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Abstract

Dry deposition of aerosols from the atmosphere is an important but poorly understood and inadequately modeled process in
atmospheric systems for climate and air quality. Comparisons of currently used aerosol dry deposition models to a compendia of
published field measurement studies in various landscapes show very poor agreement over a wide range of particle sizes. In this
study, we develop and test a new aerosol dry deposition model that is a modification of the current model in the Community
Multiscale Air Quality (CMAQ) model. The new model agrees much better with measured dry deposition velocities across
particle sizes. The key innovation is the addition of a second inertial impaction term for microscale obstacles such as leaf
hairs, microscale ridges, and needleleaf edge effects. The most significant effect of the new model is to increase the mass dry
deposition of the accumulation mode aerosols in CMAQ. Accumulation mode mass dry deposition velocities increase by almost
an order of magnitude in forested areas with lesser increases for shorter vegetation. Peak PM2.5 concentrations are reduced in
some forested areas by up to 40% in CMAQ simulations. Over the continuous United States, the new model reduced PM2.5
by an average of 16% for July 2018 at the Air Quality System monitoring sites. For summer 2018 simulations, bias and error

of PM2.5 concentrations are significantly reduced, especially in forested areas.
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Key Points
e New aerosol deposition velocity model agrees better with observations than
current models
e Impaction on microscale obstacles such as leaf hairs is key process
e New aerosol deposition velocity model increases dry deposition of PM2s

compared to the current CMAQ model
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Abstract

Dry deposition of aerosols from the atmosphere is an important but poorly understood
and inadequately modeled process in atmospheric systems for climate and air quality.
Comparisons of currently used aerosol dry deposition models to a compendia of
published field measurement studies in various landscapes show very poor agreement
over a wide range of particle sizes. In this study, we develop and test a new aerosol dry
deposition model that is a modification of the current model in the Community
Multiscale Air Quality (CMAQ) model. The new model agrees much better with
measured dry deposition velocities across particle sizes. The key innovation is the
addition of a second inertial impaction term for microscale obstacles such as leaf hairs,
microscale ridges, and needleleaf edge effects. The most significant effect of the new
model is to increase the mass dry deposition of the accumulation mode aerosols in
CMAQ. Accumulation mode mass dry deposition velocities increase by almost an order
of magnitude in forested areas with lesser increases for shorter vegetation. Peak PM2 s
concentrations are reduced in some forested areas by up to 40% in CMAQ simulations.
Over the continuous United States, the new model reduced PM2 s by an average of 16%
for July 2018 at the Air Quality System monitoring sites. For summer 2018 simulations,
bias and error of PM2 s concentrations are significantly reduced, especially in forested
areas.

Plain Language Summary

Aerosol dry deposition is an important sink for atmospheric particles that are a health
hazard and a significant climate forcer. Uncertainties in modeling aerosol dry deposition

hamper accurate predictions of air quality and climate. A new aerosol dry deposition
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model is developed that better agrees with observations of aerosol dry deposition velocity
for a variety of vegetation such as forests, grasslands, and water surfaces. This improved
aerosol dry deposition model when incorporated into air quality and climate models will

improve the accuracy of model predictions.

1. Introduction

The lifetime and fate of aerosols in the atmosphere are strongly influenced by wet and
dry deposition processes. Thus, the representation of these processes are key elements of
atmospheric models for air quality, climate, and ecosystem impacts. The uncertainties in
modeling aerosol dry deposition contribute significantly to the uncertainties and errors in
direct and indirect radiative forcing that have been identified as some of the most
uncertain processes in global climate modeling (IPCC, 2021). Currently, there are a wide
variety of aerosol dry deposition models used in atmospheric modeling systems that
reflect a great degree of uncertainty. Recently, there have been several studies that
compiled observations of aerosol dry deposition in a variety of environments for particle
sizes that range from 10s of nanometers to 10s of microns (Saylor et al., 2019; Emerson
et al., 2020; Farmer et al., 2021). Saylor et al. (2019) showed that models differ greatly
from the observations especially for forested landscapes. Model errors compared to
observations vary among different models and overpredict in some size ranges while

underpredicting in other size ranges.

Most size-resolved aerosol dry deposition models used in large-scale air quality and

climate models are combinations of mathematical algorithms representing the major
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processes involved in aerosol deposition as presented by Slinn (1982). All these
processes have strong dependencies on particle size and their combination yields a
relationship with the dry deposition velocity as a function of particle diameter (i.e.,
Va(dp)). However, since the models in use today have been shown to not agree well with
consensus of observations, particularly for forests, these models need to be re-examined
and revised. Key questions include: Can the parameterizations of the major processes be

revised to improve results or are there key processes that have been neglected?

The focus of this paper is to address uncertainties in the current aerosol dry deposition
modeling and to propose a new model that builds on current forms but includes a key
new process that greatly improves agreement with the consensus of observations.
Section 2 describes physical processes controlling dry deposition modeling. The
proposed new model is described in Section 3. Evaluation of the new model against
measurements and discussion are presented in Section 4. Section 5 presents the
implementation and evaluation of the new model in the Community Multiscale Air
Quality (CMAQ) model (Byun and Schere, 2006) for regional applications. Concluding

remarks and future work are given in Section 6.

