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Abstract
Acomparison between the spectralmicrophysics cloud scheme (MiStra) and the parametrized
cloud scheme (PaStra) is presented. The main feature of MiStra consists of the treatment of
aerosol particles, cloud droplets, and drizzle particles in a joint two-dimensional particle
size distribution, whereas PaStra consists of a two-moment scheme for cloud droplets com-
bined with a one-moment scheme for drizzle. Both cloud schemes have been implemented
in a single-column model of the cloud-topped marine boundary layer. Numerical sensitivity
studies are presented demonstrating that MiStra is capable of simulating in great detail the
major cloud microphysical processes occurring in low-level stratiform clouds.While inMiS-
tra no empirical parameter is available to tune the model, the empirical model parameters of
PaStra have been tuned by means of the MiStra model results. By comparing the numerical
results of PaStra with those of MiStra it is found that PaStra simulates the overall charac-
teristics of the cloud-topped marine boundary layer quite well. At the same time, however,
the effects of single cloud microphysical processes differ substantially from those of MiS-
tra. Finally, it is shown that even in PaStra the inclusion of all major cloud microphysical
processes is mandatory in order to obtain appropriate results.

Keywords Marine boundary layer · MiStra · Parametrized cloud microphysics · PaStra ·
Spectral cloud microphysics

1 Introduction

The treatment of cloud processes is an inevitable and integral part of all numerical weather
prediction (NWP)models. In thesemodels, it is commonpractice to use different parametriza-
tion schemes for grid-scale stratiform and subgrid-scale convective clouds. Moreover, the
parametrization schemes may differ regarding the inclusion of liquid water, ice, or mixed
phase processes occurring within the clouds. For the numerical simulation of the mid-latitude
cloud-toppedmarine boundary layer (MBL), it is usually sufficient to apply agrid-scalewarm-

B Andreas Bott
a.bott@uni-bonn.de

1 Institute of Geosciences, University of Bonn, Bonn, Germany

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s10546-020-00501-4&domain=pdf


154 A. Bott

cloud scheme that ignores ice and mixed-phase cloud processes. The numerical simulation
of marine stratiform boundary-layer clouds is of particular importance not only for weather
prediction but also for climate studies, since these clouds are often very persistent thereby
covering large areas of the oceans. Owing to their high albedo they have a strong negative
effect on the Earth’s radiation budget (Klein and Hartmann 1993).

The existing cloud models may be subdivided into two groups: the spectral and the bulk
microphysics schemes. In the spectral approach, cloud droplets are represented by a par-
ticle size distribution, and for each droplet size class (bin) a separate prognostic equation
is solved. In a warm-cloud scheme the microphysical processes to be considered in this
prognostic equation include the activation of aerosol particles to form cloud droplets, their
subsequent diffusional growth, as well as the formation of precipitation particles by collision
and coalescence of the cloud droplets. Bulk microphysics cloud schemes do not describe
cloud processes in detail. Instead, they only simulate the time evolution of bulk cloud char-
acteristics, such as cloud thickness, total cloud water content, liquid water path, precipitation
rate, and others. Of course, in both cloud schemes, dynamical processes, that is advection,
turbulent mixing, and gravitational settling of the hydrometeors, have to be accounted for as
well.

In the literature, a large number of spectral and bulkmicrophysics cloud schemes of differ-
ent complexity exists ranging from simple one- or two-moment schemeswith the cloud-water
mixing ratio, or both the cloud-water mixing ratio and the total droplet number concentration,
as prognostic variables (e.g., Kessler 1969; Sundqvist et al. 1989; Khairoutdinov and Kogan
2000;Milbrandt and Yau 2005;Morrison et al. 2005;Morrison and Gettelman 2008; Lim and
Hong 2010), to spectral approaches where cloud and raindrops are represented by particle
size distributions (e.g., Clark 1973; Kogan 1991; Lynn et al. 2005; Khain et al. 2009, 2015).
Grabowski et al. (2019) present a comprehensive overview of progress in the field of cloud
microphysical parametrizations made during the last decades. Several studies exist dealing
with a comparison of spectral versus bulk microphysics cloud schemes (e.g., Khain et al.
2009; Fan et al. 2012; Lee and Baik 2018). These investigations, which focus on situations
with deep cumulus convection, indicate that bin microphysics schemes are clearly superior
to bulk models yielding more realistic representations of all relevant cloud processes. At the
same time, however, it is also emphasized that, owing to the extremely high computational
effort of bin microphysics schemes, they are presently not used in NWP or climate models.

In the present study, we compare the spectral microphysics stratus model (MiStra) (Bott
et al. 1996), and the stratusmodel with parametrized cloudmicrophysics (PaStra).MiStra and
PaStra are extended versions of the microphysical fog model (MiFog) (Bott et al. 1990), and
the parametrized fog model (PaFog) (Bott and Trautmann 2002), including now the process
of drizzle formation. A unique feature of the MiStra model is given by its treatment of
aerosol particles, cloud droplets, and drizzle particles in a joint two-dimensional particle size
distribution with the aerosol and water mass as independent variables. This particle spectrum
is subdivided into some thousand bins of different aerosol and water mass, thus enabling a
very detailed simulation of the major cloud microphysical processes, i.e. the activation of
aerosol particles to form cloud droplets, the diffusional growth of the activated cloud droplets,
and the formation of drizzle particles by collision/coalescence processes. In contrast to this,
in the parametrized model PaStra, a two-moment scheme for cloud droplets combined with
a one-moment approach for drizzle formation is applied. Hence, prognostic equations are
solved for the total number concentration of cloud droplets and the mixing ratios of cloud
and drizzle water.

Since the MiStra model is computationally very expensive, it has not yet been imple-
mented in three-dimensional atmospheric models. However, several applications exist where
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the model has been combined with a chemical reaction mechanism simulating in a single-
column model version gas and aqueous phase chemical reactions during a fog event (Bott
and Carmichael 1993) and the cloud-topped MBL (von Glasow et al. 2002; Pechtl et al.
2007; Bobrowski et al. 2007, 2015). The PaFog model, on the other hand, has already been
implemented in three-dimensional dynamical models describing there the spatio-temporal
evolution of fog events (Masbou 2008; Müller et al. 2010; Kim et al. 2019).

