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Abstract Information about sea spray aerosol particle transport and their vertical distribution in
the marine atmospheric boundary layer (MABL) is important in marine meteorological forecasting and
geobiochemical models. However, due to difficulties in field observations, values of aerosol concentration
are often limited to point measurements, and obtaining the size-resolved concentration profiles is quite
challenging. Hence, numerical and analytical studies are vital in modeling the transport of aerosols in the
atmospheric boundary layer and beyond. Due to their coarse resolution, most mesoscale and global aerosol
models do not accurately resolve the sea spray and aerosol concentrations in the MABL, especially in the
surface layer. The objective of the present study is to develop a relatively simple, one-dimensional analytical
model to calculate concentration profiles of aerosols in the MABL. In this study, a new analytical model
relating surface flux to vertical concentration profile in the MABL is proposed. The model accounts for the
different atmospheric stability and particle settling velocity, thus providing size-resolved vertical profiles
of aerosol concentration. The equations developed here extend the surface layer similarity models to the
mixed layer. Model results are compared to aerosol concentration profiles emitted from a surface source
obtained from large eddy simulations, for both neutral and unstable atmospheric stability and for particle
sizes ranging from 1 to 30 μm. Though the model is developed for sea spray aerosols, it can be used to
calculate vertical concentration profiles for other types of settling particles, including dust and sand
particles in the atmospheric boundary layer.

1. Introduction

Sea spray and sea salt particles make up a significant fraction of the aerosols suspended in the atmosphere
and represent approximately 90% of the aerosols in the marine atmospheric boundary layer (MABL; Lewis &
Schwartz, 2004; Seinfeld & Pandis, 1998; Veron, 2015). These marine aerosol particles are generated across a
wide span of sizes through several different mechanisms at the sea surface, including bubble bursting with
film and jet drops, splashing, and mechanical tearing from waves (Andreas et al., 1995; Veron, 2015). After
emission at the surface, the vertical distribution of sea spray aerosols throughout the MABL is largely dic-
tated by the balance between the atmospheric turbulence and particle settling due to gravity. Depending on
the size and injection, individual sea spray droplets can remain in the atmosphere for few seconds to several
weeks, impacting atmospheric boundary layer processes ranging from local to global scales (Veron, 2015). This
includes their important role in affecting radiative transfer both directly (Kleefeld et al., 2002) and indirectly
(Twohy et al., 2005). Sea spray droplets and aerosols also interact with various trace gases in the atmosphere.
Hence, their distribution is important in understanding atmospheric chemistry, as well as airborne geochemi-
cal, organic, and biological processes (O’Dowd & De Leeuw, 2007). Thus, characterizing the transport of marine
aerosol particles and their vertical distribution throughout the MABL can be important for accurate marine
meteorological forecasting and atmospheric biogeochemical modeling. The difficulty, however, with most
global and even many mesoscale forecasting models is that the MABL remains unresolved at key boundaries,
and thus, the vertical variability and steep gradients of aerosol concentration throughout the MABL cannot
be explicitly represented.
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Due to the practical challenges in making field observations, measurements of size-resolved marine spray
aerosol concentrations are oftentimes limited to single heights near the surface (e.g., from a tower, Smith
et al., 1993; ship, de Leeuw, 1986; or buoy, Norris et al., 2013). Aircraft measurements have been employed
to measure vertical aerosol distributions (Blanchard et al., 1984; Lenain & Melville, 2017; Reid et al., 2001),
including a few observations close to the surface; however, near-surface observations (less than roughly 30 m
depending on sea state) are often difficult and issues with reliable and consistent particle count statistics
across measurement devices persist (Reid et al., 2006). Other methods based on remote sensing, includ-
ing lidar-based backscatter retrievals or Doppler radar (Fairall et al., 2014), have been used but suffer from
calibration uncertainties and low spatial resolution. Thus, a size-resolved vertical concentration profile with
consistent sampling between the bottom, middle, and top throughout the entirety of the MABL is a diffi-
cult quantity to characterize based on field observations alone, especially when attempting to understand its
dependence on meteorological conditions such as wind speed or atmospheric stability. This uncertainty then
feeds the high variability in inferred spray aerosol production flux estimates, which span a wide range in the
literature (Andreas, 1998; de Leeuw et al., 2011; Lewis & Schwartz, 2004; O’Dowd & De Leeuw, 2007).

As a result, numerical and theoretical efforts can help fill the gaps in understanding aerosol transport and
distribution in the MABL. In this regard, large eddy simulation (LES) has emerged as a valuable tool for study-
ing boundary layer turbulence and scalar transport (Bou-Zeid et al., 2005; Moeng, 1984; Moeng & Sullivan,
1994; Porté-Agel, 2004). Within the LES context, particle and aerosol dispersion can be then treated from
either an Eulerian (Chamecki & Meneveau, 2011; Pan et al., 2013) or Lagrangian (Weil, 1990; Weil et al., 2004)
point of view. In the former, scalars are treated as a continuous field on the computational grid (Chamecki
et al., 2009), while in the latter, aerosols are treated as Lagrangian point particles that are advected and dis-
persed by the local velocity interpolated from the LES computational mesh. Other numerical methodologies,
including direct numerical simulation (DNS) and Lagrangian stochastic models, have been utilized for study-
ing spray aerosol processes in the MABL as well (Mueller & Veron, 2010, 2009; Peng & Richter, 2017; Richter
& Chamecki, 2018). The goal of these techniques is to accurately resolve turbulence in ways unattainable on
coarse global- or regional-scale model grids, then to use this information to better parameterize unresolved
turbulent transport processes in the MABL.