2. Physical processes in modeling dry deposition
The concept of dry deposition velocity (Va) is that surface flux (F) of a trace atmospheric
constituent is directly proportional to its concentration (C) just above the surface as:

F:Vd X C (1)
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In this way physical and dynamical processes can be isolated from chemical processes.
The principal processes involved in aerosol dry deposition include gravitational settling,
Brownian diffusion, surface impaction, surface interception, and rebound. All these
processes are functions of particle diameter (dp) and become more effective as particle
size increases except Brownian diffusion which is most effective for ultrafine particles.
Aerosol particles are transported from the air to the surface simultaneously by turbulent
fluxes and gravitational settling. The gravitational settling velocity (Vg) results from a
balance of gravitational and viscous drag forces as (Stokes, 1851):

= 2etce @
where g is the gravitational acceleration, pyp is the particle density, u is the dynamic
viscosity of air and C is the Cunningham slip correction factor for small particles
(Cunningham, 1910). The turbulent fluxes are modeled similarly to gas dry deposition
fluxes as combinations of resistances. Flux through the turbulent surface layer is
represented by aerodynamic resistance Ra which is the same for gases and aerosols
(Pleim and Ran, 2011). However, since the no-slip condition for viscous fluids requires
that the velocity is exactly zero at the boundary, there is a very thin quasi-laminar
sublayer adjacent to all surfaces. For gases, molecular diffusion across this layer is so
efficient that the resistance presented by this layer Ry, is rarely the limiting factor relative
to Ra and surface resistances. For aerosol, however, Ry is usually the most limiting
resistance because diffusion of particles (Brownian diffusion) is much slower than
molecular diffusion. Gravitational settling and turbulent fluxes are combined to compute

aerosol deposition velocity as (Venkatram and Pleim, 1999),
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_ Vg
1-exp(-Vy(Rq+Rp))

Vy 3)

The quasi-laminar boundary layer resistance can be expressed in terms of collection

efficiencies E (Slinn, 1982),

1
"~ LAI'U,(ER+Eim+Ein)R

(4)

Ry
where LAl is leaf area index, u« is the friction velocity, Eg is Brownian diffusion
collection efficiency, Eim is impaction collection efficiency, and Ei, is interception
collection efficiency. Particles that encounter a surface can either stick or bounce off
which is represented by the rebound factor R in Equation 4 that mostly affects the largest
particles. Most recent aerosol dry deposition models follow the formulations for the
collection efficiencies proposed by Slinn (1982) with a variety of modifications and

extensions.

Aerosol deposition to vegetated areas is particularly complex and difficult to model given
the wide array of vegetation types with different canopy morphologies and leaf shapes.
Figure 1 shows that several models, including the models currently used in CMAQ, the
Comprehensive Air quality Model with extensions (CAMXx) (ENVIRON, 2020), the
Goddard Earth Observing System model with Chemistry (GEOS-Chem) (Bey et al.,
2001), a Unified Regional Air-quality Modeling System (AURAMS) (Gong et al., 2006),
and the Global Environmental Multi-scale model - Modelling Air quality and CHemistry
(GEM-MACH) (Gong et al., 2015), cannot well represent aerosol deposition for all
particle sizes at evergreen needleleaf forest sites. The current CMAQV5.3 model, which
is a modified version of the earlier CMAQ model described by Pleim and Ran (2011),

and the Zhang (2001) model that is used in CAMx, AURAMS, GEM-MACH and
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GEOSChem both seem to have the wrong shape with minimum Vg at around 2-3 um
while the measurements indicate minimum at about 0.1 — 0.2 um. Note that there are two
curves for the CMAQV5.3 model because its formulation includes a function of
convective velocity scale (w+). The models of Petroff and Zhang (2010) and Zhang and
Shao (2014) have minimum values at much smaller sizes with the Petroff and Zhang
(2010) model agreeing well with the aggregate observations in the less than 0.2 um size
range. The recent model described by Emerson et al. (2020) also agrees well with the
size of minimum Vg for forest observations as will be shown and discussed in Section 4.
However, none of the models seem to capture the rapid increase in deposition velocity
seen in the observations from 0.2 to about 0.5 um and the plateau from 0.5 to about 5 pum.
Clearly, the models as currently formulated are not able to produce the S-shaped curve of

the observation consensus.
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Evergreen Needleleaf Forest

3
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Figure 1. Measured aerosol dry deposition velocities from literature as functions of
particle size for evergreen needleleaf forest. Symbols represent median values with error
bars that represent estimated uncertainty, usually inter-quartile range. The lines show

predictions by various models assuming u~ = 0.4 m/s. Adapted from Saylor et al. (2019).

Several recent studies have shown that leaf surface texture and leaf shape have significant
influence on aerosol dry deposition. For example, Chen et al. (2017) found that the
needle-shaped leaves of conifers were more effective in general than broad leaves at
PM2 5 (particulate matter with an effective acrodynamic diameter less than 2.5 pm)
aerosol dry deposition. They also found that broad leaf species with more grooves or

hairs tended to increase deposition. Several other studies involving both field
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measurements and wind-tunnel experiments also showed increased deposition for leaves
with dense hairs, ridges, grooves or thick epicuticular wax layers (e.g., Weerakkody et al,
2017; Chiam et al., 2019; Leonard et al, 2016). Perini et al. (2017) also found enhanced
fine aerosol deposition on leaves with thick cuticular waxes but less so for hairy leaves.
By measuring aerosols accumulating on 22 species of trees and 25 shrubs, Sebg et al.
(2012) found that leaf properties such as hair and wax cover enhanced aerosol deposition
among the broad-leaf species while needle-leaf species were also among the highest
aerosol collecting species. Beckett et al. (2000) found greater deposition of 1 um aerosols
on pine needles than broad flat leaves in wind-tunnel studies. They noted that deposition
was well correlated with Stokes number which is inversely proportional to the
characteristic leaf size which for needles was on the order of 1 mm and about 5 cm or
more for broad leaves. Zhang et al. (2021) tested the effects of leaf hair (trichome)
density, leaf aspect ratio, petiole (leaf stem) length, and leaf fractal deviation on PM2zs
deposition. They found higher trichome density, lower aspect ratio, shorter petiole, and

greater leaf fractal deviation all increase PM2 s dry deposition velocities.