For comparison of the PaStra with the MiStra model, both models have been merged
to a single one-dimensional (height-dependent) planetary boundary-layer (PBL) model
describing the time evolution of the cloud-topped MBL. For brevity, the PBL model
version using the spectral microphysical cloud scheme will henceforth be called MiS-
tra, while the PBL model version using the parametrized cloud scheme will be denoted
PaStra. Of course, we are aware of the fact that with a single-column PBL model,
which is equivalent to the assumption of horizontal homogeneity of all thermody-
namic variables, a numerical simulation of realistic fog and stratus events is usu-
ally hardly possible. However, this treatment enables a comparison of the perfor-
mance of the parametrized microphysics approach of PaStra with the spectral micro-
physical approach of MiStra so that the use of PaStra in three-dimensional NWP or
climate models may be justified. Moreover, following the argumentations of Smith
et al. (2018), even with a computationally very efficient single-column model the
interaction of different physical processes occurring during the life cycle of fog and
low-level clouds can be adequately simulated. We believe that our findings with the
single-column PBL model are for the most part transferable to three-dimensional NWP
models, since in these models physical processes, such as turbulence, radiative trans-
fer, and cloud microphysics are usually parametrized separately in each vertical grid
column.

In the following section, we present a short overview of the governing model equations.
Since here we are not able to discuss all model equations in detail, we refer the reader to
corresponding earlier literature (Bott et al. 1990, 1996; Bott and Trautmann 2002). Section 3
presents a detailed description and discussion of the numerical results, while a summary and
concluding remarks are given in Sect. 4.

2 Model Description

2.1 Dynamics

The dynamical part of the model consists of a set of prognostic equations for the horizontal
wind field with velocity components (u, v), the potential temperature θ , and the specific
humidity qv as given by
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The first terms on the right-hand side (r.h.s.) of these equations describe the turbulent
mixing with exchange coefficients (km, kh) for momentum and heat, where the values of
(km, kh) are diagnostically calculated by means of the level-2.5 turbulence closure scheme
of Mellor and Yamada (1982). In this approach the exchange coefficients are determined as
functions of the turbulence kinetic energy, for which a prognostic equation is solved. More
details on the turbulence scheme can be found in Mellor and Yamada (1982) or in Bott et al.
(1996).

The second terms on the r.h.s. of Eq. 1 denote the large-scale subsidence with the vertical
component w of the wind field. It is noteworthy that by reason of mass conservation, in
a one-dimensional model large-scale subsidence should not occur, that is w = 0 in (1).
However, without this forcing term a reasonable simulation of fog or stratiform clouds with
a one-dimensional model would be impossible (see, e.g., Driedonks and Duynkerke 1989;
Bott et al. 1996; Wærsted et al. 2019).

The last term inEqs. 1a, 1b represents theCoriolis force togetherwith the pressure gradient
force whereby f is the Coriolis parameter and (ug, vg) are the components of the geostrophic
wind. The term En occurring in the prognostic equation for θ is the net radiative flux density,
here obtained from the radiation scheme presented in Loughlin et al. (1997). In this δ-two
stream approximation, which is based on the radiation scheme of Fu (1991) and Fu and Liou
(1992), for the calculation of the atmospheric radiative transfer the solar and the infrared
spectral regions are subdivided into six and twelve sub-intervals, respectively. A special
feature of the radiation scheme consists in the application of the k-distribution method for the
calculation of the radiative absorption by atmospheric gases (Lacis and Oinas 1991). Finally,
the last term in the prognostic equations for θ and qv denotes condensation/evaporation
processes whereby L is the latent heat of condensation and C is the condensation rate. All
other terms occurring in (1) have their usual meaning.

2.2 CloudMicrophysics

In the present PBL model, cloud microphysical processes may be considered by choosing
either the spectral cloud microphysics (MiStra) or the parametrized cloud scheme (PaStra).
In MiStra, cloud processes are described in great detail by calculating the time evolution of
a joint two-dimensional spectral size distribution for aerosol particles and cloud droplets,
while in PaStra a two-moment scheme is applied calculating the total number concentration
of cloud droplets and the cloud water content. In each grid cell of the vertical grid column,
condensation/evaporation as well as collision/coalescence are calculated as functions of the
average relative humidity, i.e. subgrid-scale variations of the relative humidity within a single
grid cell are ignored. It is also noteworthy that for a particularmodel run it is possible to choose
one of the two cloud schemes in such a way that all other model parts remain unchanged.

2.2.1 The Cloud Scheme with Spectral Microphysics

The spectral cloudmicrophysics approach ofMiStra is based on the microphysical fogmodel
MiFog ofBott et al. (1990) and the extensions of thismodel to themicrophysical stratusmodel
(see, e.g., Bott et al. 1996; Bott 1997, 2001). Here, aerosol particles and cloud droplets are
combined in a joint two-dimensional size distribution f (ma,mw) with the dry aerosol mass
ma and the liquid water mass mw as independent variables. The aerosol and liquid-water
mass spectra are logarithmically equidistant subdivided into 70 × 70 bins yielding radii of
the dry aerosol particles and the total particles in the ranges 0.01–10 µm and 0.01–550 µm,
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respectively. Hence, the time evolution of the particle spectrum is described by solving a set
of 4900 prognostic equations of the form
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The first two terms on the r.h.s. describe turbulent mixing processes and the vertical displace-
ment of f (ma,mw) as caused by the large-scale subsidencew together with the gravitational
settling of the particleswith terminal velocitywt (ma,mw). This quantity is calculated accord-
ing to Beard (1976). The third term denotes the modification of the particle spectrum due
to diffusional growth of the particles during condensation/evaporation. The droplet growth
velocity ṙ is calculated following Davies (1985). In this form of ṙ , the impact of the atmo-
spheric radiation field on the diffusional growth of the cloud droplets is explicitly considered
(see alsoBott et al. 1990, 1996). Finally, the last term inEq. 2 represents collision/coalescence
processes affecting the particle spectrum. These processes are accounted for by solving the
stochastic collection equation (e.g., Pruppacher and Klett 1997). A detailed description of
the numerical solution of the stochastic collection equation for the special case of a two-
dimensional particle space is presented in Bott (2001).

It should be emphasized that with the approach of a joint two-dimensional particle spec-
trum for unactivated aerosols and activated droplets, in MiStra the activation process of
aerosol particles to form cloud droplets is explicitly simulated, that is the movement of each
particle along the stable and unstable part of the Köhler curve is directly calculated as a
function of the relative humidity. This holds in subsaturated and likewise in supersaturated
environments. Moreover, drizzle particles, which may be formed by collision/coalescence of
cloud droplets, are also included in this joint particle distribution. Hence, from the mathe-
matical point of view, the model does not distinguish between unactivated aerosol particles,
cloud droplets, and drizzle particles.

Nonetheless, in order to enable a comparison betweenMiStra and PaStra, in the numerical
results to be presented in the next section, a subdivision of the particle spectrum has been
performed in such a way that all particles with total radius smaller than r1 = 1 µm are
denoted as (interstitial) aerosol particles, particles with a radius between r1 and r2 = 40
µm refer to cloud droplets, while all particles with a radius exceeding r2 are called drizzle
particles. According to this subdivision the term cloud water content refers to the water mass
of all cloud droplets, the water mass of all drizzle particles is denoted as drizzle water content
while the total liquid water content is given by the sum of the cloud and drizzle water mass.
The values of the two radii (r1, r2) are somehow arbitrarily chosen and not very strongly
based on microphysical processes. The reason for their choice is given in the next section.