While much work has been done to characterize the turbulent transport of passive scalars in the boundary
layer, for instance, the so-called top-down and bottom-up diffusion model, which recognizes the asymmetry
of vertical velocity variance and scalar flux in the convective boundary layer (Moeng & Wyngaard, 1984; Wyn-
gaard & Brost, 1984), the evolution of aerosol concentration can be complicated by their gravitational settling.
As a result, the concentration at any height reflects the competition between the upward turbulent flux (if
the source is located at the ground) and the downward settling flux. Focusing only on the steady, horizon-
tally homogeneous surface layer, the vertical profile of passive scalar concentration follows the well-known
Monin-Obukhov (MO) similarity theory, which yields a logarithmic profile in neutral stability (Monin & Yaglom,
1971). If the scalar is given a constant settling velocity, then instead of a logarithmic vertical distribution, the
concentration in a neutral surface layer can be described by the classic power law distribution (Prandtl, 1953;
Rouse, 1937), whose power depends on settling velocity. While the latter theory assumes a steady state bal-
ance between settling and turbulence (i.e., zero surface net flux), the existence of a true, steady equilibrium
solution has been questioned especially for small suspended particles (Hoppel et al., 2002; Xiao & Taylor, 2002).
The theory can be extended to include a constant net flux (either emission or deposition) that reflects an
imbalance between the two—a more realistic situation seen in the MABL (Chamberlain, 1967; Hoppel et al.,
2002; Kind, 1992). The influence of atmospheric stability can be included in this model as well (Chamecki et al.,
2007; Freire et al., 2016). Furthermore, these models can be extended to obtain self-similarity solution for con-
centration profile in steady state two-dimensional particle transport with horizontal advection (Chamecki &
Meneveau, 2011; Zhu et al., 2017).

While these studies focus almost exclusively on the atmospheric surface layer, the objective of the present
study is to extend this theory in order to provide a simple parameterization for the concentration profile
of settling marine aerosols in the entire MABL. Having such a model, which can take into account various
particle sizes, will benefit large-scale regional and global models, which do not have sufficient resolution to
resolve transport in the boundary layer and will help interpret field observations where vertical gradients of
concentration are large and where measurements are scarce or at coarse resolution.
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2. Model Formulation

The aim of the present study is to extend existing theories that model the vertical concentration profiles of
aerosol particles in the surface layer throughout the entire MABL. The new theoretical model accounts for
both atmospheric stability and gravitational settling and closely follows the surface layer concentration profile
for dust particles developed by Freire et al. (2016). Several modifications are introduced to extend the theory
to the full mixed layer, while the surface layer behavior is retained. Here mixed layer refers to the layer above
the surface layer, which is bounded by the temperature inversion layer at the top of the boundary layer. The
surface layer height is roughly 0.1zi, where zi is the inversion layer height.

We start with the advection-diffusion equation for passive scalars, given by

𝜕C
𝜕t

+
𝜕(viC)
𝜕xi

= 𝜕

𝜕xi

(
Dc

𝜕C
𝜕xi

)
, (1)

where C is the instantaneous concentration of aerosols, Dc is molecular diffusivity of particle concentration, t
is time, and xi represents the three coordinate directions(x, y, z). The concentration C is advected by a velocity
vi , which is equal to the local fluid velocity ui for the case passive, nonsettling scalars. Following the original
work of Prandtl (1953) and Rouse (1937), a constant gravitational settling velocity is added to account for
particle settling:

vi = ui − ws𝛿i3, (2)

where 𝛿i3 is the Kronecker delta and ws = gd2
p𝜌p∕(18𝜇f ) is the Stokes terminal velocity of a spherical particle of

density 𝜌p and diameter dp in a fluid of viscosity 𝜇f (Balachandar & Eaton, 2010). Thus, the advection velocity
is simply a combination of the local fluid velocity and a constant gravitational settling velocity. Additional
corrections to vi can be made for particle inertia as well (Maxey, 1987; Richter & Chamecki, 2018).

Assuming horizontal homogeneity with no mean vertical air velocity and neglecting molecular diffusion (the
molecular diffusion is negligible compared to the turbulent fluxes), decomposing the velocity and concen-
tration into their horizontal mean and fluctuation (i.e., C = C̄ + c′) in equation (1) yields an expression for the
horizontally averaged concentration C̄ as a function of time:

𝜕C̄
𝜕t

− ws
𝜕C̄
𝜕z

+ 𝜕w′c′

𝜕z
= 0, (3)

where w′c′ is the vertical turbulent flux of aerosols and z is the height from the surface.

