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Abstract. Challenges in understanding the aerosol cloud in-
teractions and their impacts on global climate highlight the
need for improved knowledge of the underlying physical
processes and feedbacks as well as their interactions with
cloud and boundary layer dynamics. To pursue this goal,
increasingly sophisticated cloud-scale models are needed
to complement the limited supply of observations of the
interactions between aerosols and clouds. For this pur-
pose, a new large-eddy simulation (LES) model, coupled
with an interactive sectional description for aerosols and
clouds, is introduced. The new model builds and extends
upon the well-characterized UCLA Large-Eddy Simulation
Code (UCLALES) and the Sectional Aerosol module for
Large-Scale Applications (SALSA), hereafter denoted as
UCLALES-SALSA. Novel strategies for the aerosol, cloud
and precipitation bin discretisation are presented. These en-
able tracking the effects of cloud processing and wet scav-
enging on the aerosol size distribution as accurately as pos-
sible, while keeping the computational cost of the model as
low as possible. The model is tested with two different simu-
lation set-ups: a marine stratocumulus case in the DYCOMS-
Il campaign and another case focusing on the formation and
evolution of a nocturnal radiation fog. It is shown that, in
both cases, the size-resolved interactions between aerosols
and clouds have a critical in uence on the dynamics of the
boundary layer. The results demonstrate the importance of
accurately representing the wet scavenging of aerosol in the
model. Speci cally, in a case with marine stratocumulus, pre-
cipitation and the subsequent removal of cloud activating par-
ticles lead to thinning of the cloud deck and the formation of

a decoupled boundary layer structure. In radiation fog, the
growth and sedimentation of droplets strongly affect their ra-
diative properties, which in turn drive new droplet formation.
The size-resolved diagnostics provided by the model enable
investigations of these issues with high detail. It is also shown
that the results remain consistent with UCLALES (without
SALSA) in cases where the dominating physical processes
remain well represented by both models.

1 Introduction

Large-eddy simulations (LES) have been used to study the
properties of clouds and the boundary layer for a few decades
(e.g. Deardorff, 1974, 1980; Moeng, 1984; Stevens et al.,
2005). These models solve the low-pass Itered Navier
Stokes equations; i.e. the large energy-containing turbulent
eddies are resolved, whereas the smallest length scales and
energy dissipation are parameterised typically using closures
based on the Smagorinsky model. This approach provides an
attractive compromise between accuracy and computational
cost, which is why LES models have become popular in stud-
ies of the properties of boundary layers and clouds.

The typical grid resolution used in LES models (on the
order of tens of metres) enables a detailed representation
of cloud structure and dynamics. However, the treatment of
cloud microphysics is subject to high variability in terms
of the level of detail and computational cost (Khain et al.,
2015). The types of microphysical schemes and their im-
plementation to LES models range from simple one or two
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moment bulk schemes, where droplet mass is predicted typ-
ically through saturation adjustment, with either prescribed
or varying droplet number concentrations (Khairoutdinov
and Kogan, 2000; Golaz et al., 2005; Seifert and Beheng,
2001, 2006; Stevens et al., 2005; Savre et al., 2014), to more
elaborate ones with modal or sectional representations for
the droplet size distributions (Feingold et al., 1996; Fein-
gold and Kreidenweis, 2002; Saleeby et al., 2015) and La-
grangian particle-based methods (Shima et al., 2009). In ad-
dition, there has been an increasing trend towards including
representations for aerosol particles in these models as well
(Feingold and Kreidenweis, 2002; Kazil et al., 2011; Maal-
ick et al., 2016). However, extensive simulations with more
detailed and explicitly interactive aerosol cloud schemes are
as of yet relatively sparse, mostly due to their high compu-
tational cost. Nevertheless, some examples of such develop-
ments include the work of (Andrejczuk et al., 2010; Ovchin-
nikov and Easter, 2010; Kazil et al., 2011; Lebo and Seinfeld,
2011; Vid et al., 2016).

