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a b s t r a c t

We investigate the interaction between the ammonium nitrate aerosol (ANO3) abundance and convective
boundary-layer (CBL) dynamics by means of a large-eddy simulation (LES) framework. In our LES model
the CBL dynamics is solved coupled with radiation, chemistry, and surface exchange. Concerning the
aerosol coupling we assume a simplified representation that accounts for black carbon, aerosol water and
inorganic aerosols, focusing on the semi-volatile ammonium nitrate aerosol within the CBL. The aerosol
absorption and scattering of shortwave radiation is also taken into consideration. We use a data set of
observations taken at the Cabauw Experimental Site for Atmospheric Research during the IMPACT/
EUCAARI (European Integrated Project on Aerosol, Cloud, Climate, and Air Quality Interactions) campaign
to successfully evaluate our LES approach. We highlight that our LES framework reproduces the obser-
vations of the ratio between gas-phase nitrate and total nitrate at the surface, with a diurnally-averaged
overestimation of only z12%. We show that the dependence between gas-aerosol conversion of nitrate
and CBL (thermo)dynamics produces highly non-linear concentration and turbulent flux vertical profiles.
The flux profiles maximize at around 1/3 of the CBL. Close to the surface, we show that the outgassing of
ANO3 affects the dry deposition of nitrate. This outgassing is responsible for the high deposition velocities
obtained from the concentration and flux measurements during observational campaigns. To account for
the influence of CBL (thermo)dynamics on gas-aerosol conversion we propose an effective turbulent
exchange coefficient based on an analysis of the flux budget equation of aerosol nitrate calculated by our
LES. The implementation of this effective turbulent exchange coefficient in a 1D model leads to a better
agreement with the LES results and with surface observations.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The role of tropospheric aerosols in the climate system has been
exhaustively studied over the past decades (Jacobson, 1998;
Kaufman et al., 2002; Bellouin et al., 2005). According to a recent
overview of Baklanov et al. (2014), however, the online coupling of
Barbaro).
atmospheric dynamics, aerosol transport, chemical reactions, and
atmospheric composition in numerical models will remain a chal-
lenge over the next years. Specifically for the convective boundary
layer (CBL) only in the last decade a few integrating studies
appeared that couple aerosols to boundary-layer dynamics,
microphysics and chemistry (Jiang and Feingold, 2006; Barbaro
et al., 2014; Lee et al., 2014). The same is noted from the observa-
tional perspective. Several measurement campaigns have estab-
lished a comprehensive database of meteorological observations
(Angevine et al., 1998; Masson et al., 2008) often including
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radiosondes of the CBL vertical structure. However, only a few have
combined these with detailed aerosol and chemical observations
(Kulmala et al., 2011; Jager, 2014).

In this paper we study the formation and transport of ammo-
nium nitrate aerosol (henceforth called ANO3) within the CBL
placing special emphasis on understanding and representing pro-
cesses such as the deposition flux and turbulent transport.
Extending previous studies (Vinuesa and Vil�a-Guerau de Arellano,
2003; Vil�a-Guerau de Arellano et al., 2005; Aan de Brugh et al.,
2013; Barbaro et al., 2014) we present here a Large-Eddy Simula-
tion (LES) modeling framework. The novelty of this study lies in the
dynamical coupling of the CBL (thermo)dynamics and turbulence
with the surface, radiation, chemistry, and aerosols. At the surface,
we explicitly solve the energy budget and account for bi-directional
turbulent flux exchanges of chemical species.

Aan de Brugh et al. (2013) have shown bymeans of an LES (albeit
without accounting for deposition effects and chemistry) that fast
vertical mixing in the CBL in combination with a temperature-
dependent partitioning of atmospheric nitrate between the gas
and aerosol phases lead to interactions between dynamics and
aerosol formation. Close to the top of the CBL (cooler) gaseous nitric
acid (henceforth called gHNO3) and ammonia (NH3) condense on
ANO3, thus the gas-aerosol equilibrium shifts towards the aerosol
phase. Close to the surface (warmer) ANO3 evaporates to gHNO3
shifting the equilibrium towards the gas-phase.

The outgassing of ANO3 close to the surface significantly affects
the dry deposition of nitrate since its deposition velocity depends
upon whether nitrate is in the gas or particle phase (Huebert and
Robert, 1985; Mozurkewich, 1993; Nemitz and Sutton, 2004). This
has implications especially for the measurement community since
the gas-aerosol equilibrium may change below the measurements
height (Huebert et al., 1988; Wolff et al., 2010). As a result, several
studies report very high aerosol nitrate deposition velocities
(Hanson, 1991) since the actual measurements reflect a so-called
“apparent deposition” (Nemitz and Sutton, 2004).