3. New model description

The new model, which is intended to replace the current aerosol dry deposition scheme in
CMAQ), follows the same general framework that was originally proposed by Slinn
(1982) as shown in equations 3 and 4. The aerodynamic resistance is unchanged from the
current CMAQ model and is the same for gases and aerosols (Pleim and Ran, 2011).
Unlike the current scheme, calculation of the quasi-laminar boundary layer resistance Ry

differs for the vegetated and non-vegetated parts of each grid cell. The most important

10
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change is to the parameterization of the impaction collection efficiency where a term is

added to better represent the shape of the deposition velocity curve for vegetated areas.

3.1 Vegetated areas
For the vegetated fraction of each grid cell the Ry, is weighted by LAI to account for the
total leaf surface area density available for deposition as shown in Equation 4. The

Brownian collection efficiency Eg follows Slinn (1982) as:
— (Lg%
By = (32)sc3 5)
where Sc is the Schmidt number defined as the ratio of the kinematic viscosity of air

divided by the Brownian diffusivity Sc = V/DB and cv/cq is the ratio of viscous drag to

total drag which we specify as 1/3 as deduced by Chamberlain (1966) for grass.
A key innovation in the new model to better fit observed dry deposition velocities by
particle size is to represent the impaction efficiency by two terms to account for the
effects of macroscale and microscale obstacles. Impaction efficiency Eimis generally
expressed as a function of Stokes number St, which describes the tendency of a particle to
follow fluid flow around obstacles. In the quasi-laminar sub-layer, the relevant flow
velocity is given by the turbulent friction velocity u« which is the characteristic velocity
of turbulent eddies in the turbulent layer above the quasi-laminar sub-layer. Therefore,
for vegetated surfaces, St is defined as,

_ Vgt

St =2 (6)

where A is the characteristic dimension of the obstacles. For the new model, we define

St and Sty using different obstacle characteristic dimensions for the leaf scale A; and

11
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microscale An representing features such as leaf hairs (trichomes) or other microscale

roughness on leaves. Thus, Ein is given as,

stf St?

Em=(1- fmicro) —zt fmicro Py (7)
145t 1+5t7

where fmicro 1S the fraction of total impaction due to the microscale features. The concept
of using macro and microscale obstacle size scales was introduced by Slinn (1982) for
interception processes. Slinn (1982) speculated that the microscale obstacles would
probably not be relevant for impaction because the vegetative hairs or other microscale
obstacles such as cobwebs would be deflected by the flow and not be significant
collectors by impaction. However, testing the two-term approach for both interception
and impaction showed that expressing impaction as in Equation 7 matched the size
dependent deposition velocities, especially for forests, much better than using a similar
expression for interception only. Note that both fmicro and An are very uncertain
parameters. Slinn (1982) suggested fmicro = 1% but we found better fit to observations
with a slight reduction to fmicro = 0.8%. The microscale characteristic obstacle scale is
specified by land use category (LUC) such that An= 0.5 um for needleleaf forest and
grasslands and An = 1.0 um for deciduous forest. The macroscale characteristic obstacle

scale is also specified by LUC with values ranging from 0.5 to 10 mm (Table 1).

The third collection efficiency in Equation 4 is interception. Interception is postulated as
capture that occurs when a particle comes within a particle radius of a surface or obstacle.
However, the physical basis of this process is less well defined than the Brownian or

impaction processes. Including interception efficiency as recommended by Slinn (1982)

12
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had very little effect in the new model. Therefore, in the new model the interception

collection efficiency is not used.

Table 1. Key parameters for new aerosol dry deposition model over different landscapes

LU Type U~ (m/s) | LAI fv fmicro Ar(mm) | Ap (um)
Needleleaf | 0.4 5 93 0.008 2 0.5
forest

Broadleaf 0.4 5 93 0.008 10 1.0
forest

Grassland 0.3 2 95 0.002 0.5 0.5
Water 0.2 0 0 NA NA NA

3.2 Non-vegetated areas

For non-vegetated areas the definition of Eg is the same as for vegetated areas but the Eim

is different,
Eip = 1073/5¢ (8)
where,
St = Lo ©)
gu

These are the formulations recommended by Slinn (1977) for smooth surfaces where pa
is the air density. For water surfaces, the effects of whitecaps (breaking waves) are

included in an additional term in the Eg expression,

Uy
U1o

By = (1= fue) () S5 + fue (10)

13
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as suggested by Pryor (1999) following Hummelshgj et al. (1992) where Uy is the
windspeed at 10 m above the surface. Note that the more complex form in Pryor (1999)
was not used because the term describing the particle capture by spray droplets is always
much smaller than the u=/U1o term. The effects of whitecaps increase rapidly with
increasing windspeed as whitecaps cover more of the water surface. While most models
parameterize the whitecap surface fraction f,,. as a function of windspeed, we follow
Albert et al. (2016) who developed a parameterization based on satellite whitecap

fraction data, that is also a function of water surface temperature Tws in Celsius and Uqo is

in m/s,

fwe = a(b + Uyp)® (11)
where a=a; + a,Tyst+ asTys”

b = by + byTys

and a; = 8.46 x 10, a» = 1.63 x 10, a3 =-3.35 x 108, by = 3.354, and b, = -0.062.

Another new modification is for the non-vegetated parts of urban LU categories where Ry
is weighted by building area index (BAI). The rationale for this is that buildings add
significant surface area in urban landscapes that is not accounted for by LAI or otherwise.
An initial estimate is BAI = (4 Ar + 1)/(1-fv), where At is frontal area density of building
surfaces and fy is the vegetated fraction of the grid cell. The logic for this is that the total
building surface area is four times the frontal area. For applications where detailed
building data is not included, default values of BAI are specified by landuse category.

For example, BAI is specified as 1.8, 2.0, and 2.3 for the National Land Cover Database

(NLCD) categories of low intensity developed, medium intensity developed, and high

14
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intensity developed, respectfully. For all other non-developed categories, BAI is set to 1.