The need for such models is well recognised due to the sig-
ni cant challenges in climate modelling imposed by aerosols
and clouds (Boucher et al., 2013), where detailed LES model
simulations comprise an essential resource for parameterisa-
tion development. In particular, formation of drizzle and wet
scavenging of aerosol and the associated feedback processes
are potentially very important for the dynamics and circula-
tion structures of marine stratocumulus clouds (Wang et al.,
2010; Wood and Bretherton, 2004; Wood et al., 2012; Terali
et al., 2014). Correctly capturing the interactions between
aerosol cloud microphysics and cloud dynamics requires
highly detailed microphysical schemes. Moreover, scaveng-
ing processes, depending on particle composition and size,
are overall rather poorly understood and therefore poorly
represented in general circulation models (Boucher et al.,
2013; Croft et al., 2010). Yet, wet scavenging of aerosol may
crucially affect, e.g., the transport of black carbon aerosol
from polluted environments to the polar areas (Garrett et al.,
2011), where it has the potential to signi cantly affect the fu-
ture change in arctic temperatures. The main motivation for
the LES model development presented in the current paper is
indeed to provide a new tool for a better understanding of the
above-mentioned climate-relevant processes, so that they can
eventually be more robustly represented in global models.

Besides cloud processes, another set of topics under re-
search by the LES community is related to the formation and
evolution of fog and the effects of aerosols therein. During
the last decades, a clear decrease has been observed in fog
occurrence throughout central Europe (Vautard et al., 2009;
Giulianelli et al., 2014). This has occurred together with im-
proved air quality due to a decreasing trend in sulfur emis-
sions, especially in the case of dense fog, but thus far a
guantitative connection has not been established (van Old-
enborgh et al., 2010). Although in many ways driven by the
same principles as clouds, fog also feature many unique as-
pects considering their evolution (Nakanishi, 2000; Gultepe
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et al., 2007). For example, while cloud droplets are mainly
formed at the height of the peak saturation ratio at cloud
base, in radiation fog, one of the most common fog types,
the droplet formation is primarily driven by radiative cool-
ing at the top of the developing fog layer or by high super-
saturation inside the fog induced by turbulence. Thus, there
are also marked differences related to the dynamics of the
fog layer and its life cycle as compared to clouds (Porson et
al., 2011). Fog properties and their occurrence are strongly
affected by aerosol properties and anthropogenic emissions
(Bott, 1991; Kokkola et al., 2003; Stolaki et al., 2015; Maal-
ick et al., 2016), although many of the details of these inter-
actions remain poorly understood. Improved knowledge can
be pursued through increasingly sophisticated microphysical
schemes embedded in LES models. Thus, a case comprising
a radiation fog event serves as a well-justi ed test bed for the
model presented in this paper.

Here, an innovative approach is proposed to treat the mi-
crophysical interactions between aerosols and clouds as well
as their impacts on boundary layer dynamics within a high-
resolution LES model while keeping the model computation-
ally feasible for long simulation times (few days) and large
model domains (tens of kilometres). We build and extend
upon a state-of-the-art LES model and a sectional microphys-
ical model (Stevens et al., 2005; Kokkola et al., 2008) to cre-
ate a cloud-resolving framework, where the size distributions
of aerosol, clouds and precipitation are all described with a
detailed sectional approach. In particular, the model intro-
duced in this work accurately preserves the characteristics of
the aerosol size distribution both inside and outside of clouds,
making it ideal for studying the impact of removal processes,
cloud processing and evaporation on the particle size distri-
bution, as well as the associated feedbacks on cloud prop-
erties, precipitation formation and boundary layer dynamics.
The model is evaluated by experimenting on two very differ-
ent cases: one comprising marine stratocumulus clouds based
on the DYCOMS-II dataset (Stevens et al., 2003), and an-
other focusing on a radiation fog event based on the ndings
of (Porson et al., 2011; Price, 2011). The results are com-
pared with earlier studies and models with a simple bulk mi-
crophysics scheme, and similarities and differences are anal-
ysed and explained in detail.

The new model is described in detail in Sect. 2 while case
descriptions and results for the marine stratocumulus and fog
cases are documented in Sects. 3 and 4, respectively. Discus-
sion of the model performance and conclusions drawn from
the results are reported in Sect. 5.

www.geosci-model-dev.net/10/169/2017/
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Figure 1. Schematic representation of the bin system and processes included in the extended SALSA module. Aerosol bins (green) cover the
size range from 3nm to 10 m, separated into hin regimes 1a, 2a and 2b (see text). Cloud droplet bins (light blue) are parallel to the aerosol
bins in terms of the dry CCN diameter above 50 nm (i.e. the aerosol bin regime 2a,b). Precipitation bins (dark blue), de ned according to the
wet diameter of the droplet, cover the size range between 50 mand 2mm.

