Atmos. Chem. Phys., 9, 1289302 2009 iy —* -
www.atmos-chem-phys.net/9/1289/2009/ Atmospherlc
© Author(s) 2009. This work is distributed under Chemlstry

the Creative Commons Attribution 3.0 License.

and Physics

Turbulent dispersion in cloud-topped boundary layers

R. A. Verzijlbergh®, H. J. J. Jonker!, T. Heus™", and J. Vila-Guerau de Arellanc®

IDepartment of Multi-Scale Physics, Delft University of Technology, Delft, The Netherlands
2Meteorology and Air Quality Section, Wageningen University, The Netherlands
“current affiliation: Royal Netherlands Meteorological Institute, De Bilt, The Netherlands

Received: 22 September 2008 — Published in Atmos. Chem. Phys. Discuss.: 18 November 2008
Revised: 5 February 2009 — Accepted: 9 February 2009 — Published: 18 February 2009

Abstract. Compared to dry boundary layers, dispersion in1 Introduction

cloud-topped boundary layers has received less attention. In

this LES based numerical study we investigate the dispersior his paper describes the dispersion of a passive tracer in dif-
of a passive tracer in the form of Lagrangian particles for fourferent types of atmospheric boundary layers with emphasis
kinds of atmospheric boundary layers: 1) a dry convectiveon the dispersion in cloudy boundary layers. Understanding
boundary layer (for reference), 2) a “smoke” cloud boundarythe diffusion of pollutants in cloudy boundary layers is im-
layer in which the turbulence is driven by radiative cooling, portant for climate, atmospheric chemistry and air quality.
3) a stratocumulus topped boundary layer and 4) a shallowClouds are known to transport pollutants from the bound-
cumulus topped boundary layer. ary layer to higher regions in the atmosphere, a phenomenon

We show that the dispersion characteristics of the smokeeferred to as cloud venting (e.@ptton 1995. An intri-
cloud boundary layer as well as the stratocumulus situatior¢ate coupling exists between particles in the atmosphere and
can be well understood by borrowing concepts from previousclouds: not only do clouds enhance the upward vertical trans-
studies of dispersion in the dry convective boundary layer. Aport of pollutants (gases, aerosols) they are also strongly in-
general result is that the presence of clouds enhances mixinuenced by them. The optical properties as well as the life-
and dispersion — a notion that is not always reflected well intime of a cloud are known to depend on the aerosol distri-
traditional parameterization models, in which clouds usuallybution in the cloud’s environment. In turn, both the opti-
suppress dispersion by diminishing solar irradiance. cal properties of clouds as well as their lifetimes affect the

The dispersion characteristics of a cumulus cloud layerearth’s radiation budget and hence global climate.
turn out to be markedly different from the other three cases Chemical processes in the atmosphere are also influenced
and the results can not be explained by only considering thdy clouds. First of all they affect transport of chemical com-
well-known top-hat velocity distribution. To understand the pounds through the atmosphere and enhance turbulent mix-
surprising characteristics in the shallow cumulus layer, thising of different species. In addition clouds can alter the
case has been examined in more detail by 1) determiningphotodissociation rates of chemical compounds around them
the velocity distribution conditioned on the distance to the (Vila-Guerau de Arellano et aR005.
nearest cloud and 2) accounting for the wavelike behaviour Finally, next to the importance of dispersion on climate
associated with the stratified dry environment. and atmospheric chemistry, the quality of the air we live
in is also affected by meteorological conditions. Predict-
ing ground level concentrations of possibly harmfull sub-
stances requires detailed knowledge about the relation be-
tween weather conditions and dispersion.

The classical work relating dispersion and turbulence was
done byTaylor (1927). This analysis, however, was based on
homogeneous turbulence, whereas atmospheric motions are
often very complex and characterized by non-homogeneous