In MiStra the extinction of shortwave and longwave radiation by the particles is calcu-
lated as a function of the time dependent radiation parameters of the spectral particle size
distribution. These parameters are obtained by utilizing the results of an extensive series of
Mie calculations where the radiation parameters of single particles with different fractions
of aerosol and water mass have been determined and stored in look-up tables. Utilizing these
tables, in each spectral region of the radiation scheme the actual radiation parameters of the
particles are given by evaluating corresponding integrals over the particle size distribution.
For more details of this approach, see Bott et al. (1990).

From the above model equations it is concluded that in MiStra no empirical parameters
are available to tune the model. In contrast to this, in PaStra all microphysical processes are
strongly parametrized yielding in this scheme various empirical model parameters that may
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be adjusted to optimize the model results. Hence, the empirical model parameters of PaStra
as presented in the following section have been tuned based on numerous sensitivity studies
and comparison with corresponding MiStra results.

2.2.2 The Cloud Scheme with Parametrized Microphysics

It is quite obvious that the spectral cloud microphysics scheme of MiStra is numerically very
expensive in terms of computer memory and CPU time usage, thus presently prohibiting
the implementation of the scheme in a three-dimensional NWP model. As an alternative to
the detailed microphysics approach, Bott and Trautmann (2002) introduced the parametrized
model for radiation fog PaFog. This approach has already successfully been implemented in
three-dimensional NWP models (see, e.g., Masbou 2008; Müller et al. 2010). In PaFog the
detailed spectral cloud microphysics approach of MiFog has been replaced by a numerically
very efficient parametrization scheme for fog microphysics, which is based on Nickerson
et al. (1986) and Chaumerliac et al. (1987).

In the original form of PaFog, drizzle formation by collision/coalescence of cloud droplets
has been ignored. For the numerical simulation of radiation fogs this simplification might be
justifiable since it is to be expected that during fog events drizzle plays only aminor role.How-
ever, since the present PBL model is used for the simulation of low-level stratiform clouds,
the parametrized cloud scheme of PaStra has been extended by a simple parametrization
for the treatment of drizzle formation. In accordance with PaFog, also in PaStra prognostic
equations are solved for the total number concentration Nc and the total cloud water mixing
ratio qc,
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Here, wt,c is the terminal velocity of the falling cloud droplets and S(Nc) is a source term
for cloud droplets in case of activation. This term is calculated by means of the Twomey
relation (Twomey 1959). According to Nickerson et al. (1986), the cloud-droplet number
concentration Nc is assumed to be given by a lognormal size distribution. The term (∂qc/∂t)d f
occurring in Eq. 3b has been newly introduced in PaStra. It describes the loss of cloud water
due to drizzle water formation and is simply given by(

∂qc
∂t

)
d f

= αqc, (4a)

α = qc
qc,cri t

1

3600
, (4b)

where α has units of s−1 and qc,cri t = 0.5 g kg−1. In the case of supersaturation, the
condensation rate Cc occurring in Eq. 3b is given by C , cf. Eq. 1. Hence, in PaStra the
condensational growth of drizzle particles is neglected. This approximation takes into account
that with increasing radius of the cloud droplets their diffusional growth becomes more and
more inefficient. If evaporation occurs in subsaturated air, in agreement with the numerical
results of MiStra, the total evaporation rate is partitioned between drizzle and cloud water.
However, owing to the large fall speeds of the large drizzle particles, it is assumed that in
a layer of 20 m vertical thickness not more than 15% of the entire drizzle water mass may
evaporate. The prognostic equation for the drizzle water content, qd , thus reads
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where Cd = C − Cc so that Cd = 0 if condensation takes place and Cd < 0 in the case of
evaporation. Finally, for the calculation of the terminal fall speedwt,d of the drizzle particles it
is assumed that they have a radius of 80µm. In PaStra, all empirical parameters of the drizzle
parametrization have been chosen in such a way that the model results resemble those of
MiStra as closely as possible. However, a presentation of detailed sensitivity studies regarding
the choice of these parameters is beyond the scope of the present paper. In summary, in PaStra
the two-moment approach of PaFog for the clouddroplets has been extendedby a one-moment
scheme for the drizzle water content. Certainly, the present drizzle parametrization is a rather
crude approach, however, as will be shown in Sect. 4, even with this simple parametrization
the model results obtained with PaStra are clearly superior to those where drizzle formation
is ignored.

3 Numerical Results

In this section results of numerical sensitivity studies with MiStra and PaStra are presented.
The major focus of our investigations is on the impact of the complexity of the two cloud
schemes on themodel results.With the present approach, this taskmay be easily realized since
we are able to switch between simulations with the detailed spectral microphysics scheme
(MiStra) and the numerically efficient two-moment parametrization (PaStra), thereby leaving
the model dynamics unchanged. The present study deals with the time evolution of the cloud-
topped MBL, and in order to facilitate the comparison between both models, the initial state
of the atmosphere has been chosen in such a way that a quasi-steady state of the cloud-topped
MBL evolves.

The numerical simulations have been carried out by using, within the PBL, a vertically
stretching grid mesh where the first layer above the Earth’s surface has a thickness of 1
m. The thickness of the overlying layers increases by applying a constant stretching factor
yielding grid distances of 7 m, 15 m, and 30 m at 200 m (layer 68), 500 m (layer 95), and
1000 m height (layer 119), respectively. All prognostic equations are solved in the lowest
2500 m of the atmosphere (150 layers). For the calculation of the atmospheric radiative
fluxes, above 2500 m height 10 layers with prescribed constant values of all thermodynamic
variables are added reaching up to a height of 50 km. The numerical integration timestep has
been chosen to 10 s. In the microphysical part of MiStra this timestep is very large since the
condensation/evaporation of the particles is explicitly calculated by moving them on their
Köhler curves. This movement, which takes place in r -direction of the (a, r)-particle space,
is obtained by solving for each (ai )-aerosol bin an advection equation where the Courant
numbers are calculated as a function of the droplet growth velocity of the particle. Specifically
on the stable part of theKöhler curves this yields extremely largeCourant numberswith values
exceeding ±1000. The reason for these large Courant numbers is given by the fact that with
changing relative humidity the nonactivated aerosol particles almost instantly achieve their
new equilibrium positions on the stable part of the Köhler curve. To handle this problem, a
semi-Lagrangian version of the fourth-order advection scheme of Bott (1989) is applied.