Integrating equation (3) over the vertical coordinate from a lower reference height zr to an arbitrary height z
yields

∫
z

zr

𝜕C̄
𝜕t

dz′ + w′c′ − wsC̄ =
[

w′c′ − wsC̄
]

z=zr

≡ Φ. (4)

Here as in previous studies (Freire et al., 2016; Kind, 1992), Φ represents an integration constant whose phys-
ical meaning is the net difference between the turbulent and settling fluxes at the lower reference height zr .
Rearranging the equation, we define the net vertical flux at any height z as

qnet(z) = w′c′ − wsC̄ = Φ − ∫
z

zr

𝜕C̄
𝜕t

dz, (5)

where qnet(zr) is equal to Φ, the net flux at the near-surface reference height zr .

Equation (5) indicates that the net vertical flux at any height can be interpreted either as a local balance of
gravitational settling and turbulent flux (first equality), or as a modified surface flux, which depends on the
time rate of change of C̄ (second equality). Often, for simplicity, an assumption is made that the concentration
C̄ is steady in time (Andreas et al., 2010; Fairall et al., 2009; Veron, 2015), which according to equation (5) is
equivalent to saying that the gravitational settling flux is in balance with the turbulent flux. In the surface
layer this approximation is appropriate, as demonstrated by Freire et al. (2016), because the unsteady term
𝜕C̄
𝜕t

becomes negligible after a short period of time, even before the overall MABL has been fully loaded with
aerosol mass. Over the entire MABL, however, it takes much longer for the concentration to achieve a steady
state and for the fluxes to balance each other (Hoppel et al., 2002). In this situation, the approximation 𝜕C̄

𝜕t
≈ 0

does not hold any longer. Hence, by extending the vertical concentration profile into the mixed layer, we can
no longer neglect the unsteady term in equation (5). For a passive scalar, Wyngaard and Brost (1984) showed
that the curvature for the scalar flux profile is caused only by the time change in the mean scalar gradient and
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that if the temporal change in the scalar gradient is assumed to be negligible, then the flux profile is linear with
height. Based on this idea, in the current model formulation, we assume that throughout the MABL, 𝜕C̄

𝜕t
= 𝛽

(a constant), which results in a linear profile for net vertical flux qnet with height, that is,

qnet = Φ − ∫
z

zr

𝜕C̄
𝜕t

dz = Φ − 𝛽z. (6)

Substituting equation (6) into equation (5) and invoking K theory (gradient diffusion hypothesis) for the
turbulent flux w′c′ in terms of an eddy diffusivity Kc, equation (5) becomes

− Kc
dC̄
dz

− wsC̄ = Φ − 𝛽z. (7)

The right-hand side of equation (7) represents the net vertical flux qnet, which is now changing linearly with
height, where againΦ represents the net surface flux, defined as the imbalance between the particle emission
and the deposition at the surface. Since, for the cases of interest here, aerosol particles are emitted from the
surface, the maximum net vertical flux should be at the surface. If we then further assume that the net vertical
flux reaches zero at the top of the boundary layer, then the gradient of the linear flux profile 𝛽 can be expressed
as 𝛽 = Φ∕zi. Here zi is the height of the MABL as measured by the maximum temperature gradient, although
this assumption may not be accurate if the particles are allowed to disperse into the inversion layer, especially
for strongly unstable stratification. This issue will be addressed in section 4.1.

To close equation (7), the eddy diffusivity profile Kc needs to be defined throughout the entire MABL. There are
well-known and accepted formulas, which can be used to specify the height dependency of Kc in the surface
layer (constant-flux layer). Assuming that the particle eddy diffusivity is equal to the momentum diffusivity in
the surface layer, MO similarity theory states that eddy diffusivity is of the form Kc = 𝜅u∗z, where 𝜅 is the von
Kármán constant and u∗ is the friction velocity. This is a good approximation under neutral stability to calculate
the concentration profile in the surface layer (Kind, 1992). However, a significant increase in transport can
occur under unstable conditions (Freire et al., 2016). To account for stability, the dimensionless total vertical
flux of particles can be expressed as a function of dimensionless stability parameter 𝜁 = z∕L, where L =
−u3

∗�̄�s∕(𝜅gw′𝜃′s) is the Obukhov length, �̄�s and w′𝜃′s are the temperature and sensible heat flux at the surface,
respectively, and g is acceleration of gravity (Monin & Yaglom, 1971; Wyngaard, 2010). Thus, a more general
form of the eddy diffusivity can be expressed by incorporating atmospheric stability as (Freire et al., 2016;
Kaimal & Finnigan, 1994; Shao, 2000):

Kc =
𝜅u∗z

𝜙c(𝜁 )
, (8)

where 𝜙c(𝜁 ) is a stability function. Freire et al. (2016) used a similarity function for passive scalars given by
Kaimal and Finnigan (1994),

𝜙c(𝜁 ) =
⎧⎪⎨⎪⎩
(1 − 16𝜁 )−1∕2, if 𝜁 < 0 (unstable),
1 + 5𝜁, if 𝜁 > 0 (stable),
1, if 𝜁 = 0 (neutral).