Thus, for unvegetated portions of urban grid cells Ry is defined as,

1
"~ BAI'U.(Ep+Eim)

R, (12)

Note that particle rebound effects are not considered (R=1) because only the largest
particles are affected and there is much variation by composition, RH, surface type, and
windspeed. Grid cell deposition velocity is the combination of the vegetated and non-

vegetated parts,

Vg = ﬁ)Vdveg +(1- ﬁ;)Vdnoveg (13)

4. New model evaluation
The new model is evaluated against aerosol dry deposition measurements over different
landscapes. The performance of the new approach is also discussed in terms of the

enhanced processes.

4.1 Comparison to measurements

Following several recent papers (Saylor et al., 2019; Emerson et al., 2020; Farmer et al.,
2021), we compile aerosol dry deposition measurements by particle size for various
surface types from the published literature to compare to aerosol dry deposition models.
Figure 2 shows the same data for evergreen needleleaf forest as figure 1 with the addition
of the new model described here as well as the recent model described by Emerson et al.
(2020). The parameter values for the model runs for each land use type are shown in

Table 1. The new model, designated New CMAQ, is the only one that shows the increase

15
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of Vg in the 0.2 — 0.6 wm range and the plateau from about 0.6 um to 6 um. Compared to

the CMAQV5.3 model, the new model substantially reduces the underprediction of Vg

from about 0.5 — 5.0 um. This has profound effects on dry deposition and concentration

of PMzs as will be shown in Section 5. The Emerson model generally fits the data very

well since it was developed through changes to six empirical coefficients and exponents

in the Zhang et al (2001) parameterization to optimize agreement with the needleleaf

forest observation data. However, as shown in Figures 2 and 3, the Emerson model does

not replicate the s-shaped curve suggested by the observations for needleleaf and

broadleaf forest through the 0.1 — 5.0 um range as well as the new model.

Evergreen Needleleaf Forest

103
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10!
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CMAQV5.3 w*=1

Hofken/Gravenhorst (1982)
Hicks et al. (1982)
Grosch/Schmitt (1988)

PooEdODOS

Lorenz/Murphy (1989)
Waraghai/Gravenhorst (1989)
Beswick et al. (1991) case 1
Beswick et al. (1991) case 2
(1997)
Wyers/Duyzer(1997)

Gallagher et al

Buzorius et al. (2000)
Ould-Dada (2002)
Gaman et al. (2004)
Gronholm et al.

Gronholm et al. (2009)
Vong et al. (2010)
Mammarella et al. (2011)
Gordon et al. (2011)

Lavi et al. (2013)

Zhang et al. (2014)

Sun et al. (2014)

Pryor et al. (2007)
Deventer et al. (2015)

s4qE<oonm

(2007)

1071

100 10!

Dp (um)

Figure 2. Measured aerosol dry deposition velocities from literature as functions of

particle size for evergreen needleleaf forest. Symbols represent median values with error

16
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bars that represent estimated uncertainty, usually inter-quartile range. The lines show
predictions by various models assuming u= = 0.4 m/s including the new model (new

CMAQ) in magenta and the recent Emerson et al. (2020) model in turquoise. .

There are not as many measurement studies in the literature for other landuse/vegetation
types. Figure 3 shows the observation data and models for deciduous broadleaf forest.
The consensus of dry deposition measurements to broadleaf forests suggests a similar
shape to the Vq vs d, curve where there is an increase of Vg in the approximately 0.2 to
0.6 um range with a plateau up to about 6 um. Again, the new model is the only one that
replicates the shape of this curve and does not greatly underestimate Vg in the 0.5 - 4.0

um range.

17
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Deciduous Broadleaf Forest
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323  Figure 3. Same as figure 2 but for deciduous broadleaf forest.

324

Grassland

103
— Slinn (1982) Sievering (1982)
Zhang et al. (2001) Neumann/denHartog (1985)
= Petroff & Zhang (2010} Wesely et al. (1985)
CMAQuS.3 wr=1 Gallagher et al. (1988)
— CMAQU5.3 w*=2 Sievering (1988)
102 = New CMAQ Allen et al. (1991)
= Emerson et al. (2020) Hummelshoj (1994)
A Chamberlain (1967) Nemitz et al. (2002)
@® Clough (1975) Vong et al. (2004)
¥V  Wesely et al. (1977) Connan et al. (2018)

L4 Rl X}

10!

109

vg (cm/s)

10_3| T T rrrrry L] LB NN ) | L] T rrreryg T LI

.01 1 1 10 100
325 Dp (um)

18



326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

manuscript submitted to Journal of Advances in Modeling Earth Systems

Figure 4. Same as figure 2 but for grasslands and u= = 0.3 m/s.

Figure 4 shows the new model and other models for grasslands compared to
measurements. While there are a lot of measurements for grasslands, there seems to be
much less consensus among them, even within the same studies, than for forests. With
the degree of scatter in the measurements there isn’t clear guidance for parameter
selection. While the rationale for microscale impaction may also apply to grass since
grass leaves often have leaf hairs or trichomes and serrated edges, the evidence from the
measurements is less clear. Therefore, the parameter values selected for the microscale
impaction scaling factor fmicro are set to smaller values (see Table 1) than for forests,
which seem to better fit with the measurements. Running box models on an hourly or
sub-hourly basis using detailed field measurements may add some clarity to model

performance and refinement of parameters.

The large scatter among the reported measurements for grassland is likely due the variety
of grass species which can have very different characteristics including length. For
example, the measurements reported by Vong et al. (2004) were made over rye grass 0.75
- 1 mtall, Allen et al. (1991) measured deposition to short grass of 3 —7 cm in length,
Conan et al. (2018) used artificial grass, and Nemitz et al. (2002) measured in a moorland
which is characterized by hummocks and hollows with vegetation including peat moss

(Sphagnum) and several species of tall grasses.
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Virtually all studies found strong dependences of V4 on u~ with Vg increasing with
increasing u= (Pryor et al., 2008). Some have suggested that Va/u= is a more robust
quantity for analysis and comparison (e.g., Conan et al., 2018) but many studies did not
report this. Zhang et al. (2014) measured dry deposition velocities of dust particles (1 —
40 um) in a wind tunnel at various wind velocities over different surfaces. To simulate
deposition to trees, evergreen branches were planted in the test section surface. The new
model set up for evergreen needleleaf forest is shown (Figure 5) to compare well to the
tree wind tunnel experiments at three windspeeds with measured friction velocities of

0.24, 0.5, and 1.06 m/s.