According to previous studies (Harrison and Pio, 1983;
Mozurkewich, 1993; Nemitz and Sutton, 2004; Morino et al.,
2006; Fountoukis and Nenes, 2007; Aan de Brugh et al., 2013) the
physical mechanisms that drive the gas-aerosol nitrate spatial
distribution are: (i) the availability of NH3 and SO2�

4 , (ii) CBL
(thermo)dynamics, (iii) gas-aerosol equilibration timescale (teq),
and (iv) dry deposition of gas phase nitrate. As discussed in pre-
vious work (Morino et al., 2006; Fountoukis and Nenes, 2007; Aan
de Brugh et al., 2012), teq is the effective timescale required for
ammonia and gaseous nitric acid to reach equilibrium with the
inorganic aerosol particles. Several studies estimated that teq for
aerosol nitrate ranges from a few seconds to several minutes, i.e. teq
is of similar order of magnitude as the turbulent timescale of the
CBL (Dassios and Pandis, 1999; Morino et al., 2006; Aan de Brugh
et al., 2013). In such circumstances, non-linearities between CBL
dynamics and chemistry are expected (Fitzjarrald and Lenschow,
1983; Krol et al., 2000; Vinuesa and Vil�a-Guerau de Arellano,
2003). Despite its importance, an accurate representation of teq
from the observational point of view remains challenging, since teq
depends on microphysical properties of aerosols, e.g. viscosity and
particle size (Shiraiwa and Seinfeld, 2012; Saleh et al., 2013), and
CBL (thermo)dynamics (Morino et al., 2006).

Most atmospheric models use standard diffusion theory (K-
theory) to parametrize the vertical turbulent flux of chemical
species (Hamba, 1993; Vil�a-Guerau de Arellano and Duynkerke,
1995; Hesterberg et al., 1996; Nemitz et al., 2004; Aan de Brugh
et al., 2012). In this approach the exchange coefficient for heat or
moisture is also used for chemical species. For inert scalars or long-
lived species, standard diffusion theory has been proven suffi-
ciently accurate to represent the turbulent vertical transport (Vil�a-
Guerau de Arellano and Duynkerke, 1995). For short-lived species,
it has been suggested to adapt the exchange coefficient taking the
chemical timescale into account (Vil�a-Guerau de Arellano and
Duynkerke, 1992).

In this paper, we revisit the gas-aerosol partitioning of nitrate in
the CBL using our coupled LES framework. We focus on two
outstanding issues concerning nitrate. First, we will investigate the
impact of CBL turbulence and chemistry on nitrate deposition. LES
results will be used to calculate the nitrate deposition velocity for
two values of teq. Second, we investigate the question how to
parametrize turbulent vertical flux accounting for the interaction
between turbulence and the gas-aerosol conversion of nitrate (both
explicitly solved in our LES) in non-eddy-resolving models.
Consequently, we will derive a parametrization for transport of gas
and aerosol nitrate and apply it in the Wageningen University
Single Column model (WUSCM).
2. Methods

2.1. Numerical modeling framework

We investigate the evolution of the ammonium nitrate con-
centrationwithin the CBL bymeans of an LES framework. The use of
LES allows us to solve explicitly themost energetic turbulent eddies
and parametrize only the smallest scales (see supplementary
material, from now on SM). We use the Dutch Atmospheric LES
(DALES, version 3.2 e see Heus et al. (2010) for details). We
implemented ISORROPIA2 (Nenes et al., 1998; Fountoukis and
Nenes, 2007) to interactively account for the equilibrium between
gas-phase and aerosol nitrate. The aerosol properties (extinction,
single scattering albedo e u, and asymmetry factor e g) are
dynamically calculated in DALES by means of an aerosol module, as
explained in detail in Aan de Brugh et al. (2012). The aerosols are
also coupled to the shortwave (SW) radiation calculations bymeans
of the broadband two-streamDeltaeEddingtonmodel, as discussed
in Barbaro et al. (2014). We parametrize dry deposition of gas-
phase chemicals and aerosols similarly to Ganzeveld and
Lelieveld (1995) and Slinn and Slinn (1980) respectively, and the
surface energy budget equations are calculated based on van
Heerwaarden et al. (2010). A detailed description of the SW radia-
tion and land-surface modules, and their coupling in DALES, was
already given by Barbaro et al. (2014). Therefore, we here focus on a
description of the chemistry, aerosol, and dry deposition modules.
2.1.1. Chemistry module
The simple background gas-phase chemical utilized here was

already used in several DALES studies (Vil�a-Guerau de Arellano
et al., 2011) and we will show that realistic distributions of the
main chemicals species are simulated. Our main goal is to ensure a
satisfactory reproduction of the NOeNO2-O3 triad and an accurate
formation rate of gHNO3 from the oxidation of NO2 (OH þ NO2 /
gHNO3).

In the SM we provide the 3D conservation equation for the
resolved scalar spatial and temporal distributions in DALES. Here, as
a process illustration of the coupling between dynamics and the
chemistry, we show in Eq. (1) the 1D conservation equation of the
aerosol nitrate for a horizontally averaged CBL explicitly including
the gas-particle conversion:

vANO3

vt
¼ �vw0ANO0

3
vz

þ
ANOeq

3 � ANO3

teq
; (1)

where the first term on the right hand side is the vertical turbulent
flux divergence of nitrate explicitly solved by our LES (but
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parameterized in 1D models), and the last term represents the
temperature dependent gas-particle conversion. Similarly to
Nemitz and Sutton (2004), we write the gas-particle conversion
term as the difference between the ANO3 equilibrium (ANOeq

3 )
calculated by ISORROPIA2 and the actual ANO3 concentration
divided by teq for nitrate. The dependence of the gas-aerosol nitrate
equilibrium on absolute temperature and relative humidity is
carefully discussed in Mozurkewich (1993) and Nenes et al. (1998).
The equilibrium is obtained provided the total concentrations of
nitrate and ammonia, (TNO3 and TNH4, respectively) absolute
temperature and relative humidity (Mozurkewich, 1993; Aan de
Brugh et al., 2013). These fields are dynamically obtained from
the LES and serve as input parameters for the ISORROPIA2
calculations.