(9)

The eddy diffusivity defined by equation (8) is only valid for the surface layer. In the mixed layer, defining Kc

is not as clear, particularly for numerical models (Troen & Mahrt, 1986). Several approaches have been used
in the literature to define the eddy diffusivity profile, such as linearly decreasing from the surface layer to top
of the boundary layer (Estoque, 1963), exponentially decreasing with height from the surface layer (McPher-
son, 1968), and by finding an interpolating polynomial passing through prescribed points with predefined
slopes (O’Brien, 1970). However, the general approach for approximating the eddy diffusivity in the mixed
layer has used a power law dependence on z∕zi, and scale parameters were derived from similarity theory or
empirically. A commonly used shape function is of the form (Brost & Wyngaard, 1978; Troen & Mahrt, 1986)

Kc = u∗𝜙
−1
c 𝜅z

(
1 − z

zi

)p

, (10)

where zi is the inversion layer height. The exponent p = 2 has been commonly used in the literature, while
values between 2 and 3 agree with different observed profiles. In the present study, we use an eddy diffusiv-
ity in the mixed layer as a cubic power (i.e., p = 2) of height z. However, to be consistent with previous surface
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layer similarity theories, we make the eddy diffusivity profile linear with z up to the surface layer, then tran-
sitioning into a cubic profile. Hence, we use a combination of both equations (8) and (10) to define the eddy
diffusivity, which is given by

Kc(z) =
⎧⎪⎨⎪⎩

𝜅u∗z

𝜙c(𝜁)Sc
, ifz < zb,

a𝜅u∗z
(

1− z
zi

)2

𝜙c(𝜁)Sc
, ifz ≥ zb,

(11)

where zb is the surface layer height, which is taken as 10% of the boundary layer height, 𝜅 is taken as 𝜅 =
0.41, Sc is the turbulent Schmidt number, and the constant a = 1∕(1 − zb∕zi)2 is used to make sure that
the Kc transition from the surface layer to the mixed layer is continuous. Because there is no well-defined
parameterization of 𝜙c(𝜁 ) for the mixed layer, the surface layer formulation given by equation (9) is adopted
throughout the entire MABL in the present study. With this approach, turbulent mixing reaches zero at the
top of the boundary layer. This condition should be relaxed if the model allows mixing above the boundary
layer (Troen & Mahrt, 1986). More details about how to address this issue at the top of the boundary layer is
discussed in section 4.1.

Finally, a closed, first-order differential equation for C̄ can be written as follows:

dC̄
dz

= − 1
Kc

[wsC̄ + Φ − 𝛽z]. (12)

Given the aforementioned expression for Kc, equation (12) does not permit an analytic formula for C̄(z).
Therefore, in section 4 where LES results are compared to the one-dimensional model, we present numerical
solutions to equation (12) using standard integration techniques. In section 4.3, we revisit the possibility of
formulating an analytic solution to equation (12). We also note that strictly speaking, C̄ is a function of both
t and z, but we have implicitly incorporated the time dependence as a tendency term into an expression for
C̄(z) that is valid only locally in time. In the comparisons below, all apparent time variation results solely from
time-dependent boundary conditions (i.e., surface concentrations) retrieved from LES.

3. Large Eddy Simulations

Due to the difficulty in obtaining surface emission fluxes and given the wide range of droplet size variations
in the existing field observations, observational validation of the model is difficult. For instance, previous
attempts to fit the value of the surface flux and compare models with measurements did not yield conclusive
results (Chamecki et al., 2007). Thus, in the absence of adequate observational data to compare the mean ver-
tical profile, LES results are used to validate the newly developed model and the assumptions made during
the derivation process.

3.1. Numerical Details
The LES code used here solves the three-dimensional filtered momentum equations in a rotating frame of
reference, using a fully dealiased pseudo-spectral method in the horizontal directions and a second-order
centered finite-difference method in the vertical direction. Time integration is performed by a fully explicit
second-order Adams-Bashforth scheme. The subgrid-scale model corresponds to the scale-dependent,
Lagrangian-averaged dynamic Smagorinsky model described by Bou-Zeid et al. (2005). Particles are simu-
lated as a concentration field using a finite-volume scheme based on a filtered advection-diffusion equation
with an additional term to represent gravitational settling. More details about the LES model can be found in
Bou-Zeid et al. (2005), Kumar et al. (2006), and Freire et al. (2016).

In the simulation presented here, the flow is driven by a constant mean pressure gradient force in geostrophic
balance above the MABL. Boundary conditions are periodic in the horizontal directions and stress free at the
top of the domain. Bottom boundary conditions are given by MO similarity theory for horizontal components
of velocity, and a zero vertical velocity is imposed at the ground based on a staggered grid approach. Surface
fluxes for temperature and particle concentration are imposed, and the surface is assumed flat with a constant
aerodynamic roughness.

3.2. Simulation Setup
The simulation setup used in this study corresponds to the emission cases of Freire et al. (2016). Domain size
and number of grid points are 3,000 × 3,000 × 1,000 m (x × y × z) and 160 × 160 × 320, respectively. In all
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Table 1
Simulation Setup: Physical Parameters

Parameter Neutral (N) Strongly unstable (Un-S) Weakly unstable (Un-W)

(Ug, Vg) (m/s) (16,0) (10,0) (10,0)

w′𝜃′s (K m/s) 0.0 0.24 0.05

u∗ (m/s) 0.4 0.4 0.35

L (m) −∞ −20 −62

zi,0 (m) 570 570 570

zi,f (m) 570 600 590

Note. zi,0 and zi,f are the initial and final height of the MABL in the simulations, respectively,
(Ug, Vg) are the geostrophic wind, w′𝜃′s is the surface heat flux, and u∗ is the friction velocity.
MABL = marine atmospheric boundary layer.

simulations the MABL is topped with a strong temperature inversion of 0.1 K/m to restrict the growth of the
MABL. The aerodynamic roughness length is set to z0 = 0.001 m, and a net particle flux of Φ = 0.2 μg⋅m−2⋅s−1

is used. Simulations were performed separately for particles diameters of 1, 10, 20, and 30 μm driven by the
same velocity field. Neutral and unstable cases were performed with the parameters presented in Table 1. For
the neutral case the MABL height remains approximately constant throughout the simulation, whereas for
unstable cases a small increase in MABL height is observed.