Evergreen Needleleaf Forest
103

=== Pleim ustar=0.24 === Pleim ustar=1.06 V¥ Ustar=0.5
= Pleim ustar=0.5 A Ustar=0.24 W Ustar=1.06

102

10!

100

Vg4 (€m/s)

1072 1071 100 10?1 102
Dy (um)

Figure 5. New model compared to wind tunnel experiments for tree surfaces (Zhang et

al. 2014) at three friction velocities.
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Figure 6 shows models compared to field measurements for water surfaces. Most of the
measurements over water show that dry deposition velocities are much lower in the
accumulation size range than for vegetated surfaces. The measurements by Sievering
(1981) seem to be outliers with much higher deposition velocities in the 0.15 — 1 um
range. These measurements, which used the momentum gradient technique that assumes
similarity between aerosol fluxes and momentum fluxes, can be particularly uncertain
when the surface has bluff bodies such as waves than can induce form drag on
momentum flux. The other outlier study is by Zhang et al. (2014) which is a wind tunnel
study where dry deposition velocity is estimated by particle dynamic analysis (PDA).
The measurements over water in the wind tunnel were found to agree quite well with the
Slinn and Slinn (1980) (SS80) model for three different friction velocities when Ry, is set
to zero (Zhang et al., 2014, Figure 11). The authors hypothesize that this is due to waves
and spray droplets. However, given the dramatic dissimilarity from most of the other
studies, there could be an issue of scaling wave-wind dynamics to a wind tunnel where

the water is very shallow with restricted fetch.

The new model agrees well with the measurements other than the 2 outlier studies and is
most similar to the SS80 model. The main difference in formulation between the new
model and the SS80 model for water is the inclusion of the effects of whitecaps in
enhancing deposition velocity. Since Equation 11 does not have any dependence on dp
the whitecaps effects are effectively a lower limit on Vg4 which raises the trough of the

curve.
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Figure 6. Same as Figure 2 but for water surfaces.

4.2 Discussion

Figure 7 shows the size dependence of the components of the dry deposition model for
needleleaf forest. Clearly, the most effective component responsible for the S-shape
curve for vegetated surfaces in the 0.2 — 10 um range is the impaction on microscale
features. The impaction collection efficiency acts as a threshold process where E = 1
where St > ~3 for the formulation shown in Equation 7 and ramps down as St and d; get
smaller. The Stokes number, as represented by Equation 6, is a ratio of the inertial
stopping distance of a particle to a characteristic length scale of an obstacle. For the
macroscale term, which is common to nearly all current aerosol deposition models, the
characteristic length represents the effects of the leaves. Figure 7 shows that the leaf

scale impaction term has greatest effect on particles larger than about 5 um. Note that for
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broadleaf forests the effects of this term are limited to even larger particles because the

characteristic length scale is greater for broad leaves than for needle leaves.

The stopping distance for quasi-laminar sublayers on leaves can be estimated as Vg u+/g.
For u* = 0.4 m/s the stopping distance decreases with decreasing dp reaching 1 um at dp =
0.75 um. A characteristic length of about 0.5 um and a scaling factor fmicro Of about
0.008 result in a good fit to the measured data as shown in Figure 2. A physical
explanation of this process is that there exist microscale features on many leaves and
stems that act as obstacles in the quasi-laminar sublayers. Many studies have shown
increased deposition of PM2 s for broadleaf species that have dense hairs, ridges, grooves,
or thick epicuticular wax layers as summarized above in Section 2. While needleleaf
species generally don’t have leaf hairs, they are often seen to be particularly efficient at
PM2 s collection. A possible explanation is that the quasi-laminar sublayer grows from
the leading edge of a surface and therefore will be thinner near the edge. Since the needle
shape presents far more edge to the flow per area than broad leaves the deposition of sub-
micron sized particles is more efficient. The hypothesis that more edge per area increases
deposition is supported by the results of Zhang et al (2021) that showed increased PM2 5
deposition to leaves with lower aspect ratio and greater fractal deviation. A physical
interpretation of the scaling factor is that the edge effects of needle shaped leaves is only
affecting a small portion of the leaf area. For broadleaf forest, the scaling factor accounts
for the fraction of species that have dense leaf hairs or other microscale features and the

sparsity of these features per leaf area.
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Figure 7. Size dependence of the components of the dry deposition model for needleleaf

forest.

5. CMAQ implementation and evaluation

The new aerosol dry deposition model is implemented in the latest version of the CMAQ
modeling system. The coupled version of the Weather Research and Forecasting
(WRFv4.0.2) model and the CMAQV5.3 model are used to evaluate the new approach in

air quality simulations over different-resolution domains for summer conditions in 2018.

