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A B S T R A C T   

Urban tree canopies are a significant sink for atmospheric elemental carbon (EC)––an air pollutant that is a 
powerful climate-forcing agent and threat to human health. Understanding what controls EC deposition to urban 
trees is therefore important for evaluating the potential role of vegetation in air pollution mitigation strategies. 
We estimated wet, dry, and throughfall EC deposition for oak trees at 53 sites in Denton, TX. Spatial data and 
airborne discrete-return LiDAR were used to compute predictors of EC deposition, including urban form char
acteristics, and meteorologic and topographic factors. Dry and throughfall EC deposition varied 14-fold across 
this urban ecosystem and exhibited significant variability from spring to fall. Generalized additive modeling and 
multiple linear regression analyses showed that urban form strongly influenced tree-scale variability in dry EC 
deposition: traffic count as well as road length and building height within 100–150 m of trees were positively 
related to leaf-scale dry deposition. Rainfall amount and extreme wind-driven rain from the direction of major 
pollution sources were significant drivers of throughfall EC. Our findings indicate that complex configurations of 
roads, buildings, and vegetation produce “urban edge trees” that contribute to heterogeneous EC deposition 
patterns across urban systems, with implications for greenspace planning.   

1. Introduction 

Cities are a major source and sink for carbonaceous particulate 
matter (PM; Bond et al., 2013; Barrett et al., 2019; Xu et al., 2021), 
which includes organic carbon and a refractory fraction distinguished by 
composition and method of determination. Atmospheric elemental 
carbon (EC) is the thermally stable fraction of PM that is determined 
using thermal or thermal-optical methods, whereas black carbon (BC) is 
the light-absorbing component determined using light absorption and 
optical methods (Petzold et al., 2013). Elemental carbon and BC are 
harmful air pollutants and, although atmospherically short-lived, play 
an important role in climate forcing (Masson-Delmotte et al., 2021). 
By-products of incomplete fossil fuel and biomass combustion, 

suspended EC and BC contribute to reduced visibility (Hand et al., 
2020), air quality (e.g., Janssen et al., 2011), and health outcomes for 
urban populations (e.g., Alexeeff et al., 2018; Southerland et al., 2021). 
Moreover, these carbonaceous particles have strong warming potential: 
for example, during 100 yr after emission, 1 kg of BC produces, on 
average, as much warming as 680 kg of CO2 (Bond and Sun, 2005). 

Only two processes remove EC and BC from the atmosphere: wet and 
dry deposition. Although there are relatively few empirical estimates of 
urban wet and dry EC and BC deposition (Barrett et al., 2019), recent 
research indicates that tree leaves and canopies represent a significant 
sink for EC and BC in the urban landscape (Hara et al., 2014; Rindy et al., 
2019; Byčenkienė et al., 2022). Rindy et al. (2019) estimated that urban 
trees have the potential to remove up to 30% of local vehicular EC 
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emissions in a medium-sized city. Further, EC and BC delivered from 
canopies to the ground in throughfall, stemflow, and litterfall (Rindy 
et al., 2019; Van Stan et al., 2021) can become incorporated into soil 
through physical, chemical, and biological mechanisms (Czimczik and 
Masiello, 2007). Edmondson et al. (2015) found higher soil BC accu
mulation under tree canopies compared to areas without canopy cover, 
presumably due to higher inputs of BC from dry deposition washoff and 
leaf litterfall and subsequent mixing of BC into soils. Thus, vegetation in 
urban systems can contribute to both short- and long-term EC and BC 
sequestration. 

High-resolution measurements of atmospheric BC in urban areas (e. 
g., Apte et al., 2017) nevertheless suggest that deposition of these par
ticles to urban vegetation likely varies considerably across space and 
time. Mobile monitoring campaigns show that peak-to-median ratios of 
atmospheric BC vary 3-fold among census blocks (0.01 km2; Chambliss 
et al. 2021), while data analysis from distributed networks of fixed 
sensors show 2-fold variation in BC concentrations in urban atmospheres 
on sub-daily and daily timescales (Caubel et al., 2019). In addition to 
spatially variable atmospheric concentrations, meteorology, topog
raphy, and urban form factors (i.e., the spatial organization and 
arrangement of people, buildings, infrastructure, and greenspace; 
Bereitschaft and Debbage, 2013) also influence atmospheric deposition 
(Weathers and Ponette-González, 2011; Decina et al., 2020). Seasonal 
variations in emissions and meteorological conditions as well as distance 
to road have been shown to affect EC and BC deposition rates to forests 
(Matsuda et al., 2012) and urban vegetation (Mori et al., 2018). 

Given the potentially heterogeneous patterns of EC and BC inputs to 
urban canopies and soils, determining what controls intraurban varia
tion in EC and BC deposition is important for developing targeted 
greenspace interventions aimed at mitigating air pollution within cities. 
Therefore, the specific objectives of this study were to: (1) quantify wet 
and dry EC deposition to, and throughfall EC deposition under, two 
urban oak tree species; and (2) model the spatiotemporal drivers of dry 
and throughfall EC deposition. 