2.1.2. Aerosol module
The optical properties of inorganic and black carbon (BC) aero-

sols are calculated assuming two log-normal aerosol size distri-
butions (r ¼ 75 nm and 37 nm, respectively and s ¼ 2, where r is
the radius and s the standard deviation of both the distributions).
The first mode represents an accumulation soluble aerosol and the
second mode an insoluble aerosol (containing only black carbon).
Analogous to Aan de Brugh et al. (2012), we assume all the inor-
ganic aerosols to be spherical and contain only water, ammonium
nitrate and ammonium sulfate. The insoluble BC particles are
assumed to be externallymixedwith the soluble particles. Similarly
to Aan de Brugh et al. (2012) our model does not take into account
organic aerosol. The lack of organic aerosols can cause an under-
estimation of the extinction coefficient since it represents a sig-
nificant component of particulatematter in the Netherlands (Dusek
et al., 2013). Since ultimately our intent is to reproduce the correct
effect of the aerosols on the surface net-radiation (Barbaro et al.,
2014) we compensate the absence of organic aerosols by intro-
ducing aerosol nitrate, aerosol sulfate and black carbon in the free
atmosphere according to the observations of aerosol optical depth
(t) and single scattering albedo as we detail in Sect. 3.

2.1.3. Dry-deposition module
The dry-deposition velocities for gaseous species (vd) are

parametrized as described in Ganzeveld and Lelieveld (1995).
Similarly, we take vd ¼ (ra þ rb þ rc)�1 where ra is the aerodynamic
resistance between the first level of the LES model (15 m in our
case) and the surface, rb is the quasi laminar sublayer resistance
(depending on the gas and its molecular diffusivity) and rc the bulk
surface resistance. The dry-deposition for aerosols is calculated as
vad ¼ ðra þ rdÞ�1 and is based on Slinn and Slinn (1980). In their
approach vad is related directly to the resistance terms, where rd
accounts for the contributions of Brownian diffusion and impac-
tion. Our aerosols are sub-micron particles, and the gravitational
term can be safely neglected. We perform our simulations over a
typical grassland (90% vegetated) with a constant surface rough-
ness of 15 cm. The dry-deposition model implemented in our
framework is similar to the scheme implemented in the TM5
chemical transport model (Krol et al., 2005) and has been widely
used in several studies (Huijnen et al., 2010).

2.2. Observational data set

We design our LES experiments based on observations taken on
May 8, 2008 at CESAR (Cabauw Experimental Site for Atmospheric
Research e www.cesar-observatory.nl), in the Netherlands during
the IMPACT/EUCAARI intensive measurement campaign (Kulmala
et al., 2011). We choose May 8, 2008 (hereafter CESAR2008) due
to the availability of observations and the appropriate synoptic
situation, characterized by a persistent high pressure system above
central Europe favoring clear-sky conditions during the entire day
(Hamburger et al., 2011). The observations were extensively vali-
dated by Wang et al. (2009) (direct/diffuse SW radiation),
Hamburger et al. (2011) (synoptics and pollution), Aan de Brugh
et al. (2012) (gas-aerosol conversion) and Barbaro et al. (2014)
(thermodynamics, CBL height and energy/radiation budgets). The
hourly integrated gas-phase and aerosol nitrate, as well as the
ammonia observations used in this work were measured simulta-
neously by a MARGA (Monitor for AeRosols and Gases in ambient
Air) system as described in Aan de Brugh et al. (2012) and Mensah
et al. (2012). In a MARGA system, the airflow enters the equipment
at a constant rate of 1 m3 h�1 via a Teflon-coated inlet, with a cut-
off for particles smaller than 10 mm (PM10). The gas-phase com-
pounds are collected by aWRD (wet rotating denuder) whereas the
particulate matter passes through the WRD to be collected subse-
quently by a SJAC (Steam-Jet Aerosol Collector). For more infor-
mation about the MARGA system we refer the reader to ten Brink
et al. (2007) and Thomas et al. (2009). The NOX-O3 observations
were taken at the nearby RIVM station (National Institute for Public
Health and the Environment e www.lml.rivm.nl) in Zegveld,
located at 20 km from the CESAR site. The aerosol optical depth was
taken from the AERONET Level 1.5 data for Cabauw. The single
scattering albedo was taken from the AERONET inversion data.

2.3. Experimental design

Barbaro et al. (2014) showed that during the morning
CESAR2008 is characterized by a distinctive 1500 m residual layer
(RL) sitting above a strong surface inversion (located at around
200 m above the surface). They also showed that the well-mixed
vertical structure of the RL allows a very rapid growth of the CBL
after the break up of the morning inversion. During the afternoon
the CBL grows fairly little (at a rate of z60 m h�1) and the ther-
modynamical conditions remain relatively constant. Based on this,
and similar to Aan de Brugh et al. (2013), we focus only on the af-
ternoon period (11-16 UTC), which shows little CBL growth. We use
as initial conditions the (thermo)dynamics, radiation and land-
surface fields obtained by Barbaro et al. (2014) at 11 UTC.