In all model runs, the simulation starts on October 15 (day 0) at 0600 UTC and ends after
60 h simulation time on October 17 (day 2) at 1800 UTC, whereby the local time agrees
with UTC. The geographical latitude is 50 ◦N. Since the stratus is simulated in a marine
environment, the lower boundary of the model is given by the (saturated) sea surface with
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constant temperature of 12 ◦C. Below the inversion layer zinv of initially 900 m, constant
values of θ = 12 ◦C and q = 6.9 g kg−1 are applied reflecting a well-mixed PBL. However,
initially in each layer the value of the specific humidity is limited in such a way that the
relative humidity does not exceed 95%. This applies to the layers between 360 m and zinv .
The purpose of this treatment is to obtain a pre-cloud model tuning phase during which all
variables can adapt to each other. With the present model configuration the pre-cloud phase
lasts about 10 h. Immediately at zinv the temperature increases by δTinv = 9 ◦C and q
decreases to qinv = 2 g kg−1. Between zinv and 2500 m height a lapse rate of 6.5 ◦C km−1

is assumed while the specific humidity remains constant at the value of qinv . The large-scale
vertical subsidence w varies linearly from winv = −4 mm s−1 above zinv to zero at the sea
surface. During the model simulations the vertical w-profile is held constant. Above zinv ,
the initial horizontal wind profile is given by a vertically constant geostrophic wind in the
x-direction with ug = 5 m s−1, which also linearly decreases to zero at the sea surface.

In MiStra the initial maritime aerosol size distribution has been formulated as a super-
position of three log-normal size distributions. The empirical coefficients occurring in this
formula have been chosen in such a way that the enveloping curve yields an optimal fit of
typical maritime aerosol size distributions as observed by Hoppel et al. (1990), see also Bott
et al. (1996). It is well known that in the cloudy atmosphere the collision/coalescence pro-
cess is an efficient sink for particles, e.g., for the formation of a single drizzle particle with
radius 100µm the collision and coalescence of 1000 droplets with radius 10µm is necessary.
Without the permanent supply of new aerosol particles, after a short time period the number
of aerosol particles available to serve as cloud condensation nuclei would be so small that
unrealistically high supersaturations would be necessary to activate the remaining interstitial
aerosol particles. In order to avoid this situation, in the numerical simulations with MiStra an
aerosol source has been introduced. The strength of this source is chosen in such a way that
during the model simulation, within the PBL the total particle cocentration remains more or
less at the initial level of about 200 particles cm−3. The aerosol source is confined to the
lowest 10 m of the atmosphere. Since in PaStra no prognostic equation is solved for the total
number concentration of the aerosol particles, this quantity is held constant throughout the
model simulations.

3.1 Results of theMicrophysical CloudModel

In the following a particular layer will be denoted as a cloud layer if its cloud water content
exceeds the threshold value of 0.01 g kg−1, irrespective of its drizzle water content. Figure 1a
depicts a contour plot of the total liquid water content as a function of time (UTC) and height.
The entire cloud region is located between the red lines at cloud top and cloud base.Moreover,
the yellow line denotes the saturation level that divides the cloud into a supersaturated (above)
and subsaturated (below) part. As can be clearly seen, stratus formation starts on day 0 at
about 1630 UTC (henceforth 0:1630 UTC) at 500 m height. It takes roughly two hours until
the cloud top has reached its final height of about 720 m. In contrast to the cloud top, the
cloud base shows slight diurnal variations between 280 m in the night and 330 m in the
early afternoon. The figure also demonstrates that the cloud is supersaturated only in its
upper third. Hence, in a simple cloud parametrization scheme it might be critical to treat
only saturated layers as cloud layers. The maximum total water content never exceeds 0.5
g kg−1 and is always increasing with height. Owing to the solar irradiation, the total water
content is smaller during the day than during the night. As an example of this behaviour, Fig.
1b shows vertical profiles of the total liquid water content at the times 1:0600 UTC, 1:1400
UTC, 2:0600 UTC, and 2:1400 UTC.

123



Comparison of a Spectral Microphysics and a Two-Moment Cloud… 161

1200 0000 1200 0000 1200
time (hour)

0

200

400

600

800

he
ig

ht
 (

m
)

0.0 0.1 0.2 0.3 0.4 0.5

total liquid water content (g kg-1)

0.0 0.1 0.2 0.3 0.4 0.5 0.6

total liquid water content (g kg-1)

0

200

400

600

800

he
ig

ht
 (

m
)

1 2 3 4

(a) (b)

Fig. 1 a Total liquid water content as a function of time (UTC) and height for the MiStra model run. Red
lines: cloud region, yellow line: saturation level. bVertical profiles of the total liquid water content at the times
1:0600 UTC (curve 1), 1:1400 UTC (curve 2), 2:0600 UTC (curve 3), 2:1400 UTC (curve 4)
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Fig. 2 Liquid water mass as a function of total particle radius at 2:0000 h. a MiStra without colli-
sion/coalescence. b MiStra control run. Curve 1: cloud top, curve 2: middle of the cloud, curve 3: cloud
base

The justification for the above chosen values of the radii (r1, r2) dividing the particle
spectrum into aerosol particles, cloud droplets, and drizzle particles, follows from Fig. 2
depicting the spectral distribution of the total liquid water mass at the time 2:0000 UTC at
cloud top (711 m, curve 1), in the middle of the cloud (523 m, curve 2), and at cloud base
(307 m, curve 3). Curves taken at other model times yield similar results. Figure 2a shows
the distributions from a simulation where collision/coalescence has been switched off, while
Fig. 2b denotes the results from theMiStra control run. It is clearly seen that in the model run
without collision/coalescence the liquid water is mainly distributed over particles in the size
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Fig. 3 a Drizzle water content as a function of time (UTC) and height for the MiStra model run. Red lines:
cloud region, yellow line: saturation level. bVertical profiles of the drizzle water content at the times indicated
in Fig. 1

range 2–30 µm. This size range consists of activated aerosol particles solely growing by the
diffusional uptake of water vapour. In contrast to this, the results of the control run show the
evolution of a bimodal structure of the liquid water distribution resulting from the diffusional
growth and the collision/coalescence process that yields particles with radii exceeding 40
µm. Hence, the model reflects the well-known fact that with increasing particle radius the
diffusional growth of cloud droplets becomes more and more inefficient so that the major
source of large drops is the collision/coalescence process, (see, e.g., Pruppacher and Klett
1997).