2. Materials and methods 

2.1. Study area 

We conducted this research in the City of Denton, Texas, a medium- 
sized city (pop. 139,734; U.S. Census Bureau, 2020) in the Dallas-Fort 
Worth metropolitan area, the fourth largest metropolitan area in the 
U.S. Climate in Denton is mild and temperate: mean annual temperature 
is 19 ◦C ± 1 (SD) and mean annual rainfall is 925 mm ± 270 (SD) 
(1991–2020, MESONET 2022). Precipitation is relatively evenly 
distributed throughout the year, with pulses of elevated rainfall in 
April–May and September–October. Prevailing winds are from the south 
during spring and summer, and from the north and south in fall and 
winter. Mean monthly wind speeds are highest in spring (20 km h− 1 ± 1 
SD) and winter (18 km h− 1 ± 0.7 SD) and lower in summer (16 km h− 1 

± 1 SD) and fall (16 km h− 1 ± 1 SD). 
Denton’s geographic position downwind of Dallas-Fort Worth and 

Interstate 35, a major transportation corridor linking Denton to Dallas 
and Fort Worth (Fig. 1), leads to elevated PM concentrations in the area, 
especially when winds blow from the south (Luce et al., 2020). Atmo
spheric EC concentrations in PM2.5 (<2.5 μm aerodynamic diameter) 
monitored by the Chemical Speciation Network in the City of Dallas 
(mean = 0.62 μg m− 3 ± 0.07 SD, 2017–2021) are well above U.S. rural 
background levels (0.1–0.3 μg m− 3; Hand et al., 2013). 

2.2. Elemental carbon deposition sampling 

We measured EC in wet (rainfall), dry (particles), and throughfall 
(water that falls through and drips from canopy surfaces) deposition at 
sites distributed across the City of Denton between 29 March 2017 and 
27 March 2018. Wet and throughfall deposition sites were selected using 

a stratified sampling design. The city was stratified by distance to major 
roads with truck traffic (0–100 m, >100 m) as diesel-powered vehicles 
represent the dominant source of EC emissions in U.S. urban areas (EPA, 
2019). A 100-m cutoff was used because atmospheric BC concentrations 
show a >50% drop within 100 m of roads (Apte et al., 2017; Karner 
et al., 2010; Zhu et al., 2002). We selected sites in residential yards and 
urban greenspaces where samplers were unlikely to be disturbed or 
stolen. 

Wet deposition was sampled at 16 sites without canopy cover, while 
throughfall EC was sampled under the canopies of 42 open-grown oak 
trees (i.e., without overlapping crowns from neighboring trees). Den
ton’s urban tree canopy covers 30% of the city (State of the Denton 
Urban Forest, 2016), and post oak (Quercus stellata Wang.) and live oak 
(Quercus virginiana Mill.) rank 3rd and 14th, respectively, in terms of 
total citywide leaf area (i.e., one-sided leaf surface area, m2; State of the 
Denton Urban Forest, 2016). Thus, post oak, a native deciduous tree, 
and live oak, a non-native evergreen tree, were selected for throughfall 
deposition sampling (n = 23 post oak, n = 19 live oak) given their 
abundance in the greater Dallas-Fort Worth area and southern U.S. 
cities. 

Both tree species have similar mean height (15 m) and leaf area index 
(LAI, one-sided leaf surface area per ground surface area, m2 m− 2), with 
a mean LAI of 2.4 and 3.4 for post oak and live oak, respectively. With 
regard to leaf characteristics, post oak leaves have two distinct sides: a 
shiny, dark green, and roughly textured upper surface with sparse tri
chomes and a light green, lower surface covered with abundant tri
chomes. Mature live oak leaves have a thick, shiny upper surface with 
few to no trichomes and a lower surface with densely packed trichomes. 
Post oak leaves are larger (mean surface area = 244 cm2) and lobed with 
deeply indented margins, while live oak leaves are smaller (mean sur
face area = 133 cm2) and have an oval, oblong, or elliptical shape with 
entire margins (Rindy et al., 2019). 

Wet and throughfall collectors consisted of a 10-cm diameter boro
silicate glass funnel set on a 500 ml amber glass bottle and placed within 
a PVC tube affixed to an iron rod established 1-m above ground. The 

Fig. 1. Spatial patterns of elemental carbon (EC) deposition to urban tree 
canopies and soils in the City of Denton, Texas, sampled from March 2017 to 
March 2018. Symbol sizes are proportional to magnitude and show mean dry 
EC deposition (red; 0.07–0.97 mg m− 2 d− 1) and mean throughfall EC deposition 
(blue; 0.03–0.43 mg m− 2 d− 1) per tree for post oak (triangle) and live oak 
(circle) trees. Grey lines show roads in the City of Denton. The junction between 
I-35 E and I-35 W can be seen in the southwestern corner of the map. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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funnel rim sat above the edge of the PVC to prevent water from dripping 
into the funnel. One throughfall sampler was established midway be
tween the bole and the canopy dripline on the south-facing side of each 
tree (i.e., the direction of prevailing winds and dominant EC emissions 
sources). 