Due to the computational cost of this coupled-LES experiment,
the spatial numerical domain that has been simulated is reduced to
4800 � 4800 � 3000 m aiming to maintain the same spatial res-
olution of 50 � 50 � 15 m as in Barbaro et al. (2014). We verified
that results are almost identical despite the reduction in the hori-
zontal domain (not shown). We assume in the domain periodic
horizontal boundary conditions, and to prevent numerical in-
stabilities due to the chemical differential equations we reduced
the original time step from 3 s to 1 s throughout the whole
simulation.

In Aan de Brugh et al. (2013) an effective equilibration timescale
of 30 min was adopted. Following their results, and the good
agreement with observations (discussed in Sect. 3) we also adopt a
constant (with respect to time and height) effective aerosol equil-
ibration timescale of 30 min. Note, however, that based exclusively
on the aerosol properties described in Sect. 2.1.2, a mass accom-
modation coefficient for aerosol nitrate equal to 0.5 (Dassios and
Pandis, 1999), and a particle number concentration of 1000 cm�3

(Hamburger et al., 2011) we calculate a teq of approximately 3.5min
(see Eq. (3) in Saleh et al. (2013)). A plausible explanation for the
difference between the calculated and effective teq is that other
chemical species (e.g. viscous secondary organic aerosols), may
increase teq due to aerosol mass-transport limitation (Morino et al.,
2006; Shiraiwa and Seinfeld, 2012). Additionally, the larger
ammonium nitrate particles in the mode adapt slowest to the new
environmental thermodynamics (Saleh et al., 2013), and therefore
also augment teq. The use of a larger teq might also account for the

http://www.cesar-observatory.nl
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complex relation between chemistry and the multiscale character
of CBL turbulence and thermodynamics (Morino et al., 2006). In the
CBL, smaller eddies alter the local environment at the scale of in-
dividual particles, whereas larger eddies transport the aerosols to
different thermodynamic conditions within the entire CBL. These
processes are characterized by different timescales, and combined
may result in a larger teq. The explanation of a larger teq is similar to
the larger turbulent timescale compared to the Kolmolgorov
timescale, affecting cloud droplet formation (Grabowski andWang,
2013).

In the setup used by Barbaro et al. (2014), t and u were pre-
scribed following the observations taken during the EUCAARI
campaign. Here we use the aerosol module (Sect. 2.1.2) coupled to
our LES to explicitly calculate these aerosol properties for every
time step based on the aerosol concentrations of black carbon,
ammonium, nitrate, sulfate and aerosol water. As shown later, our t
and u are in close agreement with the observations and the LES
results discussed in Barbaro et al. (2014).

We impose for CESAR2008 a constant surface emission of NOX

equal to 0.23 ppbm s�1 to account for the highway emission nearby
the CESAR site. Most of the NOX emissions in the Netherlands are
vehicular (Velders et al., 2011), and 90% (10%) are assumed to be in
the form of NO (NO2). Our NH3 surface exchange is modeled as a
combination of typical spring emission and deposition, and
amounts, on average during the day, to 0.38 ppb m s�1. This value
agrees with flux measurements taken at Cabauw (on average
z0.3 ppb m s�1) see Erisman et al. (1989). We use a constant small
isoprene surface emission equal to 15 ppt m s�1 to account for
advection of nearby forested areas, leading to mixing ratios around
30 ppt within the CBL. The CH4 and CO initial mixing ratios are set
equal to 1.8 ppm and 0.2 ppm, respectively. These values are in
agreement with climatological observations taken at CESAR
(Vermeulen et al., 2011). We summarize the initial concentrations
(CBL and free-troposphere) and surface fluxes (emission/deposition
velocity) of the most important chemicals in Table 1.

In addition to the CESAR2008 experiment we design another
LES experiment prescribing the same boundary-layer and surface
properties as CESAR2008 but shortening the equilibration time-
scale to 10 min (hereafter called CESAR2008-10). Our motivation is
that the microphysical properties of aerosol nitrate have not been
measured at Cabauw during CESAR2008, and the equilibration
timescale plays a crucial role in the vertical transport of nitrate and
on partitioning of TNO3 within the CBL (Dassios and Pandis, 1999;
Morino et al., 2006; Aan de Brugh et al., 2012). The 10-min
Table 1
Boundary conditions and initial concentrations at the CBL and free-troposphere for
the CESAR2008 experiment. The vd values are dynamically calculated depending on
the resistances but remain fairly constant during the whole simulation. Note the
free-tropospheric values for black carbon, ammonium nitrate, and ammonium
sulfate used to compensate for the lack of organic aerosol in our model. Also note
that aerosol ammonium (NHþ

4 ) is formed by neutralization of H2SO4 and HNO3.

Chemicals Surface CBL (ppb) FT (ppb)

Emission (ppb m s�1) vd (cm s�1)

NO 0.21 0.10 1.0 0.1
NO2 0.02 0.45 4.0 1.0
O3 e 0.60 57 65
Isoprene 0.015 e 0.01 0.01
BC e 0.004 1.5 1.5
gHNO3 e 1.86 0.9 0.9
ANO3 e 0.004 2.0 2.3
SO2�

4 e 0.004 1.3 1.3
NH3 0.5 1.01 11 1.0
NHþ

4 e 0.004 4.6 4.9
CH4 e e 1800 1800
CO e 0.002 200 200
equilibration timescale is also closer to the value of 3.5 min,
calculated according to Saleh et al. (2013). By performing these
numerical experiments, we cover the situations where the turbu-
lent time scale (tTz 17 min) is either slightly longer or slightly
shorter than the equilibration time scale. Therefore, strong in-
teractions between gas-aerosol conversion and turbulence are ex-
pected (Fitzjarrald and Lenschow, 1983; Vinuesa and Vil�a-Guerau
de Arellano, 2003; Aan de Brugh et al., 2012).