Correspondence td. J. J. Jonker turbulence. Pasquill (1961) proposed a Gaussian plume
BY (h.j.j.jonker@tudelft.nl) model with a vertical dispersion coefficient depending on the
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meteorological circumstances. Basically, the vertical dispering, the objective of this detailed numerical study is to inves-
sion coefficient is then related to the stability of the atmo- tigate and statistically describe turbulent dispersion in differ-
sphere, which is related to the amount of insolation. In thisent types of cloudy boundary layers. To this end we per-
view, clouds have a damping effect on dispersion in daytimeform large eddy simulations together with a Lagrangian par-
conditions. ticle module. Four types of boundary layers will be consid-
The subject of atmospheric dispersion has been further exered: 1) the clear convective boundary layer, 2) a boundary
tensively studied in the laboratory, in field experiments andlayer filled with radiatively cooling smoke, 3) the stratocu-
by numerical methods. The pioneering water tank experi-mulus topped boundary layer and finally 4) the shallow cu-
ments ofWillis and Deardorff(1978 demonstrated the ef- mulus topped boundary layer. The differences and similari-
fects of the non-homogeneous turbulence of a convectivaies between these four atmospheric situations offer a unique
boundary layer (CBL) on the diffusion of particles. They opportunity to gain more insight in the observed dispersion
showed, rather surprisingly at the time, that a near-grounctharacteristics. The primary aim of this paper is to study
release resulted in a quickly rising plume (in terms of thethe influence of the clouds on the dispersion. Where nec-
peak concentration), but an elevated release resulted in assary, the deeper mechanisms that control the dispersion in
descending plume that only rises after impinging on theand around clouds will be briefely treated. In Séctve de-
ground. The water tank results have later been verified byscribe the methodology consisting of the numerical setup, the
full-scale atmospheric experimentBriggs, 1993. Lamb case characteristics and the definition of statistical quantities.
(1978 approached the problem numerically and used theSection3, in which the results are presented and discussed,
velocity fields from Large Eddy Simulations to investigate is divided into two parts: a phenomenological part with a
the dispersion of particles. Among otheMieuwstadt and qualitative description of the dispersion characteristics in the
de Valk (1987 used the advection of a passive scalar in andifferent boundary layers is followed by a more quantitative
LES model to describe the dispersion of both buoyant andpart.
non-buoyant plumes in the dry CBL. More recenipsio
and Vila-Guerau de Arellan¢2006 gave a thorough sta-
tistical description of dispersion in the dry CBL in an LES 2 Methodology
based study. By now, it is well understood that the skewed
velocity distribution is responsible for the observed descen2.1 LES model and Lagrangian particle dispersion model
of the plume maximum for elevated releases of hon-buoyant
plumes in the CBL. The LES-code used in this research is version 3 of the Dutch
In contrast with the number of studies on dispersion in Atmospheric LES (DALES3) as described Byijpers and
the CBL is the modest number of studies on dispersion inDuynkerke(1993. In this study, Lagrangian particles rather
other types of boundary layers, in particular cloudy condi- than a concentration field of a scalar are used as a representa-
tions. Dispersion in the stable boundary layer was studiedion of the pollutants. To this end, a Lagrangian Particle Dis-
by e.g.Hunt (1985, Kemp and Thomso(i1999 and more  persion Module (LPDM) as describedtteus et al(2008) is
recentlyWeil et al. (20069. The effects of a stratocumulus implemented in the LES. Tri-linear interpolation determines
cloud deck on dispersion in the nocturnal boundary layerthe particle location within each grid cell; the LPDM takes
have been explored §orbjan and Uliasg1999. Evidence  subgrid-scale motion into account through a model that is
was found that the vertical diffusion of pollutants in a stra- largely based on the criteria for stochastic Lagrangian mod-
tocumulus topped boundary layer is non-Gaussian and deels formulated byrhomson(1987. The implementation of
pends on the location of the source in the boundary layerthese criteria in LES models described/ifeil et al.(2004) is
Concerning shallow cumulus clouds, some field experimentdollowed in the present LPDM. Due to the parallelization of
have demonstrated the effect of cloud venting (eQiping  the LES some extra attention was required to handle the case
et al, 1988 Angeving 2009. Vil a-Guerau de Arellano et al.  of particles moving from one processor to another. A dynam-
(2005 have shown in a LES study how shallow cumulus en-ical list structure in the form of Bnked listwas used to cope
hance vertical transport of pollutants, thereby specifically fo-with this issue: a particle moving from, say, the first proces-

cussing on the influence on chemical transformatiofvsil sor to the second will be deleted from the list of the first and
et al.(1993 used ice-crystals as a tracer to study relative dis-added to the list of the second processor. Every record in the
persion in an ensemble of cumulus cloudshosson et al.  list hence points to a particle and every record can contain as

(2008 did a numerical study of the dispersion of ship tracks, many entries as wished, e.g., positions, velocities, tempera-

and the role of stratocumulus and cumulus clouds therinture etc.

They focussed mainly on the first few turn-over times of the The use of Lagrangian particles has the advantage of being

cloud venting process. able to track individual particles in time, thereby allowing the
Because a comprehensive study of dispersion in cloudycalculation of Lagrangian statistics. ContraryNeuwstadt

boundary layers that includes dispersion over longer timeand de Valk(1987, an instantaneous plane source rather

scales of pollution within the cloud layer appears to be miss-than an instantaneous line source is used in this study. We
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can view the plane source of 1G2410° particles homoge- p(w)
neously distributed over the domain in both horizontal di-

rections as an ensemble of 1024 linesources, that are re-

leased instantaneously. For every case, 3 simulations are run,

with the release height close to the boundary layer height |
zi (z=0.2z;), in the center of the boundary layer=0.5z;), M ¢M f M

and near the surface=£0.2z;), respectively. For all cloudy
cases, we define the boundary layer height as the height of
the maximum gradient ifi,. This definition ensures that the p(w)
cloud layer is incorporated within the boundary layer. De-

tails about the numerics of the simulations vary between the

different cases and will be discussed in the next section. |

2.2 Case descriptions w ? w¢ ? w I

(b) Smoke

W——=

(a) CBL

W——s

Hereafter we describe briefly the four different atmospheric
situations that have been under consideration. In particular
the velocity distributions (depicted schematically in Fig.