All simulations were first run without particles for a period corresponding to approximately 3 hr in the neutral
and 1 hr in the unstable simulations, to allow the turbulence to spin-up and reach steady state conditions.
The aerosol concentrations are initialized with zero concentration in the entire domain. More details about
the simulations and setup can be found in Freire et al. (2016).

4. Results and Discussion

The key modifications made to extend the surface layer model of Freire et al. (2016) to the current model
for the full boundary layer are (1) the eddy diffusivity profile given in equation (11), where we assume that
the turbulent eddy diffusivity can be represented by a cubic function of height and (2) the linear net vertical
flux profile given by equation (6), which represents unsteadiness in the integrated particle loading through-
out the MABL. Before using the proposed model to calculate mean concentration profiles, the validity of
these assumptions is tested by comparing them with the LES results. In Figure 1, the normalized eddy diffu-
sivity profile calculated from equation (11) is presented. The comparison for neutral atmospheric stability is
also given in Figure 1a, which depicts a good agreement between LES simulation results and that predicted
by equation (11). Near-infinite gradients of the mean concentration profile in the unstable cases prevents
a straightforward calculation of an effective Kc from the LES profiles. However, the selected eddy diffusivity

Figure 1. Normalized eddy diffusivity profiles calculated from equation (11) for (a) neutral atmospheric stability (case N),
compared to effective Kc calculated from the large eddy simulation (LES), (b) unstable stratification (case Un-S and
Un-W) compared to Wyngaard and Brost (1984) and Holtslag and Moeng (1991) bottom-up eddy diffusivity. w∗ is the
convective velocity scale.
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Figure 2. Net vertical flux of aerosols normalized by the surface flux for 10 μm particles in the (a) neutral atmospheric
boundary layer, (b) unstable atmospheric boundary layer (case Un-S), and (c) unstable atmospheric boundary layer (case
Un-W). Theory indicates the linear approximation. LES = large eddy simulation.

model for unstable cases yields KC values that are similar in shape and range to the established models of
Holtslag and Moeng (1991) and Wyngaard and Brost (1984).

Another simplification of the model is the assumption that the unsteady term in equation (3) is constant
throughout the mixed layer (i.e., 𝜕C̄

𝜕t
= 𝛽). This leads to a net vertical flux that changes linearly with the

height from surface z (given in equation (6). To test the validity of this assumption, the net vertical scalar
flux is compared with the LES results. The net vertical flux is calculated as a sum of the resolved and subfil-
tered scalar fluxes and subtracting the gravitational settling flux wsC̄. Figure 2 illustrates the comparison of
net vertical flux profile normalized by the net surface flux for both neutral and unstable atmospheric stability.
It is seen from Figures 2b and 2c that for any degree of unstable stratification, approximating the total verti-
cal flux of concentration as a linear function of height is a valid assumption; this linearity establishes quickly
in time. When nondimensionalized by an eddy turnover time, the fluxes become approximately linear after
roughly Teddy. The eddy turnover time for neutral case is defined as Teddy = zi∕u∗ and for unstable simulations

Teddy = zi∕w∗, where w∗ is the convective velocity scale calculated as w∗ =
(

g
Ts

ziw′𝜃′s

)1∕3
, Ts = 274 K (the

surface temperature).

Figure 2a shows that the linear approximation for the total flux does not hold as strongly for neutral stratifi-
cation. Furthermore, the flux profile develops much more slowly for neutral stratification, which is expected
given the lower degree of vertical mixing compared to unstable stratification (even weak unstable stratifica-
tion). From the flux profiles and Kc profiles of Figures 2 and 1, respectively, we anticipate that the assumptions
behind the model given by equation (12) are sufficiently justified, particularly for unstable stratification.

4.1. Flux Correction at the Inversion Layer
Based on the LES results for unstable atmospheric stability, the net vertical flux does not identically approach
zero at the inversion height zi (as computed by the maximum temperature gradient). A similar situation is
observed by Waggy et al. (2013), where they found significant viscous and turbulent fluxes at the inversion
height. Based on DNS they found that the total flux reaches zero at z∕zi ≈ 1.13. The relative significance of the
flux at the inversion layer height depends on the rate at which the inversion layer is growing and the way in
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Figure 3. Comparison of the normalized mean vertical concentration profile in the surface layer for the representative
cases of (a) 1-μm particles for case N; (b) 1-μm particles for case Un-S; (c) 10-μm particles for case N; and (d) 10-μm
particles for case Un-S. C̄r is taken as the concentration at the first vertical grid point from the large eddy simulation
(LES) simulation (1.56 m).