Figure 3 shows a contour plot of the drizzle water content (part a) and its vertical profiles
(part b) at the times indicated in Fig. 1. In contrast to the total liquid water content, the
maximum drizzle water content, which during the entire model simulation remains always
below 0.035 g kg−1, is located in the middle of the cloud. The reason for this is that drizzle
particles are mainly formed in the upper cloud layers, but owing to their size, they have
relatively large fall speeds. The increasing evaporation in the lower cloud layers yields the
observed local maxima of qd in the middle of the cloud. As was to be expected, during the
day the drizzle water content is smaller than during the night. Drizzle also appears between
the sea surface and cloud base. However, the resulting accumulated precipitation rate at the
sea surface amounts only to 0.01 mm at 1:0000 UTC, 0.32 mm at 2:0000 UTC, and 0.54 mm
at 2:1800 UTC.

Another striking feature of Fig. 3 is given by the fact that drizzle formation is stronger
during the second day than during the first day, (compare curves 1with 3 and 2with 4). This is
explained by the fact that after cloud formation, drizzle particles are permanently produced
so that their number concentration is increasing with time, thus improving the collection
efficiency.

From the contour plots of the total liquid water and the drizzle water content (Figs. 1a, 3a)
it is concluded that shortly after its formation the stratiform cloud achieves a quasi-steady
state with constant cloud top and only slightly varying cloud base. Also the total liquid water
content is diurnally varying with minimum and maximum values during the day and night,
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respectively. The quasi-steady behaviour of the stratus is not restricted to the cloud itself,
but it is also observed in the time evolution of all other thermodynamic variables describing
the cloud-topped MBL (not shown). This finding is not surprising, in fact it is an expected
feature of the simulated boundary layer. The reason for this is that the external forcing terms
driving the MBL, i.e. surface heat and moisture fluxes as well as large-scale subsidence, are
held constant throughout the model simulations. Only the insolation is a diurnally varying
external forcing term yielding the observed diurnal fluctuations of the stratus in terms of its
cloud-base height and the total liquid water content.

Hence, it may also be expected that the quasi-steady state of the cloud is expressed by
nearly vanishing local time rates of change of all prognostic variables. That this is indeed
the case is clearly demonstrated in Fig. 4 showing vertical profiles of the tendencies of
the temperature, the specific humidity, the cloud and the drizzle water content at model
time 2:0000 UTC. In addition to the total tendencies (curves 1), the figure also depicts for
each variable the tendencies that result from different physical processes occurring in the
corresponding prognostic equations. A common feature of the four figure panels is given by
the fact that all total tendencies are several orders of magnitude smaller than the tendencies
of the different single physical processes. This reflects the evolution of a quasi-steady state
of the boundary layer and demonstrates that during the evolution of the cloud a fine balance
is established between the different contributions to the total tendencies even though some
of them achieve considerably large values. Corresponding vertical profiles of the tendencies
taken at other model times show similar behaviour.

Figure 4a depicts the temperature tendencies and demonstrates that at cloud top strong
warming occurs due to the condensation process and the associated release of latent heat.
The peak value amounts to 24 ◦C per hour. These extremely large heating rates are almost
completely balanced by turbulent mixing (curve 3) and radiative cooling (curve 5). Owing
to the well-mixed state of the PBL, large-scale subsidence plays only a minor role for the
temperature balance yielding slight warming rates at the inversion layer. Below the saturation
level at 600 m height (see Fig. 1) evaporative cooling takes place, which is almost completely
balanced by turbulent mixing. From Fig. 4b it is seen that the tendencies of the specific
humidity show the expected behaviour, that is strong decrease (increase) above (below)
the saturation level as caused by condensation (evaporation). These tendencies are almost
completely balanced by those of turbulent mixing. Again, large-scale subsidence is of minor
importance yielding at cloud top a decrease of the specific humidity due to the subsidence of
dry air aloft.

Similarly, the cloud water tendencies (Fig. 4c) are mainly characterized by a balance of
condensation/evaporation and turbulent mixing. However, curve 2, which now in addition to
the large-scale subsidence also includes the gravitational settling of the cloud droplets, has
a strong negative peak in the uppermost cloud layer. The tendency of the cloud droplets loss
due to collision/coalescence (curve 5) is relatively small with minimum values in the upper
cloud region. Finally, from the tendencies of the drizzle water content (Fig. 4d) it is concluded
that, owing to the large fall speed of the drizzle particles, their gravitational settling plays
a dominant role yielding a pronounced decrease at cloud top and an increase at cloud base
and below. This explains the typical shape of the verticle drizzle water profiles shown in
Fig. 3. The gravitational settling tendency is balanced by turbulent mixing (curve 3) and the
production rate by collision/coalescence (curve 5). Moreover, the tendency curve 4 shows
a very slight increase at cloud top by condensation, but below 400 m a distinct decrease
by evaporation of drizzle particles. Note the different scales of the abscissa for the drizzle
tendencies in comparison to those of the cloud water and the specific humidity.
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Fig. 4 Tendencies of a temperature, b specific humidity, c cloud water, and d drizzle water at 2:0000 UTC
for the MiStra model run. Curve 1: total tendency, curve 2: large-scale subsidence, curve 3: turbulence, curve
4: condensation/evaporation, curve 5a: radiative cooling, curves 5c, d: collision/coalescence

A very notable feature of all tendency curves of MiStra (also those at all other times not
shown) is the fact that they are characterized by a smooth shape. This holds in particular for
the saturation level as well as the cloud base, i.e. no kinks or other discontinuities occur in all
tendency curves. This behaviour is a direct consequence of the microphysical treatment of
the particle spectrum in a joint distribution of unactivated aerosols, activated cloud droplets,
and drizzle particles. In the following section it will be shown that for PaStra this behaviour
is unfortunately no more given.

In all numerical simulations with MiStra or PaStra, the evolution of a quasi-steady state
of the MBL is a typical feature that is caused by the constant or temporally barely varying
external forcing terms.Numerous other sensitivity studies have been performedwith different
values of themajor forcing terms, e.g., the sea-surface temperature or the strength of the large-
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Fig. 5 Köhler curves of the 70 aerosol classes depicting the particle radius r at a given supersaturation s. Blue:
stable part, green: unstable part. Black dots: critical radius and supersaturation

scale subsidence. These studies yielded different stratiform clouds regarding for instance the
vertical extent of the cloud or the liquid water content, but in all of these cases some time
after cloud formation a quasi-steady state evolved. The sensitivity of the model with respect
to the variation of different input parameters is not the subject of the present investigation.

The subdivision of the aerosol particle spectrum into 70 bins with radius ai , i = 1, . . . 70
yields 70 different Köhler curves. The 70 curves of the present investigation are depicted
in Fig. 5. For a given aerosol radius ai the Köhler curve consists of a stable (blue) and an
unstable part (green), see, e.g., Pruppacher and Klett (1997). At the maximum of each curve
(black dots) the particles leave the stable part and enter the unstable part of the Köhler curve.
This happens if the supersaturation of the environment s exceeds the critical value scri t (ai )
as given by the black dots. The total radius at the critical supersaturation is called the critical
radius rcri t (ai ). Once a particle has reached the unstable part of its Köhler curve, it continues
to grow by diffusion of environmental water vapour as long as the relative humidity exceeds
100%, i.e. s > 0. However, with increasing total particle radius this diffusional growth
becomes less efficient converging for large particles towards zero.