2 Model description
2.1 The extended SALSA module

The Sectional Aerosol module for Large-Scale Applications
(SALSA,; Kokkola et al., 2008) is used as the basis for devel-
oping a uni ed sectional microphysical model for aerosols,
clouds and precipitation. The SALSA module, previously
employed in the ECHAM (Stevens et al., 2013) climate
model family, discretises the aerosol size distribution into 10
size bins according to the dry particle diameter (Bergman et
al., 2012) as shown in Fig. 1. The predicted variables for each
bin are the aerosol number and compound masses as well as
the mass of condensed water, which can be used to determine
the bin mean wet particle size. The total diameter range cov-
ered by the bins (from 3nm to 10 m by default) is divided
into subranges, 1a and 2a. This division into subranges aims
at minimising the number of tracer variables. This is achieved
by including only those chemical compounds that are sig-
ni cantly abundant in each subrange. Subrange la covers
the three smallest bins (up to 50 nm) and the particles are
assumed to be internally mixed, being composed of sulfate
and organic carbon, which contribute to the growth of newly
formed particles. Subrange 2a includes particles larger than
50 nm, whose composition may comprise all the chemical
compounds in the model. The module can be con gured to
include seven additional bins (designated 2b) parallel to the
bin regime 2a (i.e. same bin diameters), which allow for the
description of externally mixed particle populations. In a typ-
ical example, soluble compounds would be emitted to 2a and
insoluble compounds to 2b. The spacing of the size bins is
set logarithmically equidistant within each of the subranges.

www.geosci-model-dev.net/10/169/2017/

Further details about the bin discretisation can also be found
in Laakso et al. (2016). With these settings, the spectral res-
olution is quite coarse, but does provide a good compromise
between computational cost and model performance. Note,
however, that the numbers given here represent the default
settings the number of bins can be set to be larger, if neces-
sary.

The SALSA module includes detailed methods for solv-
ing the key microphysical processes, which are called se-
quentially. Coagulation is modelled based on the equations
in Jacobson (2005). For a particle number this is given as

Nj-
Niit D it 1 (1)
1C 1t Ki:jnj:t 1C%1tKi;ini;t 1
jpic1
and, similarly, for a volume concentration
|
Vit 1CAt  Kj:iVvj:tNit n
jD1
Vi;t D (2)
1C 1t Ki:;jnj:t 1
jpic1

In the above equations, K;:j is the total coagulation kernel
for the colliding particles in bins i and j, nj: is the particle
number concentration in bin i at time step t (t 1 refers to
the previous time step), vi:t is the volume concentration, 1t
the length of the time step and J is the total number of par-
ticle bins. Please note that the bin indices 1:::J should be
interpreted to cover all the bins of all particle categories in
the model (aerosol, clouds, precipitation) sorted by increas-
ing particle size.

Geosci. Model Dev., 10, 169 188, 2017
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For coagulation kernels with aerosol particles, we as-
sume Brownian coagulation, whose kernel in the continuum
regime is given as

K D2 .di Cdj/.Dy;i CDy;j/; @A)

where d; and d;j are the diameters of the colliding particles
and Dy;j and Dy;j their corresponding diffusion coef cients.
For the transition regime, the formula by Fuchs (1964) is
used. For larger particles, i.e. cloud droplets and precipita-
tion, the convective enhancement of Brownian coagulation
and gravitational collection are also included, and given as

¢ 5 1-
WEC KB 0:45Re;°S; Rej  1;dj  d

oo i 4
T KB 0:45Re; S Rej >1;dj  dy @
and

respectively (Jacobson, 2005). In the above equations, Sc; is
the particle Schmidt number, Rej is the Reynolds number,
E° is the collection ef ciency and Vs is the particle fall
speed The latter is parameterised as

8d2 /
<—i"1839 di <40 m

Vii D _ 2 ; (6)
-2 10%; 2 di 40 m

where | is the particle/droplet density and , is the air

density. aref IS a reference air density (given at the stan-
dard conditions for temperature and pressure, 273.15K and
1000 hPa), g is the gravitational acceleration, is the dy-
namic viscosity of air and is the Cunningham slip correc-
tion factor. The total coagulation kernels in Egs. (1) and (2)
are obtained as the sum Kj;j D KE: CKBCCKGJC All the co-
agulation kernels are currently updated each time step. How-
ever, this is computationally inef cient and the use of lookup
tables with bilinear interpolation in particle size is planned.