which the boundary layer height is determined. To consider this in the current model formulation, we assume
that there is a vertical flux into the inversion layer at the top (i.e., the net vertical flux is nonzero at zi). Following
the bottom-up and top-down diffusion approach by Wyngaard and Brost (1984), we consider the surface flux
and the flux at the inversion layer as two separate fluxes. However, in the present model formulation the flux
at the top is considered as an advective flux going out from the MABL instead of a top-down diffusion. The
net vertical flux is therefore calculated as the superposition of the two fluxes as Φ + Φt , where Φt is the flux
going out at the inversion layer. Combining this with our original assumption where the net vertical flux varies
linearly with height, we can modify the net vertical flux given in equation (6) as

qnet(z) = Φ(1 − z∕zi) + Φt(z∕zi). (13)

We represent the inversion layer flux at the top as a fraction of the surface flux, that is, Φt = 𝛼Φ. Then the net
vertical flux can be expressed as

qnet(z) = Φ
(

1 − (1 − 𝛼)z∕zi

)
. (14)

This modified net vertical flux relation given by equation (14) can be used to replace the right-hand side of
equation (7) in order to calculate the mean concentration profile. Figures 2b and 2c show the comparison of
the net vertical flux calculated from equation (14) with the LES results for the unstable ABL. Often, 𝛼 ≈ 0.2 is
used for heat and water vapor; however, here we use 𝛼 = 0.1 based on LES results. The LES simulations use
a strong temperature inversion at the top of the MABL, and the scalar field experiences gravitational settling,
which apparently cause 𝛼 to be slightly smaller than the typical values. Then, net vertical flux profile given in
equation (14) can be used to approximate the net vertical flux profile in the mixed layer.

Furthermore, near the top of the boundary layer, the turbulent diffusivity profile determines the importance
of the flux at the inversion layer. The turbulent diffusivity calculated from equation (11) reaches zero at the
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Figure 4. Comparison of normalized mean vertical concentration profile with simulation results from large eddy
simulation (LES) for case N: (a) 1-μm particles, (b) 10-μm particles, (c) 20-μm particles, and (d) 30-μm particles. C̄r is taken
as the concentration at the first vertical grid point from the LES simulation (1.56 m).

inversion layer height. However, in unstable atmospheric conditions, to be consistent with the upwards flux
discussed above, we extended the diffusivity profile beyond the inversion layer by assuming that KC also
approaches zero at 1.1zi.

4.2. Comparison of the Mean Vertical Concentration Profile With LES Simulations
The mean vertical concentration profile calculated by solving equation (12) is compared with the LES results.
The parameters needed to solve equation (12) (u∗, zi, L) were obtained from the LES and were kept as constants
for different particle diameters. The value obtained at the end of the simulation for the inversion layer height
(zi,f ), provided in Table 1, is used as zi for the calculation. In addition, due to the different numerical approaches
used for vertical advection of momentum and scalar concentration in the LES, a turbulent Schmidt number
(Sc = 1.3) is introduced to the theoretical profile for comparison. To calculate the time evolution of concen-
tration profile it is required to input a reference concentration (C̄r) to the model; for the present calculations
C̄r is taken as the concentration at the first vertical grid point from the LES simulation (i.e., zr = 1.56m). In field
conditions this value would be taken as a point measurement of concentration at a known reference height.

Before using the model to calculate concentration profiles in the full MABL, it is important to show that the
new model can reproduce the surface layer concentration profiles. Hence, concentration profiles calculated
from the model in the surface layer are compared with LES simulations and are given in Figure 3. In addition,
these are compared to the original surface layer formula by Freire et al. (2016). It is evident from Figure 3 that
the current model indeed reproduces the concentration profile in the surface layer compared to the LES and
is consistent with the previous surface layer models in the literature (Freire et al., 2016; Kind, 1992). Within the
surface layer, the key difference between the new model and that of Freire et al. (2016) is that the new model
assumes that the net vertical scalar flux is changing linearly with height, while Freire et al. (2016) assumed it
to be constant in the surface layer. Based on Figure 3, the two models give almost identical results, suggesting
that the linear correction to the net vertical flux has a negligible effect within the surface layer. This confirms
the finding of Freire et al. (2016) that the equilibrium assumption (i.e., balance between turbulent flux and
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Figure 5. Comparison of normalized mean vertical concentration profile with large eddy simulation (LES) results for case
Un-S: (a) 1-μm particles, (b) 10-μm particles, (c) 20-μm particles, and (d) 30-μm particles. C̄r is taken as the concentration
at the first vertical grid point from the LES simulation (1.56 m).

gravitational settling) in the surface layer is acceptable when calculating the mean concentration profile, even
before stationarity of the concentration is reached throughout the full boundary layer.

Figure 4 shows the comparisons of normalized mean concentration profiles for the full MABL for case N at dif-
ferent times. All of the time stamps in the figure represent the time after the start of particle emission. When
compared throughout the full boundary layer, at early times the model calculations deviate from the simula-
tions results, while the comparison between the theory and the LES results agree well at later times. The reason
for this difference is that the assumption of a linear net vertical flux from surface to inversion layer height is not
accurate at early time periods, as shown in Figure 2a. At the beginning stages of the development, particles
are not completely mixed throughout the MABL and thus the particle flux has not fully extended up to the
inversion layer height—this transient period is not considered in the theoretical model formulation. However,
once the particles are completely mixed to the top of the MABL, the model gives a reasonable approximation
for the mean concentration profile. Furthermore, by comparing mean concentration profiles for different par-
ticle sizes (Figures 4a–4d), it can be observed that the concentration profile significantly changes with particle
size for the same flow conditions due to gravitational settling.