We use the WUSCM to investigate the ability of a non-eddy
resolving model to reproduce our horizontally-averaged LES fields
for the CESAR2008 experiment. In the WUSCM we use the same
setup as in the work by Aan de Brugh et al. (2012). Similarly, the
Medium Range Forecast (MRF) scheme is used to calculate the
boundary-layer diffusion (Troen and Mahrt, 1986; Hong and Pan,
1996), and the momentum calculations are based on the parame-
trization proposed byNoh et al. (2003). To ensure consistency in the
comparison between LES-averaged fields and the WUSCM vertical
profiles, both the WUSCM and the LES model use the same free-
tropospheric initial concentrations for ammonium nitrate and
ammonium sulphate (Table 1). Besides that, the initial conditions
for the (thermo)dynamics, land-surface, and net-radiation used in
the WUSCM are taken from Barbaro et al. (2014). Also similarly to
Aan de Brugh et al. (2012), the time step adopted in the WUSCM is
20 s. Note that reducing the time step in the WUSCM did not alter
the results discussed here (not shown).

3. Evaluation of our LES results against surface observations

As described in the experimental design section, the initial
conditions for (thermo)dynamics and radiation used in our LES are
taken from Barbaro et al. (2014). Therefore, here we omit the
evaluation of radiation and surface energy budgets, CBL height
(based on the minimum of the buoyancy flux), and thermody-
namics (potential temperature and specific humidity), which are
shown in Fig. 3 of Barbaro et al. (2014). The evolution of the tem-
perature and relative humidity at 2 m height is shown in Fig. 1 of
Aan de Brugh et al. (2013). In Fig. 1 we present an evaluation of the
CBL chemistry and the aerosol properties against the available
surface observations. The results correspond to an aerosol equili-
bration time partitioning equal to 30 min (Aan de Brugh et al.,
2013). Note that we concentrate our analysis only in the after-
noon CBL to reduce the role of diurnal variability (Barbaro et al.,
2014). The observations of ozone, NOX, gas-aerosol nitrate and
ammonia taken at CESAR are hourly averaged.

Based on Fig. 1 we conclude that our LES is able to adequately
simulate the chemistry and the aerosol properties during the af-
ternoon for CESAR2008. It can be observed that the NOX-O3 is well
reproduced. Comparable O3 mixing ratios during the afternoon are
commonly observed in CESAR (Demuzere et al., 2009) and similar
NOX-O3 mixing ratios were recently reported throughout the whole
Europe during the PEGASOS campaign (Jager, 2014). The gHNO3 and
ANO3 concentrations are also properly simulated in our LES
(adopting a constant equilibration time scale equal to 30 min). The
TNO3 partitioning, defined as gHNO3ðgHNO3 þ ANO3Þ, is also well
in agreement with the surface observations, with a diurnal average
overestimation of z12%. This result supports the use of the effec-
tive equilibration timescale equal to 30 min to simulate the parti-
tioning of nitrate within the CBL for this case. Note, however, that
the chemistry of the CESAR2008 case is characterized by a small
diurnal variability (specially for NOX-O3). Therefore, the goodmatch
obtained with our LES framework compared to the surface obser-
vations is partly explained by our choice of initial concentrations
(shown in Table 1).

The elevated NH3 concentrations within the CBL (Fig. 1g) are
explained by the high surface emissions due to the intense cattle



Fig. 1. Time evolution of the chemistry (aeg) and aerosol properties (hei) for our LES framework (CESAR2008) and surface observations taken at CESAR. The red dots represent the
RIVM/CESAR hourly-averaged surface observations and the red dashes the EUCAARI continuous aerosol measurements (at 550 nm). The shades represent the difference between
the horizontally-averaged values at the surface (black dots) and at the top of the CBL (dashes). The black lines represent the bulk values of the atmospheric compounds averaged
over the CBL. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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farming in the Netherlands (Velthof et al., 2012). The significant
differences between the maximumeminimum (shades) concen-
trations observed for NH3 are due to surface emissions and the
small free-tropospheric concentrations (the latter also seen for
NO2) compared to the surface values (see Table 1). The fluctuations
observed at the top of the CBL (dashes) are due to entrainment of
cleaner air from the free-troposphere.

The aerosol properties are well reproduced during the whole
simulation. Around 13.5 UTC advection of polluted air brings
slightly more absorbing aerosols from Central Europe (Hamburger
et al., 2011), decreasing u. Nevertheless, the aerosol optical depth
remains almost unchanged. We are able to compensate for the lack
of organic aerosol in our model and therefore to properly reproduce
t by adding ammonium nitrate and sulfate, and black carbon in the
free atmosphere. We are aware that this may lead to excessive
entrainment of aerosols from the free-troposphere. However, the
CBL grows fairly little during the whole simulated period.
Fig. 2. Horizontally-averaged vertical profiles of (a) gHNO3 (b) AN
4. Impact of different equilibration timescales on the gas-
aerosol conversion

In Fig. 2 we compare the vertical profiles of gas-phase and
aerosol nitrate, total nitrate and ammonia obtained for CESAR2008
(teq ¼ 30 min) and CESAR2008-10 (teq ¼ 10 min) experiments. To
ensure robustness, all the vertical profiles are horizontally- and
time-averaged between 12.5 UTC e 14.5 UTC.