are discussed, since they are important for the dispersion
characteristics. Numerical values of the case characteristics

are listed in Tabld. Figure2 shows the profiles of the vir- |
tual potential temperature flux’6,). These profiles give an %—%—MJ |
indication about the dynamics and the structure of the bound-
ary layer. (c) Stratocumulus

p(w)

W——=

. (W)
2.2.1 Dry convective boundary layer i

The CBL is characterized by a well mixed layer, a strong
surface heat flux and a capping inversion. This givesrisetoa | | f TR f x
positively skewed velocity distribution: strong localized up-
drafts surrounded by moderate compensating downdrafts, as wW—s

depicted schematically in Fida. Figure2a shows the buoy- (d) Cumulus

ancy flux profile for the CBL. The boundary layer height,

averaged over the first hour, was 900 m high, as given inFig. 1. Conceptual representation of the velocity distributions in the
Table 1, and increased slightly during the simulation. No different boundary layers.

large scale horizontal wind was imposed. The simulation

was run on a grid of 256points, with a horizontal resolu-

tion of Ax=Ay=25m and a vertical oAz=6m, resulting in

a domain of 64 kmx6.4kmx1.5km. A timestep ofArz=1s  top (Smoke). This results in a mirror image of the vertical
and a 5th order advection schenWig¢ker and Skamarock  velocity distribution from the CBL, as depicted in Fith

2002 have been used, except for the advection of momen- Figure 2b shows the buoyancy flux in the smoke cloud.
tum, for which a second order central-difference scheme hagext to the absence of a surface heat flux, we also observe
been used. The particles were released after three hours ehtrainment at the top of the smoke cloud.

simulation. In the smoke case the domain measured
3.2kmx3.2kmx1.2km. Horizontal and vertical reso-
2.2.2 Smoke cloud boundary layer lutions are Ax=Ay=125m and Az=6.25m and the

number of grid points is 256 in the horizontal and 200 in the
The smoke case used in this study is described in an intefyertical direction. For the scalar variables the monotonous
comparison study byretherton et al(1999. The smoke  kappa advection schemeli§ndsdorfer et a).1995 and for
case is particularly useful to gain understanding of the stramomentum the second order central-differences scheme

tocumulus case, for it has similar radiation characteristicsith a timestep ofAr=0.5s have been used. The particles
but there are no condensation processes or surface fluxes {gere released after two hours of simulation.

additionally drive convection. Making the analogy with the
CBL, instead of heating at the bottom (CBL) we have radia-
tive cooling due to the divergence of the radiative flux at the
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Table 1. Characteristics of the different cases: the approximate boundary layer bemfhthe moment of particle release, the cloud base
heightz.;, at the moment of particle release, the surface moisture and heat flukgso and(w’@l’)o, the convective velocity scale, as
defined in Eq. 2), the characteristic timescalg

Zi Zeb (w'q{)o (w'6))o Wi 1

ml  [m (kgkg'ims1] [Kms™l] [msl (g
dry CBL 900 - 0 MUx1072 142 633
smoke 700 0 0 0 02 760
stratocumulus 700 350 X105 1x1072 0.87 804

shallow cumulus 2000 500 Ax1074 15x1072 166 1204
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Fig. 2. Virtual potential temperature flugw’6})) in the four different boundary layers. The profiles are an average over the first hour after
particle-release.

2.2.3 Stratocumulus topped boundary layer smoke case, thus giving rise to a more symmetric velocity
distribution, as depicted in Fidc.

The stratocumulus case under consideration is the Atlantic Figure2c shows the virtual potential temperature flux of
Stratocumulus Transition Experiment (ASTEHe Roode the stratocumulus case. We already stated that the stratocu-
and Duynkerkg1997). Data from flight 2, A209, has been Mulus case is a combination of the CBL and the smoke case,
used. Convection in a stratocumulus topped boundary layePut here we specify that it is especially in the cloud layer
is driven by a combination of processes: radiative cooling(starting at approximately 350 m) that the smoke cloud char-
at cloud top' surface fluxes of heat and moisture and |atengcteristics are found. In the subcloud Iayer, the prOf”e looks
heat release due to condensation. This is the only case that fgore like that in the CBL.

subject to a mean horizontal wind of (0-8,0)ms 1, that is The numerical grid in the stratocumulus case consists of
roughly constant throughout the bulk of the domain. In anal-256° points with a horizontal resolution ckx=Ay=25m

ogy with the previous cases, in terms of the driving mecha-and a vertical resolution ofz=6.25m, spanning a domain
nisms, the stratocumulus case can be regarded a combinatiari 6.4 kmx 6.4 kmx 1.6 km. Like the smoke case, the kappa
of the CBL and the smoke cloud. This translates into a ve-advection scheme for scalars and central-differences for mo-
locity distribution that is a combination of the CBL and the mentum with a timestep ohr=0.5s have been used. After
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two hours, regarded as spin-up period, the particles were rein the definition byDeardorff(1980 the integration is up to

leased. the inversion height;, we integrate over the entire domain
because in the cumulus case the definition of the inversion
2.2.4 Shallow cumulus topped boundary layer height is not so clear. Concerning the other cases, since there

) _ ) is hardly any buoyancy flux above the inversion height, re-
The shallow cumulus (in the remainder of the article referredyacing L, by z; in Eq. (2) leads only to a very small differ-

to as cumulus) case used in this study is derived from thgnce.