Figure 6 shows the positions of the particles in the two-dimensional (a, r)-particle space
at model time 2:0000 UTC, (a) at cloud top (711 m), (b) in the middle of the cloud (523 m),
and (c) at cloud base (307 m). The relative humidities in these layers are 100.7%, 99.8%,
and 97.3%, respectively. During the entire simulation time and in all cloud layers the relative
humidity never exceeds 100.8%, i.e. s always remains below 0.8%. For each aerosol class
i , the corresponding particle distribution, f (ai , r), is subdivided into four groups consisting
of particles with values in the range > 99% (red), 50–99% (green), 10–50% (blue), and
< 10% (cyan) of the maximum value of f (ai , r). Moreover, the black dots denote the value
of the critical radius rcri t (ai ) as obtained from the Köhler curves in Fig. 5. Hence, particles
smaller (larger) than their critical radius are nonactivated aerosol particles (activated cloud
droplets). It is clearly seen that, owing to s < 0.8% and in agreement with the Köhler curves,
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Fig. 6 Particle positions in the (a, r)-particle space at 2:0000 UTC. a Cloud top, b middle of the cloud, c
cloud base. Red: > 0.99, green: 0.5–0.99, blue: 0.1–0.5, cyan: < 0.1, black: critical radii, see also text

in each cloud layer the smallest aerosol particles are never activated. This is expressed by
the f (ai , r)-distributions of the smallest aerosol particles having a total radius smaller than
rcri t (ai ). These are the interstitial aerosol particles.

At cloud top (Fig. 6a), in each ai -aerosol class some very small particles occur as indicated
by the lower line of cyan dots. These particles have just been entrained from aloft and are
moving toward the equilibrium positions on their Köhler curve or they will be activated. All
particles with dry aerosol radius ai > 0.02 µm are actived yielding their maximum-value
positions (red dots) at r ≈ 10 µm or larger. Recall that particles with total radius in the order
of 10 µm are cloud droplets as formed by diffusional growth, while particles with radius
exceeding 40 µm may be viewed as drizzle particles resulting from collision/coalescence
processes. Finally, Fig. 6a shows that most of the large aerosol particles with ai > 0.4
µm are not activated even though the environmental supersaturation exceeds their critical
supersaturation scri t (ai ). This is explained by the fact that, owing to the size of these particles,
their diffusional growth velocities are so small that they may never reach their critical radius.

While at cloud top in most of the (ai )-aerosol bins the particles have been activated, the
opposite is the case in the middle of the cloud and particular at cloud base where the air is
subsaturated. This is expressed by the locations of the red dots in the (a, r)-particle space,
which are mainly found at r -values smaller than the critical radii (black dots), see Fig. 6b,
c. In the subsaturated cloud regions, mainly the small cloud droplets evaporate while drizzle
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evaporation is less efficient. This behaviour has two causes: firstly, for a single particle the
evaporation flux is proportional to its surface area. Secondly, within the cloud the integrated
surface of all cloud droplets is distinctly larger than that of all drizzle particles, e.g., 1000
droplets of r = 10 µm yield the same water mass as one drizzle particle of r = 100 µm,
but a ten times larger integrated surface. Nonetheless, in all subsaturated cloud layers there
always appear some large cloud droplets as indicated by the cyan dots in Fig. 6b, c. These
are permamently brought down from higher cloud layers by turbulent mixing processes, see
also the cloud water tendencies in Fig. 4.

Figure 7 depicts the two-dimensional water and aerosol mass distributions in the cloud
layers shown in Fig. 6. While the water mass mw of a single particle may be modified by
condensation/evaporation and collision/coalescence, its aerosol massma will only change in
the case of collision/coalescence with other particles. At cloud top, most of the liquid water is
carried by the cloud droplets with r < 30 µm. In lower cloud layers, the cloud water content
decreases while the drizzle water content becomes more and more dominant. At cloud base,
the drizzle particles carry most of the liquid water. Note, however, the different scales of
the colour bars in Fig. 7a, c, e. As was to be expected, in the supersaturated cloud regions
a distinct fraction of aerosol mass is found in the size range of cloud droplets and drizzle
particles while in the subsaturated cloud regions most of the aerosol mass appears in the size
range of the small nonactivated particles. Note again the different scales of the colour bars
in Fig. 7b, d, f.

The aerosol processing resulting from particle collision/coalescence is impressively
demonstrated in Fig. 8 depicting spectral distributions of the aerosol mass at model ini-
tialization time (curve 1), 1:0000 UTC (curve 2), 1:1200 UTC (curve 3), and 2:0000 UTC
(curve 4). Curves 2–4 are taken in the middle of the cloud at 523 m height. In the early
stage of the cloud, collision/coalescence is not yet very efficient so that the main difference
between curve 2 and the initialmass distribution (curve 1) is caused by the aerosol source term
included in MiStra. Both curves have a bimodal form with maxima of the spectral aerosol
mass at a = 0.08 µm and a = 0.25 µm. With increasing age of the cloud, this bimodal
structure is modified in such a way that the first maximum distinctly decreases while at the
same time the second maximum increases thereby shifting from a = 0.25 µm to a = 0.5
µm. The bimodal aerosol mass distributions calculated with MiStra resemble those typically
observed in the marine environment (see, e.g., Hoppel et al. 1990).

3.2 Results of the Parametrized CloudModel

In the following, model results will be presented where, in the numerical simulations, the
microphysical module MiStra has been replaced by PaStra. Recall that all other modules,
such as the model dynamics, the turbulence and the radiation scheme remain unchanged.
Figure 9 depicts a contour plot of the total liquid water content as a function of time (UTC)
and height and its vertical profiles at the same times as in Fig. 1. By comparing both figures,
at first glance PaStra and MiStra yield a similar spatio-temporal evolution of the stratus. This
holds for the time of cloud formation, the cloud-top height as well as the diurnal variation
of the cloud base being in PaStra somewhat more pronounced than in MiStra. Also, the total
liquid water content is in both model configurations quite similar whereby PaStra yields
slightly larger values, particularly on day 2 (see the vertical profiles in Figs. 1b, 9b). Finally,
the contour plot and the vertical profiles of the drizzle water content as depicted in Fig.
10 support this first impression of a quite similar behaviour of both cloud microphysical
schemes.
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Fig. 7 Liquid water (left) and aerosol mass distributions (right) in the (a, r)-particle space at 2:0000 UTC.
Cloud top (a, b), middle of the cloud (c, d), cloud base (e, f)
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Fig. 8 Spectral distribution of the aerosol mass at 0:0600 UTC (curve 1), 1:0000 UTC (curve 2), 1:1200 UTC
(curve 3), and 2:0000 UTC (curve 4)