Condensation of water vapour and aerosol precursors
gases (currently sulfuric acid and organics) is based on the
analytical predictor of condensation (APC) scheme by Ja-
cobson (2005). The scheme rst calculates the new vapour
mole concentration as

P
Ct 1C 1t_lei;t lsi;t 1Cs;i;t 1
i .
Ct D P ’ (7)
1C1t Kyt 1
iD1

where kit 1 isthe mass transfer coef cient in size bin i based
on the current time step, J is the total number of bins (includ-
ing all particle categories), Si:t 1 is the equilibrium supersat-
uration and Cs:j.t 1 is the saturation mole concentration over
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a atsurface. The new particle mole concentrations for each
condensing vapour are then given in a semi-implicit form.

Cit Dcit 1CAtkit 1.Ct  Siit 1Cs:it 1/ (8)

While the APC scheme is mass preserving and numerically
stable, condensation and evaporation of water vapour on
small droplets and especially small aerosol particles requires
a very short time step ( 15) to avoid non-oscillatory solu-
tions. Since this goes beyond the practical range for the ap-
plications in this paper, where in general we aim towards a
time step around 1 s, two sets of measures are taken. First, for
small aerosol particles with ambient relative humidity (RH)
below 98 %, the wet size of aerosol particles is determined
as an equilibrium solution based on the molalities of differ-
ent particle species (Stokes and Robinson, 1996; Kokkola
et al., 2008), and the APC equations are solved only above
98 % RH. Second, a simple substepping method is applied
with Egs. (7) and (8), where the substep length for cloud
droplets is user de ned and currently set as 1t; D 0:15s. For
non-activated aerosol above the 98 % threshold for RH, even
further time splitting was found necessary and the timescale
is 1ty D tc=10. The equilibrium saturation ratio is updated
for each substepping cycle due to changing droplet/particle
size (temperature is kept constant).

Although not used in the context of this paper, new parti-
cle formation by sulfuric acid is included in the model. There,
the activation-type nucleation is formulated according to Ri-
ipinen et al. (2007) and the formation rate of 3 nm particles
is calculated according to Lehtinen et al. (2007).

2.1.1 Cloud droplets

In the new extended SALSA, cloud droplets are treated with
a sectional description as well (Fig. 1). Strictly speaking,
to reproduce the evolution of the aerosol size distribution
through cloud processing and wet scavenging accurately,
which is the goal of this work, a two-dimensional dry wet di-
ameter bin system would be required. This is because cloud
activation depends essentially on the dry aerosol size dis-
tribution, while collision processes and deposition rates de-
pend strongly on the wet particle size. Although such two-
dimensional frameworks have been developed (e.g. Lebo
and Seinfeld, 2011), the approach is computationally highly
demanding for large-eddy modelling applications spanning
timescales of days while covering relatively large domains
with high spatial resolution, all of which are pursued here.
As a compromise between accuracy and computational cost,
a unique strategy is proposed, where cloud droplets are de-
scribed based on the dry size of the activated aerosol (i.e.
cloud condensation nuclei, CCN) with the same prognostic
bin quantities as for the aerosol bins. The particle diame-
ters at the bin edges for the cloud droplet and non-activated
aerosol regimes are set identical within their common size
range (speci cally, the 2a,b bins as a default setting) as
shown in Fig. 1. Therefore, each cloud droplet bin is ac-

www.geosci-model-dev.net/10/169/2017/
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companied by a parallel aerosol bin. This way, the shape of
the aerosol size distribution and the number concentration
are preserved upon cloud droplet activation as well as upon
droplet evaporation though subject to the typical uncertain-
ties inherent to the sectional approach (Khain et al., 2015).
While the CCN dry diameter is known accurately (to the ex-
tent allowed by the spectral resolution of the size sections),
the wet size of the cloud droplets, determined by Egs. (1)
(8), represents a mean over each CCN size class.