Figure 5 presents the normalized mean concentration profiles for case Un-S for four different particle sizes
ranging from 1 to 30μm. As can be seen from Figures 5a–5d, the new model predicts the concentration profile
with a reasonable accuracy for all tested particle sizes. While Figure 2 indicates that the linear profile given
in equation (14) provides a good approximation for the net vertical flux after a single eddy turnover time,
Figure 5 shows that the development of a concentration profile that is well predicted by the theory takes more
like 3Teddy to establish.

In Figure 5, a comparison between the model and the LES results shows that the model, while approximat-
ing the overall shape of the concentration profile well, cannot reproduce the near-vertical gradients of C̄ with
height. This is a well-known deficiency of K theory in unstable stratification (e.g., ; Wyngaard, 2010), where
mixing is nonlocal and expressing turbulent fluxes via a gradient diffusion hypothesis is not entirely accurate.
In reality, large eddies or plumes are carrying scalars vertically across the boundary layer, especially in unsta-
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Figure 6. Comparison of normalized mean vertical concentration profile with LES results for case Un-W: (a) 10-μm
particles and (b) 20-μm particles. C̄r is taken as the concentration at the first vertical grid point from the LES simulation
(1.56 m).

ble conditions (Shpund et al., 2011). Hence, under very unstable conditions, we expect the theory to produce
vertical gradients of concentration, which are too low (i.e., not near infinite, as shown in Figure 5). Therefore,
the theory consistently underpredicts the gradient 𝜕C̄

𝜕z
in the center region of the boundary layer. Nonetheless,

the overall shape and behavior of C̄(z) is captured well by the theory and improvements of Kc, including non-
local approximations and/or improvements to the stability function 𝜙c(𝜁 ) in the upper regions of the MABL,
would be necessary to overcome this limitation.

By comparing cases N and Un-S (Figures 4 and 5, respectively), a question emerges as to how well the theory
would perform for weakly unstable stratification; that is, is the transition between the relatively long tran-
sient period of neutral stratification to the relatively fast agreement between the theory and LES of strongly
unstable stratification smooth or abrupt? Figure 3 suggests that a key assumption behind the current theory,
that of a linear flux with height, only requires a small amount of vertical mixing to be a decent approxima-
tion. Figure 6 demonstrates that although this transition appears abrupt (only two particle sizes are shown
for brevity), the development of a concentration profile that is well predicted by the theory is still limited by
an initial transient period discussed above.

Finally, while Figures 4–6 show the vertical distribution of particles for various sizes and atmospheric stability,
a quantity often desired in meteorological or remote sensing applications is the total mass loading in the
entire boundary layer. As the concentration profile evolves in time, Figures 7–9 show the total integrated
particle loading as predicted by the LES and the model for the neutral, strongly unstable, and weakly unstable
cases, respectively. Only results from the 10- and 20-μm cases are shown but are illustrative of the overall
behavior. Note that for the LES, the constant prescribed net surface flux of Φ = 0.2 μg⋅m−2⋅s−1 means that
the total mass loading will increase linearly in time.

Figure 7. Comparison of total aerosol mass loading with large eddy simulation (LES) results for case N: (a) 10-μm
particles and (b) 20-μm particles. Mtot and Ms are the total integrated particle loading in the marine atmospheric
boundary layer and in the surface layer, respectively, which are normalized by ΦATeddy, where A is the total horizontal
area of the domain.
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Figure 8. Comparison of total aerosol mass loading with large eddy simulation (LES) results for case Un-S: (a) 10-μm
particles and (b) 20-μm particles.

For neutral stability, Figure 7 demonstrates that although the details of the profile C̄(z) can deviate between
the theory and LES, particularly at early times and toward the top of the boundary layer, these errors are small
in terms of the total loading. Even at early times, the total mass loading predicted by the theory tracks that
which is predicted by the LES. This is consistent with the idea that the surface layer contains a significant
fraction of the total loading (as depicted in Figure 7) and quickly approaches an approximate equilibrium
balance between settling and turbulent transport.

For unstable stratification, however, the presence of an initial overprediction or underprediction of the actual
mass loading is apparent for both cases Un-S and Un-W, respectively. As noted above, this initial transient
adjustment takes approximately three eddy turnover times for both case Un-S (Figure 8) and case Un-W
(Figure 9), somewhat depending on particle size.