We observe in Fig. 2 that the gas-aerosol conversion mecha-
nisms and the equilibration timescale significantly influence the
vertical profiles of gHNO3 and ANO3 for both numerical experi-
ments. Regardless of the well-mixed character of the CBL, more
gHNO3 is observed at the surface if compared with the top of the
CBL. As expected, we note the opposite for ANO3.

We observe steeper gradients in the vertical profiles of gas-
aerosol nitrate for the shorter equilibration time scale. This is
explained by the faster gas-aerosol conversion. In that case, the
O3 (c) TNO3 (d) NH3. The legend indicates the experiment.



Fig. 3. Vertical profile of the ANO3 budget time-averaged between 12.5UTC e 14.5UTC.
The budget terms and the experiments are indicated in the legends. Fig. 5. Vertical profiles of the deposition velocity calculated by our LES within the

surface layer for (a) ANO3 (b) TNO3 and (c) O3. The thin dashed-lines refer to the
maximum possible deposition velocity vd ¼ 1/ra. The crosses refer to the deposition
velocities calculated at the surface (Table 1). The deposition velocity for TNO3 is
explained in the text. The profiles are time-averaged between 12.5UTC e 14.5UTC. The
different experiments are indicated in the legend.
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equilibration time scale is shorter than the boundary-layer time
scale (tT z 17 min), creating a gradient that is maintained due to
the relative slow turbulent motions. Note that more gas-phase ni-
trate is present close to the surface for the shorter equilibration
timescale. That leads to higher values of TNO3 partitioning at the
surface, which is less consistent with observations (Fig. 2a and b,
and Fig. 1f).

Since gHNO3 is converted into ANO3 and vice-versa, we note in
Fig. 2c that the TNO3 vertical profile is similar to a conserved var-
iable. The small difference for the TNO3 vertical profile between the
two experiments is explained by larger quantities of gHNO3 close to
the surface for CESAR2008-10 (Fig. 2a). In that case, more nitric acid
deposits and by consequence the TNO3 is slightly smaller than for
CESAR2008. A well-mixed character is observed for NH3 (Fig. 2d).
Close to the surface and near the top of the CBL the profile is
influenced by emission/deposition and detrainment, respectively.
Due to the abundance of NH3 we note that its association with
gHNO3 has only a minor influence on its vertical distribution.

We present in Fig. 3 the ANO3-budget calculated based on Eq.
(1). This budget quantifies the vertical contributions of (i) turbulent
flux divergence and (ii) gas-aerosol conversion of nitrate to the
tendency of ANO3 within the CBL.

Gas-aerosol conversion and vertical divergence of the turbulent
flux contribute oppositely to the ANO3 evolution within the CBL.
Fig. 4. Same as Fig. 2 but for th
Close to the surface, aerosol nitrate outgasses to gHNO3 and a
strong positive ANO3 vertical gradient is created. From the mid-CBL
up to the top of the CBL, downdrafts rich in ANO3 act towards ho-
mogenizing the ANO3 profile. As a net effect, the tendency term is
positive and approximately constant with height indicating that
aerosol nitrate is being produced throughout the CBL (see Fig. 1e).

As also shown by Aan de Brugh et al. (2012), reducing the
equilibration timescale increases the contribution of the gas-
aerosol conversion to the budget. Accordingly, the turbulent term
reacts proportionally, implying in a larger turbulent vertical flux.
Therefore, we show in Fig. 4 the influence of the equilibration
timescale on the vertical profiles of the turbulent fluxes for the
same variables discussed in Fig. 2.

The vertical fluxes for both gHNO3 and ANO3 are highly non-
linear, driven by the spatial distributions of absolute temperature
and relative humidity. Both maxima occur at around 1/3 of the CBL
(Aan de Brugh et al., 2013). In accordance to the vertical profiles of
these concentrations (Fig. 2) the fluxes are larger for the shorter
equilibration timescale. Since gHNO3 is converted into ANO3 and
vice-versa, the turbulent fluxes for both variables are opposite and
e turbulent vertical fluxes.
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almost equal in magnitude. The small negative flux for total nitrate
is caused by gHNO3 deposition since ANO3 deposition velocities are
very small. As presented in Table 1, the net-turbulent flux of NH3
depends on dry deposition and surface emission.

5. Aerosol nitrate deposition velocity

In our LES, we are able to explicitly calculate a height-dependent
deposition velocity by taking the ratio between the turbulent ver-
tical flux and the mean concentration at the surface (see SM). We
compare these velocities with the deposition velocities calculated
at the surface based both on the atmospheric and surface re-
sistances (see Table 1). We show in Fig. 5 the deposition velocities
for ANO3, TNO3 and O3 within the surface layer for the CESAR2008
and CESAR2008-10 experiments.