Wet and throughfall deposition were sampled on an event basis. A 
rainfall event was defined as producing a minimum of 2.5 mm of pre
cipitation and separated from other rainfall periods by at least a 6-hr dry 
period (Lovett and Lindberg, 1984). Twenty-four hours prior to a fore
casted rainfall event expected to produce a minimum of 2.5 mm, clean 
glass funnels and bottles were deployed to the sites (Supporting Infor
mation). Funnels and bottles were collected within 24 h after rainfall 
ceased, immediately transported to the laboratory, and refrigerated at 
4 ◦C. One to two field blanks were included with every rainfall event. A 
forecast of insufficient rain or time to deploy the samplers prevented us 
from sampling all rainfall events. Over the year-long sampling period, 20 
of 35 rainfall events (57%), constituting approximately 40% of total 
annual rainfall, were sampled for wet and throughfall deposition. 

In a related study, we measured dry EC deposition to 20 trees (n = 10 
post oak, n = 10 live oak; Rindy et al., 2019), 17 of which were also 
sampled for throughfall. Leaves were sampled from the south-facing side 
of trees monthly during the growing season (April–November for post 
oak, April–March for live oak). Three clusters of leaves were collected 
from the middle section of the canopy, placed in paper bags, and 
transported to the laboratory for analysis. Details on sampling meth
odology can be found in Rindy et al. (2019). In total, we collected 187 
wet deposition, 359 throughfall, and 200 dry deposition samples. 

2.3. Laboratory filtration and extraction 

Sample filtration and extractions were performed within 24–48 h of 
sample collection. Wet and throughfall samples were filtered for EC 
following a slightly modified method employed by Torres et al. (2014). 
Prior to filtration, samples were sonicated for 15 min and then shaken by 
hand for 15 s to minimize particle adherence to the surface of the 
collection bottles. Samples were subsequently pre-filtered through a 
Buchner funnel with a fritted glass disk (pore size 40–60 μm) to remove 
large organic material (e.g., plant debris, soil). To increase EC recovery, 
1.5 g of NH4H2PO4 per 100 ml of water were added to each sample. 
Samples were sonicated and shaken again and then refrigerated for 24 h. 
The following day, samples were filtered through a 13-mm diameter 
pre-baked (600 ◦C for 12 h) quartz fiber filter and dried in a desiccator 
for 24 h. One method blank was prepared for each rainfall event. 

Dry EC deposition was determined using a two-step foliar extraction 
technique (after Dzierżanowski et al., 2011). Briefly, leaves were 
immersed in 250 ml of double deionized water to remove ‘rain-
washable’ EC particles. Samples were then processed following the same 
protocol as the throughfall samples: NH4H2PO4 salt was added to the 
rinsewater, and samples were sonicated for 15 min and shaken by hand 
prior to refrigeration. In the second step, leaf samples were extracted 
with 150 ml of chloroform to remove particles deposited inside leaf 
waxes. Water and chloroform extracts were filtered using the same 
process as throughfall samples. Additional details on leaf extractions can 
be found in Rindy et al. (2019). 

2.4. Elemental carbon analysis 

Elemental carbon concentrations were determined using a thermal- 
optical method (NIOSH-5040) on a Sunset Laboratory Organic Car
bon/Elemental Carbon (OC/EC) Aerosol Analyzer (Sunset Laboratories, 
Inc., Tigard, OR). For quality assurance, one instrument blank was 
analyzed each time the instrument was turned on, and two sucrose spike 
samples [5 μl (17.58 μg C) and 10 μl (35.16 μg C)] were analyzed to 
ensure calibration after every 10 samples. The minimum detection limit 
for the instrument was 0.21 μg of EC per cm2 of filter. 

2.5. Synthesis of deposition drivers 

To assess spatiotemporal drivers of dry and throughfall EC deposi
tion, we computed 128 variables describing urban form (i.e., trans
portation, vegetation, and building characteristics), meteorology, and 
topography using GIS and airborne discrete-return LiDAR (Table S1). 

2.5.1. Transportation drivers 
For transportation, we collected annual average daily traffic (AADT) 

from the Texas Department of Transportation, which is provided with 
point coordinates (i.e., vector point data). Road spatial data were ob
tained from City of Denton Open Data and annual on-road CO2 emissions 
from the Database of Road Transportation Emissions (DARTE; Gately 
et al., 2019). Inverse-distance weighting was used to derive AADT at the 
sampling sites. The weight of each observation used for interpolation 
was calculated as the multiplicative inverse of distance between the 
interpolated site and the observed site divided by the total of the mul
tiplicative inverses of distances from all available observations to the 
interpolated site. Road length and road count were calculated using the 
Sum Line Lengths tool combined with the Create Grid tool in QGIS 
(QGIS, 2021). Additional variables included distance to nearest road, 
major road, and bus stop, as well as the cumulative length (e.g., for 
roads) and count (e.g., for bus stops). We created grids of various cell 
sizes (e.g., 50, 100, 150, 300, 500 m) to cover the sampling sites and 
summarized these variables within each grid cell (ESRI, 2019). For 
analysis, we selected a grid cell size of 150 m as this maximized data 
variation and minimized distance to trees. Point data on CO2 emissions 
at the sampling sites were extracted from the annual on-road CO2 1-km 
emissions grid. 