Small Cumulus Microphysics Study (SCMS) as described in - The typical timescale is defined as

Neggers et al(2003. The cumulus topped boundary layer

can be considered as two layers on top of each other. The, — . )
subcloud layer has the characteristics of a dry CBL. The ve- Wi

locity distribution in the cloud layer is often thoughtand also 5 4 siatistics

parametrized (e.gSiebesma and Cuijperd995 as posi-

tively skewed: strong localized updrafts in the cloudy re- |n this section we introduce the statistical variables necessary
gions and homogeneously distributed compensating downto describe the dispersion characteristics. The instantaneous
drafts elsewhere, see Figd. Recent studies bidleus and  |ocal concentratior (x, y, z, t) of particles is computed by
Jonker(2008 andJonker et al(2008 have however shown  counting the number of particleg, in a small control vol-
that downward mass transport occurs mainly near the edgame AV=AxAyAz centered atx, y, z). This value is di-

of a cloud, a mechanism referred to as the subsiding shell. vided by the total number of particlégo: so that we have a

From the buoyancy flux profile, Fi@d, it can be seenthat normalized concentration:
cloud base is located at approximately 500 m and the cloud
layer extends to 2500 m. The subcloud layer has a profilec(x, v, z, 1) =
similar to the CBL.

Numerical resolutions in the cumulus case are
Ax=Ay=25m in the horizontal andAz=20m in the cdxdydz=1 (5)
vertical. With 256 points, this amounts to a domain of v
6.4kmx6.4kmx5.2km. A centered-difference integration = The various statistical parameters can now be defined. The
scheme with a timestep ohtr=1s has been used. The first statistical moment or mean plume height is given by
particles were released after three hours of spin-up, allowing
for a fully developed cumulus field. = / zedx dy dz (6)

\%4

Np(x’ v, Z, t)

(4)
NtotAx AyAZ

2.3 Scaling parameters The vertical dispersion coefficient is defined by

In order to compare the results of the different boundary lay- ,

=2
ers, we introduce the following dimensionless velocity and% = /V(Z —cdxdydz Y

timescales. For the CBL, it would be natural to use the con-

rather than the source height. For the skewness of the plume
1/3 we get
Wy = (%(w’@{,)oa) (1)
1
o _ S, == ~2)3cdxdyd 8
However in situations where the surface-flux is not the ™~ o3 /V(Z 2cdxdydz ®)
main driving mechanism of convection, an alternative veloc- o ) )
ity scale can be defined basedDeardorff(1980): Another useful quantity is the horizontally integrated con-
centration, that we will call the vertical concentration profile
i 1/3
Wy = cli - w'6ydz (2) 1
=\ o OE Coen =4 [ edxdy ©)
xy JA

whereL; is the domain height. The factef=2.5 ensures
that integrating a linear flux profile from a value @b'6;),
at the surface t0.@ (w6, ), at the inversion height yields a
velocity scale that is consistent with E4) ( Equation ) 1

makes sense from a physical point of view, since the integrapy(y’ t) = A //; cdxdz
represents the production of turbulent kinetic energy. Fur- !
thermore, it is the most consistent choice, since we can nowvereA,,=L, L, is a vertical cross-section of the domain,
use Eq. ) for all the cases under consideration. Although denoting the domain height.

wereA,,=L,L, is the horizontal domain size. Equivalently
we define a horizontal concentration profile according to

(10)

Xz
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Fig. 3. Horizontally integrated plume evolution in four different boundary layé¥for the CBL, (b) for the smoke caséc) for stratocu-

mulus, and d) for cumulus. A plane of particles has been released instantaneously at half the boundary layer height and the evolution of the
vertical concentration profil€; (z, t) as defined in Eq.9) has been plotted. The concentration profile has been multiplied by 1000 to obtain

a convenient scale. The points represent the location of the maximum concentration.

2.5 Velocity statistics for the spin-up. We briefly discuss the general features of
Fig. 3. In the next section we will go into more detail for
The probability density function (PDF) of velocity that we each case individually.
will consider is based on the velocities of the Lagrangian The evolution of the horizontally integrated plume in the
particles. Next to this PDF, we shall consider the LagrangianCBL, Fig. 2a, has the familiar shape that was first described
velocity autocorrelation function, defined by by Willis and Deardorff(1978: The plume concentration
—_— maximum initially is transported to the ground by the sub-
w@u't +7) (11)  siding motions, then rises by the thermals, until eventually
o the plume is entirely mixed. After 3 turnover times the par-
ticles are almost homogeneously distributed throughout the
oundary layer. The initial descent of the plume can be ex-
Elained from the skewness of the vertical velocity distribu-
tion, as shown in Figla.