Two methods are available for simulating the formation
of cloud droplets in the extended SALSA. One is the pa-
rameterisation by Abdul-Razzak and Ghan (2002), which
takes as an input the aerosol properties and updraft velocity
(along with atmospheric thermodynamic properties) to de-
termine the maximum supersaturation in a parcel of air and
thus the critical particle diameter for activation. Another is
based on resolving the wet aerosol particle diameter; once
the wet diameter of a particle exceeds the critical diameter
corresponding to the resolved supersaturation from the host
model, the particle is activated. Since the condensation of
water vapour is solved dynamically for high RH, it is prefer-
able to use the latter approach instead of the parameterised
one for consistency in terms of the peak supersaturation and
it is the approach used in the experiments of this work. This
allows for droplet activation also in other parts of the cloud
apart from the cloud base, e.g. due to radiative cooling ef-
fects at the cloud top or supersaturation caused by mixing
of air masses. However, if the vertical resolution of the host
model is coarse (several tens of metres and above) it becomes
necessary to use the parameterised method. With coarse res-
olutions the supersaturation peak at the cloud base may be
underestimated due to averaging effects, which yields under-
estimated cloud droplet number concentrations.

The relatively coarse spectral resolution of the aerosol bins
may induce unwanted discontinuities in the activation spec-
trum with increasing saturation ratio due to the particle size
discretisation. To mitigate these effects, the extended SALSA
accounts for the distribution of particle number and mass
within the critical aerosol size bin using linearly tted slopes
between the bin centres (Korhonen et al., 2005) with both of
the available methods for cloud activation.

Evaporation and deactivation of cloud droplets is ac-
counted for through the resolved condensation, upon which
activated aerosol particles are released back to the aerosol bin
regime as illustrated in Fig. 1. For this to take place, a very
simple diagnostic is used, where subsaturation with respect
to water vapour is required and the cloud droplet diameter
should be smaller than 50 % of the critical diameter dictated
by the properties of the CCN (or 2 m at maximum). To-
gether with the representation of collision coalescence pro-
cesses by Egs. (1) and (2), this enables the model to account
for aerosol aging inside the clouds. However, please note that
chemical processing of aerosol is not presently included in
the extended SALSA.

www.geosci-model-dev.net/10/169/2017/
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2.1.2 Precipitation

Due to our strategy of describing the cloud droplet distribu-
tion based on the dry CCN size, the wet droplet diameter
in each bin represents a mean over all activated CCN of the
corresponding size. Although the wet droplet size can be ex-
pected to be somewhat correlated with the dry CCN size, ne-
glecting the variability in the dry wet size relationship is an
oversimpli cation when predicting the mass and number of
particles converted to drizzle droplets. Therefore, a type of
autoconversion parameterisation is formulated. Here, a log-
normal distribution (selected because of mathematical sim-
plicity) is assumed to describe the variation of the droplet
wet size within each cloud droplet bin. The mode diameter
is given by the known bin mean wet cloud droplet diame-
ter and the geometric standard deviation is set as gac D 1:2,
which results in a relatively narrow distribution and is similar
to the values used for the cloud droplet size distribution in the
UCLA Large-Eddy Simulation Code (UCLALES) with bulk
microphysics. Setting a commonly used threshold diameter
for drizzle droplets, dp D 50 m, the number and mass con-
centrations of newly formed drizzle from the cloud droplet
bins are obtained as an integral over the log-normal distribu-
tion from dg upwards.

The evolution of precipitation is described with an addi-
tional set of size bins (Fig. 1). However, since the growth of
the drizzle droplets through collection processes is critical to
reach rain drop size and produce realistic surface precipita-
tion rates, the precipitation bins are de ned according to the
wet drop diameter, different from the cloud and aerosol size
bins. While the predicted bin properties are again similar to
aerosol and cloud droplets, now the aerosol mass (instead of
the mass of water) represents a mean for each precipitation
size class. This is in contrast with our emphasis of tracking
the aerosol size distribution properties but is an acceptable
compromise, since the number concentration of rain drops is
always much smaller than the concentration of cloud droplets
or aerosols. Thus, their in uence on the shape and chemi-
cal composition of the ambient aerosol size distribution upon
drop evaporation is not considerably obscured by the aver-
aging effects acting on the properties of the aerosol parti-
cles embedded inside the rain drops. The precipitation bins
cover the size range from 50 m to 2mm. This range is di-
vided into seven (currently xed) sections with strongly non-
uniform spectral resolution; up to the diameter of 100 m
(' rst 3 bins) the bin resolution gradually decreased from 5 to
35 m and above the 100 m range the resolution decreases
from 100 m to 1 mm.

