

There are several limitations in this study, associated with the
national implementation of themodels and themodels themselves.
Due to the limited number of the nationally available weather,
radiosonde, and air pollutant monitor stations, the nearest moni-
tors assigned may not represent the true values for the area. Rural
areas where the nearest urban air pollutant monitors was assigned
may overestimate the air pollutant concentration, resulting in the
overestimated Fa. Although this study overcame the limitation of
the previous work by Nowak et al. (2014) in which the forest
structure was assumed to be constant across the area when the
developed database is used to assess trees' effects in a smaller scale,
the assumption of the constant weather and air quality conditions
across the different scales remains.

The dry deposition model focused only on air pollutant removal
by trees and did not include other indirect effects of trees on air
quality, such as effects to building energy use (Heisler, 1986) and
consequent emissions from power plants, air temperature reduction
that leads to reduction of emissions from anthropogenic sources
(Cardelino and Chameides, 1990), and biogenic emission of volatile
organic compounds (VOCs) that are precursors to O3 and PM2.5 for-
mation (Chameides et al., 1988; Hodan and Barnard, 2004). Various
factors such as drought or other environmental stressors that affect
tree health and transpiration, and in turn affect the removal of
gaseous pollutants by limiting gas exchange at the leaf surface were
not considered. PM2.5 could be removed from the atmosphere by the
dry depositionprocess to bark of the deciduous trees during the leaf-



Fig. 3. Distribution of (a) annual reductions in health incidence and (b) annual reductions in health cost across the entire study area.
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off season, though this processwas not accounted for since bark area
index (BAI) was not readily available across the conterminous United
States. Of the six criteria air pollutants, only four air pollutants were
analyzed due to the limitation of BenMAP.
Despite the limitations, there are various advantages to the

developed database. The estimates were derived employing the



Table 2
Example of developed database entries for Onondaga County, NY.

County Area TC
(%)

LAI Leaf
type

Air
pollutant

Removal
(t)

Conc. changea Health effect
(ppb or mg m�3) Category Incidences ($)

Onondaga Rural 54.2 5 Db NO2 14 1Max 0.005 ARS 0.12 4
O3 2802 1Max 0.33 ARS 80.10 6847

3Mean 0.23 ERV 0.03 13
4Mean 0.19 HA 0.08 2645
8Max 0.24 M 0.05 363,993
8Mean 0.21 SLD 32.34 3175
24Mean 0.11
24MeanQ 0.11

PM2.5 135 1Max 0.11 ARS 27.09 2655
SO2 107 1Max 0.016 ARS 0.25 8

Ec NO2 102 1Max 0.024 ARS 0.90 28
O3 4792 1Max 0.67 ARS 160.69 13,737

3Mean 0.44 ERV 0.06 27
4Mean 0.34 HA 0.17 5289
8Max 0.48 M 0.09 728,667
8Mean 0.44 SLD 65.44 6426
24Mean 0.22
24MeanQ 0.22

PM2.5 386 1Max 0.39 ARS 104.15 10,208
SO2 186 1Max 0.03 ARS 0.52 16

Urban 39.6 5 Db NO2 3 1Max 0.003 ARS 0.52 16
O3 659 1Max 0.22 ARS 364.56 31,166

3Mean 0.14 ERV 0.15 61
4Mean 0.10 HA 0.39 12,280
8Max 0.16 M 0.22 1,677,890
8Mean 0.15 SLD 150.85 14,812
24Mean 0.08
24MeanQ 0.08

PM2.5 32 1Max 0.08 ARS 131.93 12,931
SO2 25 1Max 0.01 ARS 1.16 37

Ec NO2 24 1Max 0.015 ARS 4.50 142
O3 1123 1Max 0.43 ARS 735.50 62,876

3Mean 0.27 ERV 0.30 124
4Mean 0.20 HA 0.80 24,788
8Max 0.32 M 0.44 3,382,768
8Mean 0.30 SLD 306.94 30,139
24Mean 0.15
24MeanQ 0.15

PM2.5 91 1Max 0.28 ARS 527.44 51,699
SO2 44 1Max 0.02 ARS 2.47 78

a Unit for concentration change is ppb for NO2, O3 and SO2, and mg m�3 for PM2.5.
b Deciduous.
c Evergreen.
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currently best available measurements of tree, meteorology, air
pollutant and population nationwide. The models were performed
on a fine temporal resolution (hourly) basis, assessing interactions
among weather conditions, air pollutant concentration, and
resuspension andwash-off of PM2.5, and summarized for a year. The
models linked tree effects on air quality to human health benefits
through BenMAP. With more than 33 million values, the developed
database comprehensively covers possible forest structures, and
these values can be used to readily produce estimates of air
pollutant removal and concentration change as well as health im-
pacts and associated monetary values by any forest configurations
anywhere in the conterminous United States.
4. Conclusions