The plume evolution in the smoke cloud boundary layer
resembles a reversed version of what happens in the dry
CBL. The plume maximum rises until it reaches the inver-
3.1 Plume phenomenology for different types of boundarysion, remains there some time and descends again. The ob-

layers. served plume can again be understood by considering the

skewness of the vertical velocity distribution as schemati-

To give a first general impression of the dispersion charactereally depicted in Figlb.
istics of the four different boundary layers, the time evolution The plume evolution in the stratocumulus topped bound-
of the concentration profiles, integrated over the two hori-ary layer is, at least for short times, much more symmetric
zontal directions, are depicted in Fig. For all the cases, thaninthe CBL and the smoke case. Making again the anal-
1024~10F particles were released instantaneously in a hor-ogy with the previous cases, this can be explained by recall-
izontal plane at half the boundary layer height, 2 or 3 h, de-ing that the stratocumulus topped boundary layer can be seen
pending on the case, after the start of the simulation to allonas a combination of the CBL and the smoke case.

Ri(m) =

with u’(t)=u(t)—u(r) the velocity fluctuation of a particle,
the overbar represents the average over all particles at a
times, and: can beu,v,w.

3 Results and discussion
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Fig. 4. Plume characteristics for the dry convective boundary layer.
From top to bottom: mean plume height, height of maximum

concentration level, dispersion coefficient for release from (solid . . .
line) z=0.2z; ,(dashed liney=0.5;; ,and (dotted line}=0.8;;; and  P€€n plotted for the full range, since this quantity becomes

skewness, for release from=0.5z;. irrelevant when we approach a vertically homogeneous par-
ticle distribution. In the mean plume height and especially
the location of the maximum we see the characteristics as de-
Perhaps the most striking observation in Bgs the ex-  scribed in the introduction: a near-ground release results in a
tremely slow plume spread in the shallow cumulus casesteeply rising plume, whereas elevated release results in a de-
where the particles have been released at 1200m, i.e., ifcending plume. Initially, the skewness of the plume reflects
the middle of the cloud layer. The slow plume spreadingthe skewness in the vertical velocity distribution (only shown
is especially surprising given that the dispersion in the cloudfor release at &z;). A vertically homogeneous distribution
layer, (Fig.3d), is a composite of vigorously turbulent up- is reached for all releases after approximatebgs,. This
drafts inside the clouds, and compensating motion in the enwell mixed situation is characterized by three conditions:
vironment. This configuration of the cloud layer results in a the mean plume height is approximately half the boundary
top-hat velocity distribution that is strongly skewed (Fig; ~ layer heighz~0.5z;, secondly the vertical dispersion coeffi-
Heus et al.2009. On the basis of this velocity distribution, cient approaches the limit /z;=1/+/12~0.3 and finally the
one would expect dispersion characteristics similar to thosgkewness of the plume should approach ze§o+=0. The

in the CBL. We will come back to this issue in Segi5. results are in satisfactory agreement with other numerical
studies byNieuwstad{1992 andDosio and Vik-Guerau de
3.2 Statistics of dispersion in the CBL Arellano (2006, who in turn validated their results with ex-
perimental data from e.gVillis and Deardorff(1978 and
3.2.1 \Vertical dispersion Briggs(1993.

The first, second and third order statistical moments and th&.2.2 Vertical velocity statistics

height of maximum concentration as defined in the previous

section have been plotted as a function of the dimensionlesk Fig. 5 (top), the PDF of vertical velocity of the La-

time in Fig.4 for three different release heights. grangian particles has been plotted and has indeed the pos-
The three different release heights2f), 0.5z; and 08z;) itively skewed distribution. This PDF is based on particles

have been chosen to cover a large part of the boundary layereleased homogeneously in the entire CBL, so it represents

in order to observe how the dispersion characteristics changthe velocity distribution in the entire CBL rather than at a

with height. The height of maximum concentration has notspecific height. The Lagrangian autocorrelations of vertical

www.atmos-chem-phys.net/9/1289/2009/ Atmos. Chem. Phys., 9, 13892-2009
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Fig. 7. Vertical velocity distribution and autocorrelation for the
Fig. 6. Plume characteristics for the smoke case. From top to bot-Smoke case.
tom: mean plume height, height of maximum concentration level,
dispersion coefficient for release from (solid line}0.2z;,(dashed
line) z=0.5z;,and (dotted linex=0.8z;; and skewness, for release Opposite behaviour as the one found for dispersion in the
from z=0.5z;. CBL, although it is somewhat smaller. The maximum con-
centration level for the low release height shows a small dip,
before starting to rise as expected. Presumably because of the
velocity for particles released at three different heights hagelatively small horizontal domain size of this case, events
been plotted in Fig5 (bottom). The autocorrelations are in like penetrative up- and downdrafts show up immediately af-
agreement with the ones found Bysio et al.(2005. The ter particle release.
oscillating behaviour in the autocorrelation reflects the large Another feature is the following: the mean plume height
scale coherent vertical motions. from the release at.B; slightly ascends for a while, simi-
We conclude that the dispersion results and the velocitylarly but opposite to the mean plume height in the CBL. This
statistics of the CBL are in satisfactory agreement with themight seem rather peculiar at first sight, since a mass bal-
literature. We shall therefore treat it as a reference case imnce over a horizontal plane is zero by conservation of mass,
understanding the results of the other cases. thus we would expect the mean plume height to remain con-
stant. However, we must realise that the highest velocities
3.3 Statistics of dispersion in the smoke cloud boundaryare found in downdrafts and hence the particles that were