Collection and scavenging of cloud droplets and aerosol
particles by precipitation are treated by the coagulation
(Egs. 1 and 2) as well. Aerosol particles collected by pre-
cipitation accumulates the aerosol mass inside the size bins.
Upon evaporation of a drizzle or rain drop, it is assumed that
asingle particle is released (Mitraetal., 1992) and it is placed
in an aerosol bin with the mean diameter closest to the re-
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leased dry particle size. The size of the released particle is
obtained simply based on the mass and the bulk density of
the aerosol. This adds the contribution of drizzle formation
on the aerosol processing in the model, albeit, again omitting
the chemical processing.

2.2 Coupled UCLALES SALSA

UCLALES (Stevens et al., 2005) is a large-eddy model based
on the Smagorinsky Lilly subgrid model. In the doubly pe-
riodic domain, advection of momentum variables is based on
a fourth-order difference equation with time-stepping by the
leap-frog method. For scalars, simple forward time stepping
is used. Prognostic variables in the UCLALES are the three
wind components u, v and w (with the standard meteoro-
logical notation), liquid water potential temperature | and
total water mixing ratio q;, plus some additional prognos-
tic scalars depending on the selected thermodynamic level
(e.g. rain water). UCLALES contains three thermodynamic
levels, which comprise dry, moist and precipitating thermo-
dynamical models, the latter two of which are based on the
saturation adjustment method. UCLALES does not include a
description for aerosol. Rather, the microphysical processes
are driven by a prescribed cloud condensation nuclei (CCN)
concentration, taken to represent the cloud droplet number.
The drizzle formation is given by Seifert and Beheng (2001)
as

¥ D kgdx; ©
where ¢, is the precipitation mixing ratio, qc is the cloud
condensate mixing ratio X¢ D q¢=N¢, where N¢ is the CCN
concentration and Kk is a coef cient taking into account the
droplet size distribution width and non-equilibrium effects
(Stevens and Seifert, 2008). Sedimentation of the drizzle and
rain drops is determined by sedimentation velocity, which
depends on the diagnosed droplet size according to Eq. (6).

Coupling the extended SALSA module into UCLALES
yields extensive changes in the thermodynamic core of the
model as compared to the version based on bulk micro-
physics, thus adding a new thermodynamic level (Level
4). With the coupled UCLALES SALSA, condensation and
evaporation of water vapour on cloud droplets, rain drops and
aerosols is explicitly computed (Eq. 8). Therefore, instead of
gt in case of the saturation adjustment method, level 4 treats
Jc, Or and the water-vapour mixing ratio (qy) as separate
prognostic variables. This allows non-equilibrium conditions
with respect to water vapour in UCLALES SALSA, in con-
trast to the standard UCLALES. | is retained as a prognostic
variable, which allows for simple treatment of the latent heat
transfer during moist adiabatic transitions.

UCLALES has an option to calculate cloud interaction
with radiation using a four-stream radiative transfer solver
(Fu and Liou, 1993). The radiation calculation accounts for
the diurnal cycle and takes as an input the total number
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concentration of cloud droplets and the cloud water con-
tent. With UCLALES SALSA, the total number of droplets
and condensate mass are obtained as the sum over the cloud
droplet size bins and used to calculate radiative transfer the
same way as in UCLALES (the aerosol elds are not coupled
with radiation in the current model version).

2.3 Technical implementation

UCLALES SALSA is currently implemented under the For-
tran95 standard. Output les are written in NetCDF format.
For parallel computing the Message Passing Interface (MPI)
library is used and the parallelisation strategy is based on
two-dimensional horizontal blocking of the model domain.
Since the particle number concentrations as well as the
masses of different compounds (aerosol species, liquid wa-
ter) in each particle size bin constitute a prognostic variable,
the number of advected scalars is increased from a maxi-
mum of 3 in UCLALES to O.100/ in UCLALES SALSA
even with a simple sulfate-based set-up. This obviously has
a strong impact on the computational cost. The model runs
at about real-time with a Cray XC30 supercomputer using
a decomposition with 8 8 grid points per MPI process.
While this is a substantial constraint on the applicability of
the model, short 12 24 h (model time) simulations are still
easily performed and in the following sections we will show
that the presented methods are necessary to improve our un-
derstanding about boundary layer clouds, fog and aerosols.