We notice in Fig. 5a that v
ANO3

d increases significantly with height
within the surface layer and becomes even larger than the
maximum deposition velocity e defined as the inverse of the at-
mospheric resistance (Ganzeveld and Lelieveld, 1995). The strong
vertical gradient observed within the surface layer explains why
several observational studies have reported significant deposition
velocities for aerosol nitrate (see Hanson (1991) for an extensive
review). This overestimation of the deposition velocity (known as
“apparent deposition”) is caused by the strong outgassing of ANO3
close to the surface (Huebert et al., 1988; Nemitz and Sutton, 2004).
Comparing our LES experiments we find that this effect becomes
more important at shorter time scales since the outgassing of ANO3
becomes more efficient. We found in Fig. 5b a larger TNO3 depo-
sition velocity for the CESAR2008-10 experiment (0.75 cm s�1)
compared to the CESAR2008 experiment (0.56 cm s�1). This is
explained by the fact that the TNO3 deposition velocity is calculated
by a concentration-weighted average between aerosol nitrate and
gas phase nitrate deposition velocities (Morino et al., 2006). In
Fig. 5c the nearly constant deposition velocity throughout the
surface layer is in agreement with the calculated value at the sur-
face for O3 (0.6 cm s�1).

The ANO3 turbulent flux within the surface layer varies signifi-
cantly with height. This indicates that the deposition velocity for
ANO3 cannot be calculated using measurements of ANO3 made too
far away from the surface (Fitzjarrald and Lenschow, 1983; Wolff
et al., 2010). The results shown in Fig. 5 for ANO3 deposition have
implications from the measurement perspective. For example,
ANO3 deposition velocities measured at around 30 m height can be
of the order of 2 cm s�1 depending on the equilibration time scale.
To avoid that issue, we suggest the calculation of the deposition
velocity for TNO3 instead, since it can be treated as a conservative
quantity, as shown in Fig. 5b. Our conclusion agrees with the ob-
servations presented by Huebert et al. (1988) and Wolff et al.
(2010). For gHNO3, Huebert and Robert (1985) found a daytime
average deposition velocity equal to 2.5 ± 0.9 cm s�1 under similar
temperature and land-surface conditions. This value is comparable
to v

gHNO3
d ¼ 1:9 cm s�1 we calculated for our LES simulations. Our

values are also within the range found by Nemitz et al. (2004). For
NH3, the calculated deposition velocity (vNH3

d ¼ 1:0 cm s�1) is also
well within the range obtained by Hesterberg et al. (1996) for
grassland. The calculated ozone deposition velocity (0.6 cm s�1)
agrees with the ones obtained by Meszaros et al. (2009) in terms of
observations (0.44 ± 0.23 cm s�1) and modeling
(0.52 ± 0.08 cm s�1) over grassland.

Our vertical resolution (15 m) suffices to capture the most
important physical processes controlling the deposition process
and interactions between surface and turbulence. Despite that,
detailed higher resolution numerical studies, e.g. Nemitz and
Sutton (2004) remain crucial to study the outgassing of nitrate
aerosol close to the surface.
6. Representation of the transport of aerosol nitrate within
the CBL

As shown in Figs. 2 and 4, the vertical distribution of aerosol
nitrate depends on absolute temperature and on fluctuations with
respect to the vertical velocity. In consequence, the turbulent
transport of the aerosol nitrate (first term on the rhs in Eq. (1))
might be influenced by the gas-aerosol conversion. This may affect
the representation of the vertical turbulent flux of nitrate in 1D
models. Our LES is used here (i) to explicitly resolve all the terms of
the horizontally-averaged flux budget equation for aerosol nitrate,
and (ii) to help us derive a new parameterization for the turbulent
flux of aerosol nitrate (see Sects. 2 and 3 in the SM).

In short, the results indicate that the ANO3 flux remains in
steady-state because the transport of ANO3 and chemistry contri-
butions are in close balance with the buoyancy term and produc-
tion of ANO3 flux. Specially, the buoyancy term remains important
within the entire CBL, and cannot be ignored. This is explained by
the fact that the ANO3 flux depends not only on the turbulent
transport, but also on the temperature dependent gas-aerosol
conversion. Therefore, we ask ourselves whether the traditional
representation (i.e. inert K-theory) of the turbulent flux is still valid
for aerosol nitrate since this species explicitly depends on the CBL
thermodynamics and on the equilibration timescale. To answer
that question, we extend earlier research (Vil�a-Guerau de Arellano
and Duynkerke, 1992; Hamba, 1993; Verver, 1994; Vinuesa and
Vil�a-Guerau de Arellano, 2003) and propose here to calculate an
exchange coefficient for ANO3. We do that by adding to the ex-
change coefficient for heat the effects of the gas-aerosol equili-
bration timescale and absolute temperature. The detailed
derivation is given in the SM. In Eq. (2) we show the proposed
expression to close the turbulent flux of ANO3:

w0ANO0
3 ¼ �KANO3

vANO3
vz

KANO3
¼ KH

~B
~C
;

(2)

where KANO3
is the inert exchange coefficient for heat (KH)

depending not only on turbulent characteristics but also on
chemistry (~C) and gas-aerosol conversion of nitrate (~B). The
chemistry term ~C is equal to (1 þ 2Da), where Da is the Damk€ohler
number, which relates the turbulent timescale to the chemical
timescale (see SM). Note that for very slow chemistry (Da ≪ 1) this
term vanishes from the equation. In our case (Da z 1) and chem-
istry tends to make KH >KANO3

. The physical meaning is that during
the turbulent transport of the air parcel, the species are reacting
and in consequence the exchange coefficient becomes smaller
(Vil�a-Guerau de Arellano and Duynkerke, 1992). The buoyant
correction term ~B (see SM) depends on a positive closure term
adjustable to the LES results, and remains always positive. Conse-
quently, ~B tends to make KANO3

>KH . The interpretation of a larger
exchange coefficient is that for an adequate representation of the
nitrate turbulent flux we need a larger characteristic mixing length
scale that accounts not only the turbulent transport, but also for the
temperature dependent gas-aerosol conversion of nitrate.