layer initially in the strongest downdrafts already impinged to the
ground while the majority of particles is still in a slow updraft
3.3.1 \Vertical dispersion halfway to the inversion. The fast moving descending parti-

cles can thus only “compensate” for the slow moving rising
In Fig. 6 the dispersion characteristics for the smoke cloudparticles as long as they have not hit the ground yet. Indeed, a
boundary layer are shown. As mentioned before, since theloser look shows that for very short times, the mean plume
dynamics of the smoke cloud boundary layer can be regardefleight is constant. The same phenomenon, although in the
a mirror-image of the CBL, we see this directly in the dis- opposite direction, is observed for the mean plume height in
persion characteristics. Considering the release at half thehe CBL case.
boundary layer height, where in the CBL the plume initially
descends and impinges to the ground, in the smoke case tt&3.2 Velocity statistics
plume maximum rises until it reaches the capping inversion.
Furthermore, we observe that a well-mixed distribution of Figure7 shows the vertical velocity distribution and the La-
particles ¢,~0.3) is reached after approximately the same grangian autocorrelation of vertical velocity in the smoke
time as in the CBL. The skewness of the plume follows thecloud boundary layer. As expected, we observe the reversed
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symmetry of the smoke case with the CBL, although the
velocity distribution is somewhat narrower. The fact that
we find here the same symmetry is not surprising, since the
velocity statistics obviously determine the dispersion statis-
tics. Concerning the autocorrelations, we observe again close
agreement with the CBL. The autocorrelation becomes neg-
ative because of the coherent vertical motions that many par- . . .
ticles undergo: they first reach the capping inversion where -

they cannot go any further and are then caught in a down- 197”8
draft. It is worth noting in Fig7 that the line from the parti- 105 ¢
cles released closest to the ground that differs from the oth- q 025
ers, whereas in the CBL it is the line from the highest release : : 0.5
that differs most. It seems that the autocorrelations of the ve- _ 1094
locity fields far away from the turbulent sources (the bottom E 200 T 103y
in the CBL case, entrainment zone in the smoke case) are S 100 4 | g'i °
closer to the exponential function. / . . . '

We conclude from the dispersion results in the smoke case 04 1 104

that they can be understood in the light of the vertical velocity 02y 1 02
distribution in analogy with the CBL. Furthermore, also in o OF i 0
the purely radiatively driven smoke case, i.e., in the absence - 1

of insolation to generate a surface heat flux, rapid mixing - : : :

throughout the boundary layer is observed. 0 1000 . é;)oo 3000

3.4 Statistics of dispersion in the stratocumulus toppedF
boundary layer

ig. 8. Plume characteristics for the stratocumulus case. From
top to bottom: mean plume height, height of maximum concen-
. . . tration level, dispersion coefficient for release from (solid line)
34.1 Vertical dispersion 2=0.2z;,(dashed line)z=0.5z;,and (dotted line)z=0.8z;; and

o L skewness, for release from=0.5z;.
The statistical moments of the plume evolution in the stra-

tocumulus case have been plotted in FgWe repeat here

that to some extent the stratocumulus topped boundary laygg not very significant, but for a stronger decoupled stratocu-
can be regarded as a combination of the CBL and the smokenulus case (i.e. the situation where there is a stably stratified
case, for it has both the surface flux characteristic for thejayer just underneath cloud bagyynkerke et al(2004) a
CBL and radiative cooling at cloud top, like the smoke cloud. clear separation between the “smoke-like” dispersion in the
This is reflected partially in the dispersion characteristics, estloud layer and the “CBL-like” dispersion in the subcloud
pecially in the skewness of the plume, which is, although ini- |ayer can be expected.

tially positive, much closer to zero than in the previous two  After 13, the particles are spread homogeneously in the
cases, indicating a more symmetric plume evolution. Theyertical direction, comparable to the CBL and smoke case al-
mean plume height and height of maximum concentration argyeit a bit sooner than in the latter cases. This result confirms
more similar to the ones found in the smoke case though. Ingnd quantifies the dispersion results for stratocumulus clouds
terestingly, a close inspection of Figjshows that for the re- by Sorbjan and Uliasz1999. We emphasize again that this
lease at=0.2z; the plume maximum descends to the ground strong dispersion is contradicting simple dispersion models
before rising again and the release in the cloud layer doeg, which the dispersion parameter depends on the amount
the opposite. This can possibly be explained by realisingof insolation. A stratocumulus topped boundary layer has
that the buoyancy flux profile in the subcloud layer is domi- 5 cloud cover close to unity, and would have according to
nated by the positive surface flux (like the CBL), whereas thethese models a dispersion coefficient almost an order of mag-
cloud layer looks more like the smoke caste Roode and pjtude lower than in the CBL. Apparently, only considering
Duynkerke(1997) also noted that this leads to a skewnessthe amount of insolation is insufficient to describe the disper-

of the velocity distribution that changes with height: neg- sjon in a cloudy boundary layer like the stratocumulus case.
atively skewed in the cloud layer and positively skewed in

the subcloud layer. This means that dispersion around cloug.4.2 Velocity statistics

base can be quite different depending on the exact location.