3 DYCOMS-II
3.1 Case description and model con guration

The new UCLALES SALSA is rst con gured and tested
based on the case DYCOMS-II ight RF02 (Stevens et
al., 2003), which took place off the coast of California in
July 2001. The observations conducted in this case featured
a mix of open- and closed-cell stratocumulus structures, with
strong drizzle associated with the former. For the model set-
up we follow the settings de ned by Ackerman et al. (2009);
in all simulations, the initial pro les of liquid water potential
temperature |, total water mixing ratio g (taken as supersat-
urated vapour in the model initialisation process), and u and
v wind components were speci ed with the following equa-
tions.

C
288:3K Z <7 (10)
! (295 .z zilY3K z z
9:45gkg ! z2<7
@D - o9 i R ¢t
3 5.1 exp..z zi/=500//gkg Z  Z
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Table 1. The DYCOMS-1I model experiments with their key con-
guration details.

Experiment  SALSA Particle
number (cm 3)
LEV3 off 55
LEV4 on 190
LEV3HI off 165
LEV4HI on 570

This is the prescribed CCN concentration when SALSA
is not used, otherwise the total initial aerosol number
concentration.

uD3C4:3z=1000ms ! (12)
vD 9C5:6z=1000ms * (13)

In the above, z;j is the initial inversion level set at 795m.

In addition, a large-scale divergence of 3:75 10 s 1 is

assumed, together with prescribed latent and sensible heat
uxes of 93 and 16 W m 2, respectively.

The simulations span 10 h. The rst hour is considered as
the spin-up period, during which drizzle formation and all
the collision processes are turned off, while cloud activation
and condensation processes are active. This prevents spuri-
ous effects on the cloud properties during the initial buildup
of turbulent kinetic energy and settling of the boundary layer
properties. The simulation domain spanned 5km into each
horizontal direction and 1600 m in the vertical, with the top-
most 200 m used as a sponge layer, damping unrealistically
re ected gravity waves at the model top. The horizontal reso-
lution is set to 50 m while the vertical resolution is 20 m. The
model uses an adaptive time step, whose maximum value is
set to 1s. During events of strong mixing in the course of the
model run, the time step was occasionally reduced to about
0.5s. A more detailed description of the model experiments
is given below and their key aspects are summarised in Ta-
ble 1. The performance of the UCLALES SALSA model is
evaluated by comparing the results with those obtained from
similar runs with UCLALES, using bulk microphysics as
well as eld measurements. This can also be contrasted to the
model ensemble used in the LES intercomparison in which
UCLALES was a part of (Ackerman et al., 2009). Thus, we
can isolate and characterise the effects induced by the use of
an elaborate sectional microphysical scheme for aerosols and
clouds.

3.1.1 Reference case experiments

The reference experiments are based on the basic settings
in terms of aerosol and cloud microphysics. For the ex-
periment performed with UCLALES SALSA, designated as
LEV4, this means that we use the two-mode log-normal ini-
tial aerosol size distribution given in Ackerman et al. (2009),
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which is assumed to consist of sulfate aerosol. The total num-
ber, geometrical mean diameter and geometrical standard de-
viation are 125cm 2, 22nm and 1:2 for the rst mode and
65cm 3, 120nm and 1:7 for the second mode, respectively.
In the model startup, the size distribution is remapped into
the SALSA aerosol size bins. For comparison with the exper-
iment LEV4, a parallel experiment, designated LEV3, is per-
formed with the UCLALES con guration using bulk cloud
microphysics. However, since UCLALES does not contain
a description for aerosols, the CCN number concentrations
must be prescribed, similar to most other available LES mod-
els. In LEV3, the CCN (i.e. cloud droplet) concentration is
set to 55cm 2, which roughly corresponds to the number of
cloud droplets initially produced by LEV4 and is also the
number used in other LES simulations based on this particu-
lar case (Ackerman et al., 2009; Savre et al., 2014).