5.1 Model implementation

Since CMAQ uses log-normal size distributions to represent Aitken, accumulation, and
coarse modes, aerosol deposition velocities need to be integrated over the log-normal size
distributions to calculate the 0™, 2", and 3" moments which represent the number,

surface area, and volume of each mode, respectively. Therefore, the terms in the model
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that have explicit dependence on particle diameter D are integrated following Binkowski

and Shankar (1995)
s 1 %) k _ k k? 2
X = J_., XD*(InD)dInD where M, = NDfexp (7 In ag) (14)

where k is the moment (0,2,3) and N is the particle number concentration. The only
terms in the new model that are explicit functions of particle diameter are Brownian
diffusivity and gravitational settling velocity. For Brownian diffusivity the integrated

form is,

(—4k
2

Dpx = Dp(D, {exp ((_Z—I;H) lnzag) + 1.246Kngexp( ) lnzag)} (15)

For gravitational settling velocity the integrated form is:

- (4k+4) (2k+1)

Vo =V, (D {exp (T lnzag) + 1.246Kngexp( - lnzag)} (16)
where Dy is the geometric mean diameter, oy is the geometric standard deviation, and the
Knudsen number is Kng = 24/DgWhere A is the mean free path. For the modal model, the

dry deposition velocity is computed as described in Section 3 but with D, and ng for k

=0,2,3 for the three moments of each of the three modes replacing Dg and Vj.

Figure 8 demonstrates the relationships among the dry deposition velocity moments for
both the CMAQV5.3 model and the new model plotted against geometric mean diameter
Dy compared to the non-integrated models vs particle diameter Dy applied for needleleaf
forest. The 0™ moment, which represents the number of the modal distribution, shows
the effects of integration are to increase the V,; over the Vq for all sizes except in the

plateau range (~1 - 3 um) of the new model. The 3@ moment is similar to the 0" moment
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459  but with a shift to smaller Dq because the larger end of the distribution contributes more
460  to volume than number.

461  Since the 3" moment is proportional to mass, the 3™ moment of the dry deposition

462  velocity represents the dry deposition velocity for mass concentration of aerosols. From
463  Figure 8 it is evident that the mass deposition velocity for the new model is about an
464  order of magnitude greater in the accumulation mode (Dg ~ 0.1 — 0.4 um) than for the
465 CMAQV5.3 model in forested areas. The effects of this increased dry deposition are
466  assessed for CMAQ simulations across the conterminous US (CONUS) and at high

467  resolution in the NE U.S.

468

469

470

vV (m/s)

Dpl or Dg (nm)

471

472  Figure 8. The dry deposition velocities for the 0" and 3" moments of the CMAQV5.3

473  model and the new model compared to the non-integrated dry deposition velocities for
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both models applied to needleleaf forest. The x-axis represents Dy for the 7, plots and Dy

for the Vq plots.

5.2 WRF-CMAQ simulations

The coupled WRFv4.0.2/CMAQV5.3.1 model system was run in both the base
configuration and with the new aerosol dry deposition model for several months in
summer 2018. These simulgsions were based on modeling of the Lorgg Island Sound
Tropospheric Ozone Study (LISTOS) which was an intensive multi-institutional field
study during the summer of 2018 (Karambelas 2020). The base model was run for three
resolutions (12 km, 4 km, 1.33 km) where the outer domain covered the CONUS with
one-way nested domains over the northeast (NE) states (4 km) and the New York/New
Jersey/Connecticut (NY-NJ-CT) region (1.33 km). Detailed description of the model
configuration and evaluatior are presented by Torres-Vazquez et al. (2022). Model
simulations using the new aerosol dry deposition model (NEW) were conducted for the
12 km CONUS domain for July 2018 and for the 1.33 km domain for July and August
2018. In both cases, identical simulations using the base CMAQV5.3 model (BASE)
were also run. Initial conditions for the 12 km CONUS runs were from base case runs on
June 21, 2018, that were started on January 1, 2018. The 1.33 km runs were initialized
on July 1, 2018, from base case 1.33 km runs that started on May 2, 2018. All runs used
the same boundary conditions and emissions as described by Torres-Vazquez et al.

(2022).
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Figure 9. Accumulation mode mass dry deposition velocity from WRF-CMAQ on July
10, 2018 at 18 UTC (2 pm LT) for (a) BASE, (b) NEW, (c) NEW-BASE and (d)
NEW/BASE over the New York/New Jersey/Connecticut 1.33-km domain. Note that the

scales for (a) and (b) ar@ bifferent. b)

Figure 9 shows the dry deposition velocity for accumulation mode mass on July 10, 2018,

at 18 UTC (2 pm LT) for BASE, NEW, NEW-BASE and NEW/BASE over the NY-NJ-
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CT 1.33 km resolution domain. July 10 was a particularly polluted day in the NYC area.
Thus, it is an interesting case to study the effects of the new aerosol dry deposition
model. The plots in Figure 9a and 9b both show how variations in land use strongly
influence aerosol dry deposition for both BASE and NEW with greatest Vq in the forested
areas. This is due to the combinations of large roughness length resulting in low
aerodynamic resistance and large LAI. The greatest effects of the new model are
indicated by the difference in the plot scales (BASE plots 0-0.5 cm/s; NEW plots 0-3.0
cm/s) which reflects an almost order of magnitude increase in Vg for accumulation mode
mass in forested areas. Figures 9¢c and 9d, NEW — BASE and NEW/BASE, respectively,
demonstrate that the largest differences are in the forested areas of Pennsylvania (PA),
NY, Massachusetts (MA), CT, and Rhode Island (RI). The ratio of NEW/BASE (Figure
9d) is a factor of 8-10 in the heavily forested areas while it is only 1-3 in developed areas
depending on the intensity of development. The inclusion of the building area as in
Equation 12 increases Vq for accumulation mode mass in developed areas but only by a
small amount as shown in Figure 10a. However, because the Vqin developed areas is
small compared to vegetated areas, inclusion of the building effects has a substantial

relative impact on the Vg (Figure 10Db).
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Figure 10. Difference (a) and relative difference (b) in Vg for accumulation mode mass
between a NEW model run using BAI as in Equation 12 and a NEW mode run where BAI
=1 for July 10, 2018, at 18 UTC over the New York/New Jersey/Connecticut 1.33-km

domain.

BASE-NEW
=T

ug m-3

Figure 11. PM2.5 concentration on July 11, 2018, at 00 UTC (July 10, 8 pm LT) for
BASE model (a) NEW model (b), and BASE - NEW (c) over the 1.33 km resolution

domain.