2.5.2. Meteorological drivers 
We downloaded daily meteorological data on wind speed (mean, 

max), humidity (min, mean, max), and sea level air pressure (min, mean, 
max) from Weather Underground (Weather Underground, 2022). We 
selected eight weather stations within Denton city limits with complete 
temporal coverage from March 2017 to March 2018. Data on the di
rection of the fastest 2-min and fastest 5-s wind were obtained from the 
National Oceanic and Atmospheric Administration (NOAA) Global 
Historical Climatology Network-Daily (GHCND). These data were used 
to characterize extreme wind speeds (Klink, 2015). Data on wind di
rection (5-min resolution) were downloaded from the Automated Sur
face Observing System (ASOS). We used rainfall volumes measured in 
the field during wet deposition sampling, Weather Underground, and 
NOAA data for location-based rainfall measurements. The median of the 
same-date precipitation from all available stations was used to deter
mine dry and rainfall days. Wind direction and rainfall datasets include 
data for two months prior to sampling to cover antecedent dry days (i.e., 
the number of dry days prior to the sampling date and after the last 
rainfall event at the nearest weather station; Lovett and Lindberg, 1984). 
All meteorological variables were computed separately for antecedent 
dry days and for rainfall events. We used inverse-distance weighting to 
compute wind speed (mean, max), humidity (min, mean, max), air 
pressure (min, mean, max), and rainfall at the sampling sites. Wind di
rection was aggregated as mean wind direction in azimuth degrees and 
wind direction mode in cardinal directions. In the modeling step, wind 
direction in azimuth degrees was converted to sine and cosine values of 
wind direction. 

2.5.3. Vegetation and building characteristics 
Variables describing vegetation and building characteristics were 

computed using 4-band imagery from the National Agriculture Imagery 
Program (NAIP) and LiDAR point-cloud data provided by the North 
Central Texas Council of Governments. NAIP data were collected on 20 
September 2016 and have 1-m2 pixel resolution. LiDAR data were 
collected from January–March 2015 with an average spacing of 0.5 m. 
To distinguish between vegetation and buildings, we used NAIP data to 
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calculate the Normalized Difference Vegetation Index (NDVI). The NDVI 
compares red (R) and near-infrared (NIR) reflectance with wavelength 
ranges of 604–664 nm and 683–920 nm, respectively (Biediger, 2021; 
Sohn and Dowman, 2007), and is calculated as follows:  

NDVI = (NIR − R)/(NIR + R)                                                         (1) 

We used the LiDAR data to create a 1-m2 pixel resolution digital 
elevation model (DEM) and digital surface model (DSM) for the study 
area. A digital height model (DHM) was then produced by subtracting 
the DEM from the DSM. The entire height range of DHM data was 
inspected and compared with NAIP imagery to identify upper and lower 
limits for building and tree height in the study area. Based on this 
assessment, trees were classified as pixels with NDVI ≥0.25 and height 
between 2 and 28 m, while buildings were classified as pixels clusters of 
greater than 25 m2 with NDVI <0.25 and height between 2 and 90 m. An 
accuracy assessment of the land cover classification data was conducted 
by generating three hundred randomly selected points for each land 
cover type (i.e., building, tree, and non-building/tree). Each point was 
classified using NAIP air photo interpretation, and a confusion matrix 
was computed to compare land cover classification and air photo 
interpretation results, yielding an overall accuracy of 92% (kappa =
0.89; Table S2). The area, mean, and maximum height of vegetation and 
buildings within 50- and 100-m Euclidean buffers around each sampling 
site were calculated in ArcMap 10.7 (ESRI, 2019). These distances were 
selected as we expected changes in surface roughness near trees to in
fluence microscale meteorological conditions, pollutant dispersion, and 
deposition. 

Topographic variables (i.e., slope, elevation, and aspect) were 
calculated for each sampling site using a 10-m2 DEM, generated from the 
LiDAR-derived 1-m2 DEM (ESRI, 2019). Slope, elevation, and aspect 
were then used to derive further landform variables including topo
graphic position index, relative aspect, terrain exposure to the hori
zontal component of the wind flux, horizontal angle of wind flux, and 
terrain exposure toward the sloped wind flux (Antonić and Legović, 
1999; Supporting Information). 

2.6. Data analysis and modeling 

Daily wet, dry, and throughfall EC deposition were calculated per 
tree for comparison and expressed in mg m− 2 d− 1. To calculate daily 
values, estimates of leaf-scale dry deposition were divided by the 
number of antecedent dry days (rain-washable) and number of days 
since leaf emergence (wax-deposited). Leaf-scale dry deposition repre
sents the sum of the rain-washable and wax-deposited EC fractions 
(Rindy et al., 2019). Wet and throughfall deposition were divided by the 
number of days with rainfall. 

We examined spatial variability in dry and throughfall EC deposition 
among sample trees using the coefficient of divergence (COD), a statistic 
widely used in air quality studies to assess variability in atmospheric 
concentrations among sampling sites (Bell et al., 2011; Xie et al., 2012). 
The COD for 15 trees sampled for dry and throughfall EC during April to 
October 2017 was calculated to evaluate if dry or throughfall deposition 
processes exhibited differences in spatial variability. The COD is 
normalized and ranges from 0 to 1. Values approaching 0 indicate high 
similarity and values approaching 1 indicate low similarity among sites. 
A threshold of 0.2 has been used to distinguish between homogeneous 
(<0.2) and heterogeneous (≥0.2) spatial distributions (Wilson et al., 
2005). 