3.1.2 Sensitivity tests

A set of sensitivity tests are performed to further investi-
gate certain aspects of the model. Experiments designated
as LEV4HI and LEV3HI are performed. These are similar
to LEV4 and LEV3, but with higher aerosol (or CCN for
LEV3HI) concentration (mode number concentrations mul-
tiplied by 3), and are utilised to study how the coupling be-
tween the model microphysics and dynamics reacts to per-
turbations in the initial aerosol and cloud properties.

3.2 Results
3.2.1 General features

Figure 2 shows a domain mean time height plot of the liquid
water content (LWC) in the LEV3 and LEV4 experiments.
While in the early stages of the simulation the LWC and the
macroscopic cloud structure are quite similar between LEV3
and LEV4, after about 4 h the results start to diverge substan-
tially marking a clear shift in the boundary layer dynamics.
Whereas the LEV3 simulations maintain a solid stratocumu-
lus deck until the end of the simulated period, LEV4 results
in a very thin stratiform cloud deck just below the inversion
with low LWC and only 5 10cm 3 cloud droplets. However,
in the last couple of hours of the simulation, this setting is in-
terspersed by occasional cumulus elements with base height
around 400 m. The thin laments below the stratiform cloud
shown in Fig. 2b are the result of these elements, although
they appear weak due to the horizontal averaging (the cu-
mulus clouds were also con rmed from three-dimensional
elds, although not shown here). This is reminiscent of the
formation of open-cell circulation structures in marine stra-
tocumulus clouds (Wood and Hartmann, 2006), which were
also observed during RF02 (Stevens et al., 2003).
Figure 3 shows the total liquid water path (LWP; taken as
cloud droplets plus precipitation) and the rain water path for
LEV3 and LEV4. Again, the LWP is fairly similar between
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Figure 2. Time height cross section of the cloud water content for LEV3 and LEV4 simulations in gkg L.
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Figure 3. (a) Liquid water path, interpreted as the total mass of water, including both cloud droplets and drizzle. (b) Rain water path, taken as
the water mass diagnosed from precipitation bins only. Results from LEV3 are shown with a dashed line while those from LEV4 are shown

with a solid line. The horizontal blue dashed line in panel (a) represents the observed ight mean liquid water path at 120g m

by Stevens et al. (2003).

the two experiments during the rst 4h and it also agrees
quite well with the observed mean LWP, as shown in the

gure. After about 4 h, LEV4 starts to deviate from LEV3.
However, in a later stage, a substantial portion of the total
LWP is interpreted as precipitation in LEV4, while in LEV3
the mass of precipitation is much smaller. This is mainly
due to a diagnostic discrepancy; in LEV4 most of the ex-
cess precipitating droplets reside within the cloud layer and
partition into the smallest bin, where fall speeds are low and
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2 as reported

droplets quickly evaporate after descending below the cloud
layer. This stems from the details in parameterising drizzle
formation. Differences arise for example from the fact that
when large cloud droplets (=50 m) are considered as driz-
zle in UCLALES SALSA, they are transferred to the small-
est precipitation bin, beyond which their growth is explic-
itly modelled (though subject to low bin resolution). In con-
trast, in LEV3 a size distribution (based on gamma function)
is assumed for precipitation, which causes at least a part of
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range of observed values as shown in Ackerman et al. (2009).
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Figure 5. Domain mean vertical pro les of (a) potential temperature, (b) water-vapour mixing ratio and (c) liquid water mixing ratio. Data

are plotted in 3 h intervals from the initial state of the model to 9 h into th
with a dashed line while those from LEV4 are shown with a solid line.

the precipitating droplets to reach surface-reaching rain drop
sizes much faster than in LEV4. Figure 4a shows that despite
the difference in the rain water path, the surface precipita-
tion rate is of a similar order of magnitude between LEV3
and LEV4. The results are also for a large part within the
observed range as shown in Ackerman et al. (2009). This is
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e simulation (from black to orange). Results from LEV3 are shown

used as the main criterion for setting up the model param-
eters such as gc. Nevertheless, even after considering the
differences in drizzle, it is evident that the boundary layer
and cloud properties in LEV4 shift towards a very different
state as compared to LEV3.
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