1200 0000 1200 0000 1200

time (hour)

0

200

400

600

800

he
ig

ht
 (

m
)

0.0 0.1 0.2 0.3 0.4 0.5

total liquid water content (g kg-1)

0.0 0.1 0.2 0.3 0.4 0.5 0.6

total liquid water content (g kg-1)

0

200

400

600

800

he
ig

ht
 (

m
)

1 2 3 4

(a) (b)

Fig. 9 a Total liquid water content as a function of time (UTC) and height for the PaStra model run. Red lines:
cloud region, yellow line: saturation level. b Vertical profiles of the total liquid water content at the times
indicated in Fig. 1

Figure 11 shows vertical profiles of the tendencies of temperature, specific humidity, cloud
and drizzle water content analogous to those ofMiStra as presented in Fig. 4. One can see that
also in PaStra a quasi-steady state with minuscule total tendencies is achieved. As was to be
expected, for each variable and in each layer the balance is maintained in such a way that the
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Fig. 10 a Drizzle water content as a function of time (UTC) and height for the PaStra model run. Red lines:
cloud region, yellow line: saturation level. bVertical profiles of the drizzle water content at the times indicated
in Fig. 1

compensating physical processes have the same importance as in MiStra, e.g., at cloud top
the latent heat release is primarily compensated by turbulent mixing and radiative cooling.
However, by comparing for both cloud schemes the contributions of the different physical
processes to the total tendencies, some distinct differences become obvious. This holds in
particular for the condensation/evaporation processwhich in PaStra is clearly less pronounced
than in MiStra, compare curves 4 in Figs. 4 and 11. At cloud top, condensation yields a
tendency of the specific humidity of −8 g kg−1 h−1 in PaStra and almost −10g kg−1 h−1

in MiStra, see curves 4 in Figs. 4b and 11b. The corresponding latent heating rates differ in
both models up to 4 ◦C h−1. In PaStra, the maximum evaporation rate is observed close to
cloud base; in MiStra it is located in higher cloud regions.

By recalling that in PaStra larger values of the total liquidwater content are obtained than in
MiStra (compare Figs. 1, 9), these results appear somehow surprising.Of course, the observed
differences may be clearly attributed to the different treatment of cloud processes in both
schemes. InMiStra the diffusional growth of the particles and their corresponding movement
on the Köhler curves are explicitly calculated. Integrating themodified particle spectrum over
the particle size range yields the condensation and evaporation rates. In PaStra, by contrast,
simple empirical parametrization algorithms are utilized, such as the Twomey relation and
others.Moreover, inMiStra the gravitational settlingof eachparticle is calculated as a function
of its mass, whereas in PaStra all cloud droplets fall with the same terminal velocity being
calculated as a function of the mean particle radius. Finally, drizzle formation in MiStra is
calculated by solving the stochastic collection equation, in PaStra a crude parametrization
for drizzle formation is applied, see Eq. 4a.

In addition to the cloud water tendencies, also those of the drizzle water differ in both
cloud schemes. While in MiStra a slight drizzle condensation rate occurs at cloud top, this
process is ignored in PaStra. The largest differences in the tendency curves of drizzlewater are
observed below the saturation level of the clouds (MiStra: 600 m, PaStra: 565 m). In MiStra,
drizzle evaporation is smoothly increasing between the saturation level and 200 m height and
then slightly decreasing towards the ground. In contrast to this, in PaStra a noticeable drizzle
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Fig. 11 Same as Fig. 4, but for the PaStra simulation

evaporation starts at first close to the cloud base and increases strongly until in 250 m height
the evaporation rate is largest. Below this height, the evaporation rate is distinctly decreasing
towards the ground. This behaviour is explained by the relatively simple parametrization of
drizzle evaporation in PaStra. Firstly, it is assumed that only 15% of drizzle can evaporate
in a 20-m thick layer, herewith roughly accounting for the high fall speeds of these large
particles. Secondly, below the cloud base the calculated drizzle evaporation rate must be
limited by the availability of drizzle water. Above 250 m height, this limitation is not in
effect, however, below this height the calculated evaporation rate is always larger than the
available drizzle water resulting in an effective evaporation rate that is clearly decreasing
with decreasing height. As a consequence of this, in all tendency curves of PaStra some more
or less pronounced discontinuities are observed at 250 m height.

Several sensitivity studies have been performed with PaStra where different values of
the empirical model parameters have been tested (not shown). However, with these simula-
tions it was not possible to obtain results that are an improvement on those presented here.
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Inaccuracies in the description of cloud microphysical processes are, of course, an inevitable
consequence of the simple parametrizations of the different cloud processes as used in PaStra.

In summary, the comparison of the tendency curves ofMiStra and PaStra demonstrates that
PaStra behaves physicallymeaningful yielding acceptable results. However, it also reveals the
deficiencies of the simple parametrization approaches implemented in PaStra. Nonetheless,
it is important to include all relevant cloudmicrophysical processes, even in the present crude
approach like the one-moment scheme for drizzle. This becomes very evident if in sensitivity
studies some of these processes are ignored in the model simulations. Corresponding results
will be shown in the following section.

3.3 Ignoring CloudMicrophysical Processes

The most important cloud microphysical processes of the present investigation of the cloud-
topped MBL are given by condensation/evaporation, collision/coalescence and gravitational
settling of the cloud droplets and drizzle particles. In fact, it turns out that only the interac-
tion of these three processes yields the quasi-stationary behaviour of the stratus described
above. This holds for the MiStra and likewise for the PaStra simulations. In this section,
numerical sensitivity studies of MiStra and PaStra will be presented where in one simulation
collision/coalescence as well as the gravitational settling of the particles are ignored while
in another model run only collision/coalescence processes are neglected. Certainly, the first
of these case studies, which considers only condensation/evaporation processes, yields the
most simple approach to parametrize stratiform clouds.

Figure 12 depicts the results of the four model runs. In Fig. 12a, b, the simulations are
shown where collision/coalescence together with particle sedimentation have been ignored,
in Fig. 12c, d, only collision/coalescence processes have been switched off. Left (right)
panels denote MiStra (PaStra) model runs. A common feature of all contour plots is given by
the nonstationary behaviour of the cloud as expressed by the continuously vertical increase
of the cloud top. Ignoring collision/coalescence and gravitational settling of the particles
yields the largest effects, as expressed by a relatively fast increase of the cloud top and
also distinctly lower liquid water contents than in the control runs. In the MiStra run, the
cloud even disapears completely between 2:1100 UTC and 2:1400 UTC. Ignoring only
collision/coalescence processes yields for MiStra and PaStra larger values of the total liquid
water content than in the corresponding control runs (Figs. 1, 9). Furthermore, the vertical
extent of the clouds is larger than in the upper panels of the figure. Finally, it is also seen that
in both PaStra runs the cloud top increases slower whereas the cloud base is lower than in
the MiStra runs.