Seasonal differences in daily deposition were examined using one- 
way ANOVA followed by Tukey’s Honestly Significant Difference 
(HSD) test. Samples were grouped into seasons: spring (March-April- 
May), summer (June-July-August), fall (September-October- 
November), and winter (December-January-February). Detailed calcu
lations and equations are provided in the Supporting Information. 

We performed an exploratory analysis of the data using generalized 

additive modeling (GAM; Chambers et al., 1990). GAM was employed as 
part of the variable selection process, specifically to understand the 
relative influence of drivers on EC deposition processes and potential 
nonlinear patterns in the data. Data transformations were performed on 
variables showing nonlinear relationships with EC deposition. Details 
regarding the GAM analysis are provided in the Supporting Information. 

Multiple linear regression analysis was then employed to assess 
spatiotemporal drivers of dry and throughfall EC deposition. GAM- 
selected variables and their transformations were included in this 
analysis, and stepwise regression was implemented to further select the 
variables with the best fit and interpretability. We assessed model as
sumptions and collinearity using various diagnostic statistics and 
examined the significance of categorical variables using ANOVA (Sup
porting Information). 

In the above modeling process, site index was included to account for 
repeated measurements of EC deposition at the same site. We also used 
simple linear regression to examine relationships between mean, me
dian, minimum, maximum, and 95th percentile dry EC and throughfall 
EC deposition and aggregated predictor variables (i.e., mean of predic
tor variables, such as road length within 150 m of trees) to provide 
further insights on the influence of location-specific variables such as 
urban form and traffic volume on dry and throughfall EC deposition. All 
analyses were performed in R. Significance was set to p < 0.05. 

3. Results 

3.1. Spatial and temporal patterns of EC deposition 

Dry EC deposition to urban trees ranged 14-fold from 0.07 to 0.97 
mg m− 2 d− 1, with a mean of 0.38 mg m− 2 d− 1, while throughfall EC 
deposition ranged 0.03–0.43 mg m− 2 d− 1, with a mean of 0.18 mg m− 2 

d− 1 (Fig. 1). Five trees sampled for dry, and five trees sampled for 
throughfall deposition had values > 50% higher than the overall mean. 
Mean rates of dry and throughfall deposition were 4-fold and 2-fold 
higher, respectively, compared to wet deposition (mean = 0.1 mg m− 2 

d− 1), which also had a smaller range of values (0.04–0.33 mg m− 2 d− 1). 
For trees with both dry and throughfall EC deposition measurements (n 
= 17 trees), throughfall EC comprised 13–73% (mean = 40%) of wet 
plus dry EC deposition. 

Both dry and throughfall deposition had coefficient of divergence 
(COD) values ≥ 0.2, indicating heterogeneous spatial distributions 
(Table S3, Table S4). Dry deposition of EC was, however, more spatially 
heterogeneous than throughfall EC, as indicated by the mean COD for 
trees sampled (dry deposition = 0.62; throughfall deposition = 0.56). 
We found no difference in the mean COD value between species for dry 
or throughfall deposition (i.e., species were similarly spatially variable). 
We also examined COD values by location within the city. Trees sampled 
for dry deposition in the southwestern part of the city had significantly 
higher COD values compared to trees in the northeast (p < 0.05) 
whereas throughfall COD values did not differ by location. 

Elemental carbon in wet, dry, and throughfall deposition also 
exhibited seasonal variability. Both wet and throughfall deposition were 
highest in spring and lowest in the fall and winter (p < 0.05). 
Throughfall deposition and dry deposition showed an inverse seasonal 
relationship, a pattern that was consistent for both tree species (Fig. 2). 

3.2. Spatiotemporal drivers of EC deposition 

Multiple linear regression analysis showed that the most important 
drivers of dry EC deposition were month (i.e., all months compared to 
April in model), number of antecedent dry days, and maximum daily 
relative humidity (Table 1, Table S5). Although the number of ante
cedent dry days was negatively related to daily dry deposition in the 
model, cumulative dry deposition had a significant but weak positive 
correlation with antecedent dry days (Fig. S1). Maximum daily relative 
humidity was also a significant negative, albeit weak predictor of dry EC 
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deposition (Table 1). 
Several meteorological variables, including wind direction (i.e., 

northwesterly, southeasterly, and southwesterly winds compared to 
northeasterly wind in model) and wind speed, the number of antecedent 
dry days, cumulative precipitation, and wet EC deposition were signif
icant predictors of throughfall EC (Table 1, Table S6). During rainfall 
events, extreme wind speeds originating from the west produced higher 
throughfall EC than similarly fast winds from the east (Fig. 3a). The 
mode, or most common, wind direction during dry days prior to a 
rainfall event was also influential in the model, with southeasterly and 
southwesterly winds showing the strongest positive associations with 
throughfall EC. We found a similar relationship between antecedent dry 
days and throughfall EC as with dry EC deposition: daily deposition was 
negatively related while cumulative deposition was positively related to 
the number of antecedent dry days (Fig. S1). Rainfall amount (Fig. 3b) 
and wet EC deposition both showed positive relationships with 
throughfall EC. 