We evaluate the new exchange coefficient calculated using Eq.
(2) by comparing the horizontally-averaged LES nitrate fields with
the WUSCM nitrate profiles calculated with the new KANO3

profiles
for the CESAR2008 case. We also examine the impact of the new
exchange coefficient on the gas-aerosol partitioning of nitrate at
the surface. Note that for long-lived species (i.e. Da [ 1) and
thermodynamic variables (e.g. q) there is enough time for the tur-
bulent eddies to mix the properties within the CBL. In these cases,
(horizontally-averaged) well-mixed vertical distributions within



Fig. 6. Vertical profiles of (a) ANO3 and (b) gHNO3 obtained by the LES (continuous
lines) and the WUSCM (dashes) for different corrections time-averaged between
12.5UTC e 14.5UTC. (c) Time evolution of the TNO3 partitioning at the surface. The
colored-dashes indicate the different corrections used in the WUSCM.
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the CBL are observed. Since the same boundary and initial condi-
tions are used in the WUSCM and the LES model, the vertical
profiles of long-lived species calculated by both models remain
very similar throughout the entire simulation.

We notice in Fig. 6 that the use of KH leads to an under(over)
estimation of ANO3 (gHNO3) close to the surface. Also, the com-
parison between LES and WUSCM profiles worsens for the chem-
istry correction much larger than the buoyant correction (i.e. ~B≪~C).
This is because the chemistry solely tends to decrease the exchange
coefficient and as a consequence, the vertical gradients tend to
increase. In contrast, the effect of buoyancy enlarges the exchange
coefficient, enhancing vertical mixing. Absolute temperature (de-
creases with height in the CBL) and aerosol nitrate (increases with
height in the CBL) are anti-correlated, leading to a positive ~B term
(see SM). As a consequence, the vertical gradients for both gas-
phase and aerosol nitrate diminish. We found the best match be-
tween LES and WUSCM for ~B=~Cz4. Accordingly, the TNO3 parti-
tioning at the surface obtained by the WUSCM progressively
approaches the LES values resulting in a better agreement with the
observations taken at CESAR as the ratio ~B=~C increases.

Our intent here is to show that the impact of the temperature-
dependent gas-aerosol conversion of nitrate in the buoyant term
has a non-negligible effect on the vertical transport of nitrate
(Verver, 1994). We alert the reader that different CBL
thermodynamics and gas-aerosol equilibration timescale may alter
the magnitude of the ratio ~B

~C
found here. Future studies should

therefore aim to extend this result, for example for warmer/cooler
CBLs, as also discussed in Aan de Brugh et al. (2013).
7. Conclusions

We studied the transport and formation of ammonium nitrate
aerosol within the convective boundary layer (CBL) using a large-
eddy simulation (LES) in which radiation, aerosols, CBL dynamics
and surface processes are coupled in the same framework. Our LES
model was successfully evaluated against observations of chemis-
try and aerosol fields. We performed a sensitivity analysis on the
impact of a shorter and a larger equilibration timescale compared
to the characteristic turbulent time scale on the gas-aerosol con-
version of nitrate within the CBL. Our LES results indicated that
30 min is an adequate equilibration timescale of nitrate for this
case. We noted that the vertical distribution of gas-aerosol nitrate
showed a significantly larger variability for shorter equilibration
timescales, despite the well-mixed nature of the CBL.

Using our LES we quantified the effect of gas-aerosol conversion
on the nitrate deposition flux within the surface layer. Our results
confirmed that the large deposition velocities for aerosol nitrate
close to the surface are due to outgassing. As a consequence, the
total nitrate deposition flux depends on the gas-phase nitrate
concentration at the surface. We found that a shorter equilibration
timescale resulted in a larger deposition velocity of total nitrate.

We found using our LES that the mixing between poor-nitrate
updrafts (warm) and rich-nitrate downdrafts (cold) within the
CBL significantly altered the vertical turbulent flux of gas-aerosol
nitrate. The maximum of the gas-aerosol nitrate vertical flux was
located at z1/3 of the CBL height. The turbulent flux of aerosol
nitrate was also influenced by the interaction between CBL dy-
namics and chemistry. The LES provided us with a framework to
interpret the vertical profiles of gas-aerosol nitrate obtained by a
1Dmodel. Based on the LES results, we proposed a new formulation
to parameterize the turbulent flux of nitrate in the 1D model. The
results indicated the need to increase the exchange coefficient used
in non-eddy resolving models to better account for the complex
interaction between gas-aerosol conversion of nitrate and turbu-
lence within the CBL. Indeed, the new exchange coefficient also
improved the comparison between gas-aerosol partitioning of ni-
trate calculated with our 1D model and surface observations.

Our findings indicate that to understand the evolution of gas-
aerosol nitrate in the boundary layer, it is necessary to solve and
represent simultaneously the CBL (thermo)dynamics, surface ex-
change processes, and gas-aerosol conversion of nitrate. Under this
framework we were able to better interpret observations of nitrate
deposition velocity close to the surface, and also to augment our
understanding about the relation between turbulent transport and
gas-aerosol conversion of nitrate.
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