The non-stationarity of the simulated stratus clouds may also be demonstrated by investi-
gating the time evolution of the tendencies of the temperature and the specific humidity. Of
particular importance are the tendencies as calculated in the first layer immediately above
cloud top. The corresponding curves are shown in Fig. 13. Here, curves 1 denote the con-
trol runs of MiStra (panels a, c) and PaStra (panels b, d), curves 2 describe the model runs
ignoring only collision/coalescene while curves 3 are the model configurations where both
collision/coalescence and gravitational settling have been switched off. Note that with each
vertical increase of the cloud top in discrete steps as given by the vertical model grid, also
the first layer above the cloud is replaced by the next layer aloft.

Themost striking feature ofFig. 13 is givenby the fact that some timeafter cloud formation,
in the control runs (curves 1) the tendencies are very small varying only slightly above and
below the blue dashed zero line. On the contrary, in the other model runs the temperature
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Fig. 12 Contour plots of the total liquid water content. a b No collision/coalescence and no sedimentation, c,
d: no collision/coalescence. Left panels: MiStra model run, right panels: PaStra model run

tendencies are almost always negative and the specific humidity tendencies positive. Hence,
the first layer above cloud top is permanently cooled and humidified, thus fostering the
vertical increase of the cloud. Besides, the strong peaks occurring in the tendency curves of
the figure result from the vertical increase of the cloud in discrete steps of the vertical model
grid.

4 Summary and Concluding Remarks

The spectral microphysics cloud scheme MiStra has been compared with the two-moment
cloud parametrization scheme PaStra. For this, both approaches have been embedded in
a one-dimensional single-column model of the PBL describing cloud microphysical pro-
cesses in a cloud-topped marine environment. MiStra treats in great detail the interaction
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Fig. 13 Total tendencies immediately above cloud top as function of time (UTC). a, b Temperature, c, d
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of aerosols, cloud droplets, and drizzle particles. This is achieved by utilizing for all parti-
cles a joint two-dimensional particle size distribution with the aerosol and the water mass
as independent variables. The aerosol and water mass spectra are subdivided into 70 bins
yielding an aerosol/droplet spectrum consisting of 4900 different particles. For each of these
4900 particle bins, a prognostic equation is included in MiStra. The activation process of
aerosol particles to form cloud droplets is explicitly calculated by solving in each of the 70
aerosol size classes the corresponding droplet growth equation. Moreover, an extension of
the stochastic collection equation for use in a two-dimensional particle space is utilized so
that collision/coalescence processes can also be accounted for.

In the cloud parametrization scheme PaStra, a numerically very efficient treatment of
cloud processes is applied so that this approach, contrary toMiStra, may also be used in three-
dimensional atmospheric models. The numerical efficiency of PaStra can only be achieved
by a drastic simplification of the considered cloud microphysical processes. This results
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in a two-moment scheme for cloud droplets and the cloud water content combined with a
one-moment scheme for the drizzle water content.

Since in MiStra all cloud processes are explicitly simulated, there are no empirical model
parameters available that might be used to tune the model. In PaStra, on the contrary, sev-
eral empirical parameters have been introduced in order to describe the cloud processes in
an approximate, but numerically very efficient way. These empirical parameters have been
chosen in such a way that the best agreement of the PaStra results with those of MiStra was
obtained.

Numerical sensitivity studies have been performed with MiStra and PaStra showing that
in both model configurations the cloud-topped MBL achieves a quasi-steady state. This
behaviour is a consequence of the more or less constant values of the external forcing terms
of the MBL, i.e. constant heat and moisture fluxes at the sea surface as well as a constant
large-scale subsidence being assumed in the model runs. Hence, in the numerical simulations
only the insolation is a diurnally varying external forcing term. The quasi-steady state of the
stratiform cloud is well reflected by nearly vanishing tendencies of all prognostic model
variables. A detailed analysis of these tendencies reveals that during the quasi-steady state of
the cloud a fine balance is established between the contributions of the different physical
processes to the total tendency of a particular prognostic variable whereby these single
contributions may be considerably high.

A detailed description is presented of the spectral microphysical processes as calculated
withMiStra. Here it is seen that themodel is capable of simulating in great detail the activation
process of aerosol particles as well as the diffusional growth of the activated cloud droplets.
Collision/coalescence processes yield the formation of drizzle particles. The corresponding
spectral aerosol mass distributions exhibit a bimodal form resembling those of typically
observed aerosol mass distributions in the marine environment.

The numerical simulations with PaStra demonstrate that with this simple parametrization
scheme it is possible to obtain reasonable results regarding the overall characteristics of the
cloud-topped MBL. The times of cloud formation, the heights of cloud top and cloud base,
the cloud and drizzle water content as well as the evolution of a quasi-steady state of the
stratus comparewell with those ofMiStra. However, amore detailed comparison of themodel
results reveals some distinct differences between both cloud schemes. This holds in particular
for the major cloud microphysical processes condensation/evaporation, gravitational settling
of cloud droplets, and drizzle formation. As a consequence of this, the contributions of the
single physical processes to the total tendencies of the prognostic variables differ distinctly
between PaStra and MiStra.

Numerical sensitivity studies are presented demonstrating that in MiStra as well as in
PaStra all cloud microphysical processes have to be included in order to obtain the expected
quasi-steady state of the cloud-topped MBL. Ignoring only collision/coalescence or in addi-
tion to this also the gravitational settling of the particles yields in both model configurations
a completely different time evolution of the boundary layer. Hence, it is concluded that
even with the simple parametrization approach of PaStra it is possible to obtain reason-
able model results, provided all major cloud microphysical processes are included in the
scheme.

The results of the present study have been obtained by embedding MiStra and PaStra in a
one-dimensionalmodel of the cloud-toppedMBL. Certainly, with thismodel it is not possible
to realistically describe the boundary-layer processes because for this a three-dimensional
dynamicmodel ismandatory.Nonetheless, since usually inNWPand climatemodels physical
processes are simulated separately in each vertical column of the model grid, it is believed
that the results obtained with the present single-column model may also be transferred to
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these applications, specifically the need to consider in parametrization schemes of low-level
clouds not only condensation/evaporation, but also collision/coalescence and sedimentation.
Owing to the extremely high demands of computer resources required for MiStra, at present
it is barely possible to implement this cloud scheme in a three-dimensional NWP model. By
comparison, the CPU times needed for the MiStra model runs are usually about 300 times
as large as those of PaStra.
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