Simple linear regressions revealed significant positive relationships 
between dry EC deposition and aggregated values for urban form vari
ables. Dry EC deposition was most strongly related to total road length 
within 150 m of trees, with R2 values of 0.71 and 0.6 for mean and 95th 
percentile dry deposition, respectively (Fig. 4). Dry EC deposition also 
increased with daily traffic count, although the strength of this rela
tionship was less strong than for total road length. Mean building height 
within 100 m of trees exhibited a positive relationship with mean and 

95th percentile dry deposition. There were no significant relationships 
between total road length, traffic count, building height and throughfall 
EC deposition. 

4. Discussion 

4.1. Local-scale effects of urban form on dry deposition of elemental 
carbon 

Urban trees are nested within spatially heterogeneous ecosystems 
composed of infrastructure, buildings, and greenspace. The presence, 
density, height, and spatial arrangement of these elements can vary 
substantially over short horizontal and vertical distances (Cadenasso 
et al., 2007), resulting in complex three-dimensional urban surfaces. 
Although interactions between this urban fabric and atmospheric pol
lutants may contribute to a “distinct urban biogeochemistry” (sensu 
Kaye et al., 2006), fine-scale drivers of deposition within cities remain 
elusive. 

We were not surprised to find that dry deposition increased with road 
length (a measure of road proximity) and traffic count. Ambient BC 
concentrations are higher in areas associated with truck traffic, higher 
traffic volumes, and near (within a few hundred meters of) roadways 
(Karner et al., 2010; Clougherty et al., 2013; Apte et al., 2017; Caubel 
et al., 2019; Henneman et al., 2021). Moreover, edge effects––the 
filtering of atmospheric pollutants by vegetation at edges—are well 

Fig. 2. Seasonal patterns of elemental carbon (EC) deposition to urban tree canopies and soils in the City of Denton, Texas, sampled from March 2017 to March 2018. 
Spring II denotes samples collected after 2018 leaf flush. Boxplots show dry deposition (red outline, left) and throughfall (blue outline, right) by season and by 
species. Whiskers show the highest and lowest values, excluding outliers, which are shown as dots. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 

Table 1 
Multiple linear regression results for dry and throughfall deposition of elemental carbon (EC) (mg m− 2 d− 1).  

Dry Deposition (n = 200; adjusted R2 = 0.79) Throughfall Flux (n = 359; adjusted R2 = 0.44) 

Variable Estimated Coefficient t-statistic Variable Estimated Coefficient t-statistic 

Intercept − 3.7 − 13 *** Intercept 0.596 12 *** 
Indexa n/a 13 *** Indexa n/a 2.1 *** 
Monthb n/a 48 *** Wind directionb n/a 7.6 *** 
Antecedent dry days − 4.9 × 10− 2 − 2.6 ** Antecedent dry days − 3.3 × 10− 3 − 4.4 *** 
Max relative humidity − 5.9 × 10− 2 − 3.5 *** Fastest 2-min wind (west-east) − 7.1 × 10− 2 − 6.0 ***    

Cumulative rainfall − 5.5 × 10− 3 − 3.2 **    
Cumulative rainfall (squared) 1.0 × 10− 4 3.6 ***    
Wet EC deposition 4.0 × 10− 2 5.3 *** 

*p < 0.05, **p < 0.01, ***p < 0.001. 
a Compared each location to Index1; F-statistic from ANOVA analysis included rather than the t-statistic from regression model. See Tables S5 and S6 for complete 

model summary. 
b F-statistic from ANOVA analysis included rather than the t-statistic from regression model. See Tables S5 and S6 for complete model summary. 
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documented (e.g., Weathers et al., 2001; Ewing et al., 2009). For 
example, particulate deposition to tree leaves has been shown to differ 
between roadside and background environments by as much as 16-fold 

(Maher et al., 2008), often decreasing markedly within 75–150 m of 
roads (Kardel et al., 2012). Thus, that we detected near-road effects on 
dry EC deposition is consistent with steep urban roadway gradients in 

Fig. 3. Bivariate relationships between variables from the multiple linear regression analysis and throughfall elemental carbon (EC) deposition in the City of Denton, 
Texas, sampled from March 2017–March 2018. Variables include (a) the fastest 2-min wind (a proxy for extreme wind speeds) along a west-east direction (red dots 
indicate the mean of throughfall EC) and (b) rainfall amount during rainfall events. A five-degree spline shows the nonlinear relationship between rainfall amount 
and throughfall EC. The Pearson correlation R and level of significance (*p < 0.05, ****p < 0.0001) are labeled for reference. Whiskers show the highest and lowest 
values, excluding outliers, which are shown as dots. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 4. Bivariate relationships between dry elemental carbon (EC) deposition (red dots) and throughfall EC deposition (blue dots) and urban form variables. Data are 
aggregated by total road length within 150 m, mean building height within 100 m , and daily traffic count (103), with functions of mean and 95th percentile. The R- 
squared and level of significance (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) are labeled for reference. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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both observed atmospheric BC concentrations and PM deposition. 
Our data suggest, however, that road edge effects on EC deposition 

vary in magnitude due to differences in concentrations among road 
types (Apte et al., 2017). In our analysis, trees proximate to roads with 
high traffic volumes, such as Interstate-35, received dry EC inputs that 
were ~4-fold higher than trees near less busy roads. In Belgium, leaf PM 
accumulation increased exponentially with traffic intensity; although EC 
was not measured, the highest accumulation values were measured near 
highways and intersections (Kardel et al., 2012). Taken together, our 
data confirm that dry deposition of particulates (including EC) to leaf 
surfaces increases as a function of the strength of and proximity to 
emissions sources in urban areas (Maher et al., 2008; Kardel et al., 2012; 
Hofman et al., 2014; Rea-Downing et al., 2020). 