Figure 11 shows the consequences of the new aerosol deposition velocities, shown in

Figure 9, on PM2 s concentrations 6 hours later when the highest concentrations occurred
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in the region. The PM2 s concentrations at this time are greatest in the urban centers of
NY city (NYC) and Philadelphia with high concentrations downwind to the northeast into
CT and RI. The biggest effect of the new aerosol dry deposition is to substantially reduce
the downwind concentrations in southern New England which is mostly forested.
Another relative concentration maximum in the BASE model in southeastern NJ in an
area known as the Pine Barrens, which is dense forest with a high fraction of needleleaf
trees, is mostly absent in the NEW model run. Thus, the NEW model has larger effects
on PM: s concentrations in forested areas than other areas such as in urban areas. The
peak concentrations in NYC only reduced by 10% while in some of the forested areas the

NEW simulation reduces PM2 s concentration by more than 40%.

The afternoon (18 — 20 UTC) deposition velocity for accumulation mode mass was
averaged for July 2018 for BASE and NEW model runs for the CONUS at 12 km
resolution (Figure 12). Again, it is evident that the largest effects of the NEW model are
in the forested areas mostly in the NE, western mountains and across the boreal forests of
Canada. In some areas of the northeastern U.S. and southeastern Canada the NEW dry
deposition velocities are 7-10 times the BASE values (Figure 12d). Note that Figure 12a
shows some discontinuities at the Canadian border. This is due to the hybrid land use
data that is a combination of higher resolution NLCD for the CONUS and the lower
resolution Moderate Resolution Imaging Spectroradiometer (MODIS) land use data for
elsewhere (Torres-Vazquez et al., 2022; Appel et al. 2014). In some of the sparsely
vegetated areas in the west the difference between NEW and BASE is quite small while

in the plains and predominately agricultural areas the difference is moderate.
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Figure 12. Afternoon (18 — 20 UTC) average accumulation mode mass dry deposition
velocity for July 2018 on the CONUS 12 km domain for (a) BASE, (b) NEW, (c) NEW-

BASE and (d) NEW/BASE. Note that the scales for (a) and (b) are different.

Increases in dry deposition velocity for accumulation mode aerosol using the NEW
model increase the loading of aerosol species to land ecosystems. For example, Figure
13 shows that accumulated dry deposition mass of accumulation plus Aitken mode
(approximately < 2.5 um) ammonium aerosol for July 2018 is much greater for the NEW
model than the BASE model. Thus, the NEW model has much greater predictions of
nutrient loading of the aerosol components, especially to forested ecosystems. The NEW
model increases deposition of other aerosol species as well that have may have health

effects on livestock and wildlife. Predictions of exposure to hazardous chemicals, which
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may affect human health through ingestion of soil or contaminated produce, also increase

with the NEW model.

New madel
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Figure 13. Accumulated dry deposition (kg/ha) over July 2018 of ammonium aerosol in
accumulation plus Aitken modes. NEW model (a), BASE model (b) and NEW — BASE

(c). Note that the scale for NEW model (a) is four times the scale for BASE model (b)

5.3 Simulation evaluation

The WRF-CMAQ simulations at both 1.33 km grid resolution in the NYC area and 12
km grid resolution for the CONUS were evaluated for PM2 s at the U.S. Environmental
Protection Agency (EPA) Air Quality System (AQS) sites (AQS;
http://www.epa.gov/ags). Evaluations of model runs using the NEW aerosol dry

deposition model were compared to the BASE model for summer season when the
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differences between NEW and BASE are greatest. Figure 14 shows diurnal bar charts for
July and August 2018 for all AQS sites in the 1.33 km grid resolution domain (see figure
9 for size of domain) and for July 2018 at AQS sites in the 12 km grid resolution CONUS
domain. The colored bars represent the 25" and 75™ percentiles of the PM2s
concentration distributions for NEW, BASE, and AQS. The black line in each bar
indicates the median value. For the fine grid NE domain both NEW and BASE are high
compared to AQS for every hour but NEW is closer to AQS. The diurnal pattern of the
modeled concentrations is different from the observation with the greatest concentrations
around 6 am and lowest in late afternoon at about 17 LT while the AQS concentrations
show very little diurnal variation. This diurnal pattern is typical for modeled
concentrations of species with a large ground emitted fraction (i.e., NOx, CO, and PM25s).
This is a known issue that is related to the suppressed vertical mixing at night and the
much greater mixing during the day. The near dawn peak results from the combination
of suppressed mixing and high emissions during the morning rush hour. Note that this
issue has been improved in recent years through updates to the PBL scheme in the WRF-
CMAQ system (e.g., Toro et al., 2021). Another contributing factor is the uncertainty in

emissions and especially the hourly attribution of emissions.

Evaluation of the 12 km CONUS simulations shows similar diurnal pattern with peak
concentrations around sunrise and lowest concentrations in afternoon (EDT). The AQS
concentrations are more constant over the day than the models but with a slight variation

with a similar diurnal pattern. The BASE model is again higher than the observations for
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607  every hour, but the NEW model is slightly high during the night and slightly low during

608 the day.
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611  Figure 14. Hourly bar plots of PM2.5 aggregated over July and August 2018 for the

612  northeast 1.33 km domain on left and over July 2018 for the 12 km CONUS on right. The
613  colored bars represent the 25" and 75" percentiles of the PM2 s concentration

614  distributions for NEW (red), BASE (blue), and AQS observations (grey).