Within the cloud the maximum concentration has a tendencyin Fig. 9, the velocity statistics from the stratocumulus case
to go up, but outside the cloud, the maximum will go down. have been plotted. The velocity distribution is much more
In a well-coupled stratocumulus case like this one, the effecsymmetric than in the previous cases, which is in agreement

www.atmos-chem-phys.net/9/1289/2009/ Atmos. Chem. Phys., 9, 13892-2009



1298 R. A. Verzijlbergh et al.: Turbulent dispersion in cloud-topped boundary layers

1.2 T T T T T T 3000 |
10 ] 2500 |-
0.8 | ] E 2000
z | ] S 1500 g
g 06 k= N
o4l | £ 1000 P |
' 500 |
02} ] o
0 L L 600s  1800s  3600s 7200s 14400s  28800s
4 3 2 1 0 1 2 3 4
3000 |
w(m/s)
2500 |-
It E 2000 |
0 1 2 * 3 4 S 15001
1 ‘ ‘ 2 1000
Y 0.2z 500 N
0.8 7"\\ O.SZi """""
0.6 1\ 0.8z, O600s  1800s  3600s 7200s 14400s  28800s
£ 04
e’ 02F Fig. 10. Time evolution of the vertical concentration profile for the
0r e cumulus case. Bottom: release in the subcloud layer (200 m). Top:
027 release in the cloud layer (1250 m).
-0.4 : : ‘
0 1000 2000 3000

T(s) . . . .
From Fig.2d it was already clear that dispersion in the cu-
Fig. 9. Vertical velocity distribution and Lagrangian autocorrelation m_u“_JS C'OUQ' layer was very different than n t_he other cases.
for the stratocumulus topped boundary layer. It is instructive to look at the plume evolution in another way
than the contourplot from Fi. Figure10 shows the verti-
cal concentration profile as defined by E®). for releases in

with the characteristics of the plume. The autocorrelationsthe SUb'CI,OUd Iaygr (bottom) and in the.cl_oud-layer (top) at
ifferent times. Figurdl shows the statistical moments of

very much resemble the ones from the CBL and the smoké! .
e plume evolution.

case. The autocorrelation of the particles released at the toB1 h ) )
of the cloud layer has a shape similar to the one in the smoke !N Fig. 10 (bottom), it can be seen from the release in

case, again confirming that the stratocumulus cloud layer hal1® Sub-cloud layer that dispersion in the sub-cloud layer
the same characteristics as the smoke cloud. is initially analogous to the CBL: the plume maximum de-

' . . nds to the ground and then ri in. We al rv
Some final remarks about the generality of the results T ds to the ground and then rises aga € also observe

.this in Fig.11, although the location of the plume maximum
the stratocumulus case. Stratocumulus clouds are found in . .
as only been plotted for short times for release in the sub-

many different forms; for example the decoupled situation, . . o . .
. ; : 'cloud layer, because in a well mixed situation this quantity
as mentioned above, can be expected to display different d|s1- . : .
. o . ooses its relevance. After 30 min we observe a vertically
persion characteristics than the case we considered. The rela-

tive size of the cloud layer to the height of the boundary IayerWeII mixed profile in the SUb-CIOUd. Iaye_r, but clouds have
: . transported a small part of the particles into the cloud layer.
can also be expected to be of importance. lllustrative of the

. : ; Clouds continue to bring particles upwards, so the concen-

latter point are the results &orbjan and Uliasg1999, who oo gp P e
. tration in the sub-cloud layer slowly decreases in time (cloud
considered a stratocumulus case where the cloud layer cov-_ . : ;
venting), whereas the number of particles in the cloud layer

ered almost the entire boundary layer and found dispersion h cal | . Vilth
results that were closer to the results of the smoke case fror%rows' These numerical results are in agreemgnt !
uerau de Arellano et af2005, although they did not ob-

this study. serve the diminishing concentration in the subcloud layer

o ) o since they prescribed a continuous surface flux of pollutants.
3.5 Statistics of dispersion in the cumulus topped boundaryrpe effect of cloud venting can also be seen in Elgwhere

layer we see a steadily increasing dispersion coefficient for the re-
_ _ _ lease in the sub-cloud layer. One could speculate that this
3.5.1 \Vertical dispersion dispersion coefficient has two components: one from the dis-

persion in the sub-cloud layer, which is constant after ap-
In the cumulus case it is important to distinguish between re-proximately 30 min and one from the effect of cloud venting,
lease in the sub-cloud layer and release in the cloud layemnvhich has a much larger time-scale.
Unless specified otherwise, the presented graphs representNext we consider the release in the cloud layer. The plume
the dynamics of the entire ABL, i.e. the composite overis positively skewed, also observed in the bottom graph of
cloudy and clear regions. Fig. 11, which reflects the skewed velocity distribution in
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Fig. 12. Vertical velocity distribution in the cumulus cloud layer
(top) and vertical velocity distribution as a function of distance to