Findings also revealed the role of building height on dry EC depo
sition to trees. In this urban ecosystem, where mostly low- and some 
mid-rise buildings are configured in an open arrangement, taller struc
tures could be interpreted as indicative of more developed land cover (i. 
e., urban imperviousness), and hence increased travel-related emissions. 
Alternatively, where streets are flanked by buildings on both sides (i.e., 
street canyons; Vardoulakis et al., 2003), higher EC deposition to trees 
could be due to a classic canyon effect. It is well established that traffic 
emissions coupled with reduced wind dispersion of pollutants lead to 
elevated PM and BC air concentrations and deposition in street canyons 
(Boogaard et al., 2011; Pugh et al., 2012; Hofman et al., 2014; Abhijith 
et al., 2017; Liu et al., 2020), an effect that increases as canyons become 
deeper (i.e., as building height relative to street width increases; Pugh 
et al., 2012; Hofman et al., 2014). Tree-to-tree differences in dry EC 
deposition were also most pronounced in the southwestern part of the 
city where buildings are tallest and urban imperviousness is highest. 
This suggests that complex configurations of roads, buildings, and veg
etation––and the edges they create and sustain (e.g., Amato et al., 
2019)––contribute to spatially heterogeneous patterns of dry EC depo
sition in urban areas. 

Superimposed on this intraurban variation in dry EC deposition to 
trees, we observed temporal changes in deposition inputs related to 
regional pollution patterns. In Dallas, airborne EC concentrations are 
lowest in late spring and early summer and increase steadily from late 
summer through fall, peaking in December. In Denton, dry EC deposi
tion to urban trees follows a similar pattern. In fact, monthly atmo
spheric EC concentrations measured in Dallas during the time of 
sampling were positively related to our estimates of monthly dry EC 
deposition (R2 = 0.52, p < 0.01; Fig. S2). This relationship indicates that 
regional EC emissions from the greater Dallas-Fort Worth metropolitan 
area drive temporal patterns in dry deposition but do not override the 
localized effects of urban form on dry deposition. 

4.2. Mobilization of EC particles in throughfall by extreme wind and rain 

Until recently, the composition and amount of PM in throughfall and 
stemflow have received relatively little attention (Lequy et al., 2014; 
Levia et al., 2013; Cayuela et al., 2019; Ponette-González et al., 2020; Xu 
et al., 2020; Van Stan et al., 2021), with only a few studies isolating the 
carbonaceous fraction (EC or BC). Here, we found that most EC depos
ited to urban trees accumulates in the canopy, with just 40% delivered to 
the ground in throughfall. The proportion of EC in throughfall was 
highest in late spring and lower in fall and winter, consistent with the 
speculation that dry EC deposition increases over time due, in part, to 
increasing leaf wettability (Rindy et al., 2019). Aside from leaf surface 
retention, EC can be retained on branch and stem bark surfaces 
(Ponette-González 2021) and/or incorporated into microbial biomass 
(Espenshade et al., 2019). In addition, some amount of EC is delivered to 
the ground via stemflow, while some EC can be lost from trees by 
pruning or other landscape activities. Accounting for these fluxes in 
future studies will improve estimates of canopy EC retention. 

Our estimate of EC mobilization with throughfall is nonetheless well 
within the range of values reported for leaf-washing and rainfall 

simulation experiments that show that water can mobilize anywhere 
from 30 to 70% of particulates <100 μm from plant surfaces depending 
on plant species and functional type (Przybysz et al., 2014; Xu et al., 
2017; Zhang et al., 2019). However, compared to coarse (PM2.5-PM10) 
and large (PM10-PM100) particles, fine particles (<2.5 μm diameter) are 
less efficiently removed by rainfall and wind (Levia et al., 2013; Przy
bysz et al., 2014; Cayuela et al., 2019; Popek et al., 2019) because of 
their high surface area-to-volume ratio and low resuspension rates 
(Wang et al., 2018; Xie et al., 2018). As urban EC is predominantly in the 
PM2.5 fraction, our findings may be more comparable with those of Chen 
et al. (2017) who determined that, for broadleaf tree species (such as 
ours), simulated rainfall removed 47% of accumulated fine PM. 

For biologically inactive particles such as EC, throughfall deposition 
results from the transport of wet- and dry-deposited particles to the 
ground. Thus, throughfall deposition is influenced by the factors that 
control particulate transport through the canopy (Van Stan et al., 2021) 
as well as wet and dry deposition (Weathers et al., 2006; Ponette-
González et al., 2016). A few previous studies demonstrate positive re
lationships between the amount of PM deposited to and removed from 
tree leaves with simulated rain (Chen et al., 2017; Xu et al., 2017). We 
did not find a similar correlation between dry and throughfall EC 
deposition, likely due to differences in sampling strategy. However, wet 
EC deposition as well as winds from the direction of major pollution 
sources antecedent to rainfall events, which we have shown influence 
dry deposition, were important variables in the throughfall model. 