615

616  Spatial evaluation of PM2s in the 1.33 km domain for NEW and BASE are shown in

617  Figure 15. For both NEW and BASE the average bias is greatest in NYC where high
618  emissions are concentrated in small grid cells. The BASE (15b) also has high bias at

619  most other sites. The NEW (15a) has less high bias and is roughly even between slightly
620  high and slightly low biases outside of NYC. The lower plots show reduced bias (15d)

621 and mean error (15c) for NEW compared to BASE at 83% and 93% of the AQS sites,
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622  respectively. The urban effects of building area reduce the high bias in the cities but only

623 by a very small amount (less than 0.3%; not shown).
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626  Figure 15. Evaluation of modeled hourly PM2 s compared to AQS measurements
627  averaged for July and August 2018: (a) NEW model bias, (b) BASE model bias, ()
628 NEW — BASE absolute bias difference, and (d) NEW — BASE mean absolute error
629  difference.

630

631  Similar spatial evaluation for the 12 km CONUS simulations is shown in Figure 16.

632  Overall, the PM2 s bias averaged over July 2018 at AQS sites is reduced at 64% of the
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sites and the mean error is reduced at 77% of the sites. In areas where the BASE PM2s
concentrations are biased high such as the Great Lakes region, most of the sites in the
east, and the west coast, the NEW model reduces bias and error. In areas where the
BASE model was low, such as Texas and the southern plains, the bias is slightly
increased although mean absolute error is less aftected. In these areas the ditrerence in
dry deposition velocity is relatively small because there is less vegetation and not much
forest. Note that the increased bias and error at some sites in SW Oregon and northern

CA are related to very high PM2s concentrations caused by wildfires.

Figure 16. Evaluation of modeled hourly PM2s compared to AQS measurements
averaged for July 2018: (a) NEW — BASE absolute bias difference, and (b) NEW —

BASE mean absolute error difference.
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Figure 17. Evaluation of modeled hourly PM2s compared to IMPROVE measurements
averaged for July 2018: (a) NEW — BASE absolute bias difference, (b) NEW — BASE
mean absolute error difference, (c) gridded evergreen needleleaf forest fraction, (d) total

gridded forest fraction.

Figure 17 shows PM2 s bias and error averaged over July 2018 at IMPROVE sites (the
Interagency Monitoring of PROtected Visual Environments (IMPROVE;
http://vista.cira.colostate.edu/Improve/). Since the IMPROVE network highlights Class |
areas, many of the sites are in forested regions, particularly in the Pacific NW. Figure
17¢ shows that many sites in WA, OR and northern CA are in evergreen needleleaf forest

and that many of these sites have the greatest reduction in bias and error of PM2s.

6. Conclusions and future work
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The modeling of dry deposition in general, and aerosol dry deposition in particular,
contribute large amounts of uncertainty to air quality and climate models (e.g., Solazzo et
al., 2012; Mahowald et al., 2017). Thus, improving the mechanistic underpinnings of dry
deposition calculations helps improve accuracy of the modeling systems. The new
development to the aerosol dry deposition model was driven by the aggregation of
experimental data showing that existing models are unable to accurately replicate the
observed relationship between particle size and dry deposition velocity especially for
forested areas. Since the quasi-laminar sublayer resistance Ry is usually the controlling
resistance during peak deposition conditions (daytime), the new developments focus on
revision of the Ry, parameterizations, particularly the impaction efficiency. The
development process was to revise the impaction efficiency to get better agreement with
the aggregate measurements while maintaining physically plausible rationales. The key
innovation was to add a second term to the impaction efficiency (equation 7) that
represents impaction on microscale obstacles. For broadleaf vegetation the concept is
that many species have leaf hairs or other microscale roughness features. However,
needleleaf species generally do not have hairs but they may have ridges or other
microscale obstacles. Since experimental studies have found that needleleaf species have
high aerosol deposition rates, it is theorized that the needle shape itself may be a key

factor as discussed in section 5.

The main impact of the new model is to increase dry deposition velocity in the

accumulation size range. This has a large effect on PM2 s especially in forested areas

where the dry deposition velocity of accumulation mode mass can increase up to an order
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of magnitude compared to the current model in CMAQV5.3. For the high-resolution
model application to the LISTOS the new model reduced PM_ s concentration up to 40%
downwind of NYC in CT for the case shown in Figure 11. For these applications in
summer of 2018 where the BASE model generally overestimates PM2 s, the NEW model
which has much greater accumulation mode mass dry deposition, results in mostly better
agreement with observations. However, aerosol concentrations are very difficult to
model accurately not just because of uncertainties in dry deposition but also uncertainties
in emissions, transport and diffusion, wet scavenging, and very complex chemistry which

involves semi-volatile organic and inorganic species (Appel et al., 2021).

Continued research on aerosol dry deposition is needed. More field studies, especially
for some of the lesser studied vegetation land use types such as croplands, grasslands, and
broadleaf deciduous forests, would help to confirm or refute the new model paradigm for
different vegetation types and help define parameters such as the macro and micro scale
characteristic obstacle dimensions and scaling factors. In addition to comparisons to
aggregates of measurements we also plan to model individual field studies in detail where
the aerosol dry deposition model is driven by observed micrometeorology and canopy

characteristics on an observational timestep basis (30 min or 1 hour).

Another next step in this research is to include the effects of brown vegetation in the
model. Currently, the vegetation fraction and LAI are specified in the WRF-CMAQ
system either by land-use category look-up table, where the parameters seasonally vary

between minimum and maximum values, or from MODIS satellite fraction of absorbed
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photosynthetically active radiation (FPAR) and LAI retrievals. In either case, the
vegetation parameters are meant to represent live vegetation for evapotranspiration and
stomatal uptake of gaseous pollutants. However, for aerosol deposition, brown
vegetation can also provide surfaces for deposition. Therefore, we are planning to
include MODIS non-photosynthetic vegetation (NPV) and photosynthetic vegetation
(PV) fractions in the aerosol dry deposition model. Preliminary tests show that the
inclusion of NPV increases aerosol deposition over large areas of the western US.
Implementation of NPV has already been included for windblown dust emissions where
NPV reduces dust emissions by shielding the soil surface from the wind (Huang and

Foroutan 2021).
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