4.3. Analytic Expression
As discussed above, equation (12) does not permit a closed-form analytic solution in the mixed layer for the
assumed eddy diffusivity. For the neutral stability, however, we can formulate a partially closed solution, which
is useful in understanding the importance of different terms in the equation. Given an expression for the eddy
diffusivity, which is a piecewise continuous function of height z (equation (11), the analytic solution for the
mean concentration is also a piecewise continuous function given by

C̄

C̄r

=
[

1 + Φ
wsC̄r

−
𝛽zr

𝜅u∗ (𝛾 + 1) C̄r

](
z
zr

)−𝛾

− Φ
wsC̄r

+ 𝛽z

𝜅u∗ (𝛾 + 1) C̄r

; z ≤ zb (15)

C̄

C̄b

=

[
1 + Φ

wsC̄b

− 𝛽I(z)
𝜇(z)C̄b

|||||zb

](
z

zb

)−𝛾 ( z − zi

zb − zi

)𝛾

− Φ
wsC̄b

+ 𝛽I(z)
𝜇(z)C̄b

; z > zb (16)

Figure 9. Comparison of total aerosol mass loading with large eddy simulation (LES) results for case Un-W: (a) 10-μm
particles and (b) 20-μm particles.
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Figure 10. Analytic profile for normalized mean vertical concentration for case N with 1-μm particles: (a) comparison
with large eddy simulation (LES) simulations and (b) comparison of the 𝛽I(z)

𝜇(z)C̄b
term with the rest of equation (16).

The first of these expressions is closed, and in the second the term I(z) refers to the integral given by

I(z) = ∫
z2

i

a𝜅u∗

z𝛾(
zi − z

)𝛾+2
e

𝛾

1−z∕zi dz, (17)

and the term 𝜇(z) is given by

𝜇(z) =
(

z
zi − z

)𝛾

e
𝛾

1−z∕zi . (18)

C̄b is the mean concentration at z = zb calculated from equation (15).

The integral I(z) does not have an analytic solution, and therefore, the term 𝛽I(z)
𝜇(z)C̄b

in equation (16) must be

calculated numerically. The term
[

𝛽I(z)
𝜇(z)C̄b

]
zb

is a numerical constant evaluated at zb. Both of these terms in

equation (16), which prevent a closed-form solution, contain 𝛽 , which comes from the linear correction to the
net vertical flux. Therefore, in the limit of 𝛽 = 0, which refers to a steady concentration 𝜕C̄

𝜕t
= 0 (or, equivalently,

a uniform vertical flux throughout the MABL), one can recover an analytic expression for the concentration in
neutral stability since the terms that contain I(z) drop out.

Figure 10a compares the LES profiles with 1-μm particles in neutral stability to equations (15) and (16), calcu-
lating I(z) numerically (this is identical to solving equation (12) numerically). As noted above, these profiles
match very closely the LES results. Also included is the solution for 𝛽 = 0, for which there is a closed-form
solution. This approximation, however, illustrates that the time variation of C̄ in the MABL, and the conse-
quent linear variation of the total concentration flux, are critical for obtaining an accurate model for C̄(z).
Figure 10b confirms this, by comparing directly the term 𝛽I(z)

𝜇(z)C̄b
with the rest of expression (16). Near the sur-

face, the approximation of 𝛽 = 0 is justified, as seen above in comparisons of C̄(z) in the surface layer. In the
upper levels of the MABL, however, the term involving I(z) actually dominates the solution, thus necessitating
a numerical approximation for the proposed model.

5. Conclusions

In this paper we present a new theoretical model to calculate the mean vertical concentration of aerosols in
the MABL. The proposed model extends the conventional surface layer similarity theories to the full atmo-
spheric boundary layer based on a conventional treatment of turbulent diffusion. The model accounts for
atmospheric stability, gravitational settling, a nonzero net surface flux, and unsteadiness when calculating
the vertical concentration profile, and thus, it is expected to work in a wide range of particle sizes. In the limit
of vanishing settling velocity the model would recover predictions for passive scalars. However, large particle
sizes are fundamentally limited by the near-surface effects such as inertia or waves. The model requires a pre-
scribed net surface flux as an input to calculate the mean vertical profile, which can in principle be obtained
using any sea spray generation function, which itself accounts for any wind speed and/or wave state depen-
dence (Lenain & Melville, 2017; Ovadnevaite et al., 2014). Near the surface, wave-induced modulations to
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turbulence in the boundary layer could also play a role not captured by the current theory (Buckley & Veron,
2016), and this is a topic of continued research.

In the absence of comprehensive observations of size-resolved vertical concentration, here we use LES to
validate the model. The validation uses four different particle diameters ranging from 1 to 30 μm and both
neutral and unstable conditions. The LES simulations are designed to represent the particle emission from a
uniform surface source, and the resulting mean vertical concentrations are compared with the new model.
The model comparisons showed good agreement for both neutral and unstable atmospheric boundary lay-
ers for the tested range of droplet diameters. Further, the model produced consistent results with existing
surface layer similarity models if applied only in the surface layer. In neutral stability conditions, the mean
concentration profiles showed a strong dependency on particle size, while under unstable atmospheric sta-
bility concentration profiles are more influenced by atmospheric turbulence, as expected. However, for larger
droplets (30 μm) or in weakly unstable condition both gravity and atmospheric stability were important and
should be included in the model. The results showed that the assumption of a linear net vertical flux profile
in the mixed layer is essential for accurate prediction of concentration above the surface layer.

The developed theoretical model can be used to calculate aerosol concentration profiles in the MABL for a
wide range of applications, particularly where the boundary layer is not fully resolved. It is particularly accurate
at predicting the total aerosol loading in addition to its vertical distribution. Although the focus of this paper
in on sea spray aerosols, the developed model can be used for other types of aerosols such as dust or sand
particles.
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