Despite the potential for high canopy retention of EC, our model 
elucidates the meteorological conditions under which particles are 
mobilized and transported through tree canopies in throughfall. We 
know of only one study aside from ours to investigate PM wash-off dy
namics from urban trees under natural conditions using the throughfall 
method. Consistent with our findings, Cai et al. (2019) found that for all 
size fractions the amount of PM in throughfall increased with rainfall 
amount. Our data further indicate that extreme winds lead to high rates 
of throughfall EC deposition when rainfall is driven from west to east. 
Wind-driven rain has been associated with increased stemflow produc
tion (Van Stan et al., 2011) and splash-saltation trajectories in soil 
erosion studies (Erpul et al., 2004). It is therefore plausible that 
wind-driven rain increases throughfall volume, detachment of EC from 
the canopy, or both, ultimately leading to greater EC deposition inputs 
to the surface. In our study area, the prevailing direction of storm tracks 
during the spring season is from southwest to northeast. Thus, 
wind-driven rain effects on throughfall amount and EC mobilization 
may also partly explain the spring spike we observed in throughfall 
deposition. 

4.3. Implications for greenspace planning 

Our findings have important implications for greenspace planning. 
First, roads and buildings represent structural discontinuities or “edges” 
(sensu Weathers et al., 2001, 2006) in urban ecosystems that expose 
vegetation to elevated pollution levels. Such discontinuities are common 
features in cities and result in the creation of “urban edge trees”, trees 
that receive higher levels of EC deposition than trees distant from edges. 
Where atmospheric deposition (i.e., removal) is identified as a possible 
mechanism for air pollution mitigation in greenspace interventions 
(Diener and Mudu, 2021), our findings underscore the need to further 
identify and model the combination of locations and configurations of 
urban morphology that are likely to have the greatest impact on depo
sition to canopies and linked fluxes to soils. Second, although infre
quently measured, throughfall and stemflow represent important 
potential pathways for the delivery of particulates to soils following 
deposition. Elemental carbon deposited to the ground with water is less 
likely to be resuspended to the atmosphere and may be readily available 
for transport in water: downward into the soil or, if deposited to pave
ment, laterally via runoff into streams (Decina et al., 2018). Thus, the 
biogeochemical pathways of particulates after deposition are also 
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critical to consider when planning for air quality mitigation and/or 
long-term EC sequestration. 

5. Conclusions 

We present some of the first estimates of intraurban variation in EC 
deposition to urban tree canopies and soils. Our findings show that EC 
deposition exhibits high intraurban variability due to complex spatio
temporal drivers. Specifically, local-scale urban form factors coupled 
with regional-scale pollution and meteorology contribute to a 14-fold 
difference in EC deposition to canopies and soils across this urban 
ecosystem. Consistent with fine-scale studies of airborne BC concentra
tions, we detected strong near-road and street canyon “edge effects” on 
dry EC deposition that resulted in elevated levels of EC deposition to 
urban trees. While we estimate that 60% of this carbon is retained in tree 
canopies, results indicate that high rainfall coupled with extreme 
westerly winds mobilize and transport EC to the ground in throughfall. 

Taken together, these findings could inform greenspace in
terventions focused on urban air quality, such as tree planting and 
conservation. Knowledge of the urban form factors that influence spatial 
patterns of EC deposition is crucial to predict where on the landscape 
tree canopies are likely to have the greatest impact on EC deposition at 
street-to-city scales. Further, our study suggests that the role of meteo
rology in driving EC transport in urban systems should be considered in 
tree-based air quality greenspace interventions. Integrating empirical 
and modeling approaches to predict and prioritize locations for tree 
planting and/or conservation represents a crucial next step in urban 
forest planning for air pollution mitigation. 
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Chen, Y., Goldfarb, L., Gomis, M.I., 2021. Climate Change 2021: the Physical Science 
Basis. Contribution of Working Group I to the Sixth Assessment Report of the 
Intergovernmental Panel on Climate Change. IPCC Geneva, Switz. 

Matsuda, K., Sase, H., Murao, N., Fukazawa, T., Khoomsub, K., Chanonmuang, P., 
Visaratana, T., Khummongkol, P., 2012. Dry and wet deposition of elemental carbon 
on a tropical forest in Thailand. Atmos. Environ. 54, 282–287. 

Mori, J., Fini, A., Galimberti, M., Ginepro, M., Burchi, G., Massa, D., Ferrini, F., 2018. Air 
pollution deposition on a roadside vegetation barrier in a mediterranean 
environment: combined effect of evergreen shrub species and planting density. Sci. 
Total Environ. 643, 725–737. 

Petzold, A., Ogren, J.A., Fiebig, M., Laj, P., Li, S.-M., Baltensperger, U., Holzer-Popp, T., 
Kinne, S., Pappalardo, G., Sugimoto, N., 2013. Recommendations for reporting" 
black carbon" measurements. Atmos. Chem. Phys. 13 (16), 8365–8379. 
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