A comprehensive database of tree effects was developed for
deciduous and evergreen trees with varying LAI for urban and rural
areas of counties in the conterminous United States. The database
stores annual removal and concentration changes of the four
criteria air pollutants, NO2, O3, PM2.5 and SO2, and reductions in
adverse health incidences and monetary values. Downscaling the
county results readily provide a first order approximation of the
annual air pollutant and human health benefits by trees in multiple
scales, from individual trees to city-based or larger scales over time
in the conterminous United States. Air pollutant removal and
concentration change can be downscaled based on tree cover area
and tree cover percent, respectively.

The new database will allow for more detailed estimates of air
quality and human health benefits due to changes in LAI through
time as forest structure changes. However, to better estimate the
future tree effects, future scenarios of local weather, air quality,
population density and urban developments should be employed.
Such data could include weather forecast data from North Amer-
ican Regional Climate Change Program (NARCCAP) (NARCCAP,
2015), air quality from EPA Office of Research and Development's
Global Change Air Quality Assessment (Loughlin et al., 2007), land
use forecast from Integrated Climate and Land Use Scenarios
(ICLUS) (US EPA, 2015d).

Based on the analyses, the following conclusions can be drawn:

1. Rural-evergreen, rural-deciduous, urban-evergreen, and urban-
deciduous trees in this order had greater effects on air quality.

2. Urban-evergreen, urban-deciduous, rural-evergreen, and rural-
deciduous trees in this order had greater effects on human
health.



Table 3
Annual results for Syracuse, NY estimated by downscaling county results.

Air pollutant Removal (t) Conc. change (ppb or mg m�3)a Health effect
Db Ec Category Incidences ($)

NO2 0.6 1Max 0.0018 0.010 ARS 0.26 8
3Mean 0.0008 0.006 AE 4.26 358
4Mean 0.0007 0.004 ERV 0.003 1
8Max 0.0008 0.006 HAR 0.008 243
8Mean 0.0005 0.005
24Mean 0.0004 0.003
24MeanQ 0.0004 0.003

O3 66.2 1Max 0.15 0.30 ARS 108.17 9247
3Mean 0.09 0.19 ERV 0.04 17
4Mean 0.07 0.13 HA 0.10 3002
8Max 0.11 0.22 M 0.06 472,195
8Mean 0.10 0.20 SLD 39.80 3908
24Mean 0.05 0.10
24MeanQ 0.05 0.10

PM2.5 3.7 1Max 0.057 0.19 AB 0.08 7
3Mean 0.011 0.03 AMI 0.03 2392
4Mean 0.008 0.02 ARS 49.97 4898
8Max 0.019 0.07 AE 38.01 3090
8Mean 0.012 0.04 CB 0.03 9652
24Mean 0.006 0.02 ERV 0.04 18
24MeanQ 0.006 0.02 HAC 0.012 473

HAR 0.011 345
LRS 1.00 52
M 0.14 1,094,134
URS 0.81 36
WLD 8.39 1403

SO2 2.5 1Max 0.006 0.013 ARS 0.31 10
3Mean 0.003 0.006 AE 2.90 229
4Mean 0.003 0.005 ERV 0.010 4
8Max 0.003 0.007 HAR 0.013 409
8Mean 0.003 0.005
24Mean 0.001 0.003
24MeanQ 0.001 0.003

a Unit for concentration change is ppb for NO2, O3 and SO2, and mg m�3 for PM2.5.
b Deciduous.
c Evergreen.
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3. Air pollutant removal, concentration changes, health incidences
and values increased as LAI increased for all combination of air
pollutant, leaf and area types; however, the relationship for NO2,
O3 and SO2 was non-linear whereas for PM2.5 was almost linear.

4. Due to the greatest concentration for O3 nationwide, annual
removal and concentration changes were greatest for O3 for all
combinations of the leaf and area types.

5. Adverse health effects with the highest reductions in incidences
were Acute Respiratory Symptoms associated with O3 and
PM2.5, Asthma Exacerbations associated with NO2 and PM2.5,
and School Loss Days associated with O3

6. Adverse health effects with the highest values were Mortality
associated with O3 and PM2.5.

7. Annual flux of air pollutant, Fa was sensitive to annual air
pollutant concentration, Ca for the four air pollutants.

8. Annual air pollutant removal, Rawas impacted by tree cover area
(m2) for the four air pollutants.

9. Annual concentration changes were affected by tree cover % for
NO2, O3 and PM2.5, while by annual flux and concentration for
SO2.
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