nearest cloud edge (bottom).
Fig. 11. Plume characteristics for the cumulus topped bound- ge ( )

ary layer. Note that cloudbase is approximately &5¢;. From

top to bottom: mean plume height, height of maximum concen- . _
tration level, dispersion coefficient for release from (solid line) 3-2-2 Velocity statistics

z=0.2z;,(dashed line)z=0.5z;,and (dotted line)z=0.8z;; and

skewness, for release from=0.5z;. The distribution of vertical velocity in the cumulus cloud

layer is shown in Figl2 together with a twodimensional ve-

locity distribution, where the new coordinateepresents the
the cloud layer. The value of the skewness is about 3 timeslistance to the nearest cloud edge, followiranker et al.
higher than in the dry CBL, which is due to the rare but very (2008. Negative values for are locations inside the cloud.
strong in-cloud updrafts in the cumulus layételus et al. Jonker et al(2008 andHeus and JonkgR008 have shown
2009. Nonetheless, looking at the height of the maximum that cumulus clouds are surrounded by a sheeth of descend-
concentration, we observe that it descends only very slowlyjng air, resulting from evaporative cooling due to mixing with
unlike we would expect from the analogy with the CBL. dry air outside the cloud. FigurE2 shows that indeed par-
Moreover, the dispersion parameter shows that the plumdicles in a cloud move mostly upward, particles near a cloud
spreads much slower in the cumulus cloud layer than in allmove mostly downward. In the far environment particles
other cases, not only in absolute sense (with the dispersiohave zero average velocity, although the variance of the ve-
coefficient measured in meters), but also in dimensionlesgocity is clearly not zero. This velocity distribution explains
units. In the other cases, a vertically well mixed concentra-why the plume maximum remains approximately constant,
tion profile was reached after3z,; in the cumulus cloud since the majority of the particles find themselves far away
layer this is not even the case after8s,. The combination from clouds. However, this still does not explain why par-
of both graphs in Fig10 provides the following conceptual ticlesspreadso slowly in the cumulus cloud layer, because,
picture: Clouds transport particles (pollutants) from groundafter all, the velocity distribution in the stratocumulus topped
level to the cloud layer, where they detrain from the cloud boundary layer is not so much different than in the cumulus
into the stable environment where in turn they hardly movecloud layer. To understand this we invoke the autocorrelation
anymore — a phenomenon sometimes referred to as plumiinctions from Fig.13. The autocorrelation of the particles
trapping. We emphasize that this result is rather surprisingeleased in the sub-cloud layer very much resembles the ones
and cannot be understood using the classical view on vertiin the CBL, which is expected because the subcloud layer has
cal transport by cumulus clouds, i.e., strong narrow updraftsall the characteristics of a CBL. For release in the cloudlayer,
in cloudy regions surrounded by homogeneously distributedhere seems to be a wavelike component in the autocorrela-
downdrafts. The latter motions would transport the pollu- tion function. Recalling that the cloud layer in a cumulus
tants to cloud-base in a steady pace. The velocity statisticfield is stably stratified for dry air, we can expect the pres-
should clarify this issue. ence of buoyancy waves, as is also shown in a theoretical
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Fig. 13. Vertical velocity autocorrelation in the cumulus case.
Fig. 14. Comparison between profiles of the Brun&isla fre-
guency as calculated by EdL3) and the values o obtained by
analysis for stable boundary layers Gganady(1973. The fitting Eq. (13) to the Lagrangian autocorrelations from different
frequency of these oscillations, the Brun&isala frequency,  release heights.
is given by

resemble the cloud venting results as discusse@Hxysson

| g do
w= \ 0 dz (12) et al. (2008; after transporting the pollutants upward, the

_ _ cloud disposes the pollutants in the stable cloud layer. The
One could argue that the autocorrelation of the vertical velocrather surprising conclusion from this view is that particles

ity in a stratified medium is made of two components: onenot only need a cloud to go up, but also one to go down in its
from stochastic motion associated with turbulence and oneurrounding shell.

from the wavelike motion associated with buoyancy waves.

Mathematically this would then translate to

L ,(L) 4 Conclusions
R%(t) = e \1t/ coqwt) (13)
We investigated the dispersion characteristics in different
types of boundary layers in an LES based study together with
ancy waves is indeed true, thenin Eq. (13) should corre- a Lagrang!an particle d|sper5|pn quulg. Comparison W!th
the extensively documented dispersion in the dry convective

spond with the one from Eql®). To verify this we com- boundary | h d satisfact twith the it
puted the autocorrelations for many different release heights oundary fayer showed satistactory agreement wi e liter

fitted the results with Eq1@3) and so obtained a vertical pro- ature. ) ) )
file of TL andw. From the LES fields we have the virtual T he vertical dispersion results from the smoke case and the

temperature profiles, thereby allowing us to make a verticatratocumulus case are well understood in terms of the verti-
profile of Eq. (12). Figurel14 shows the results. The values cal velocity distribution in the boundary layer. With th.e CBL .
of w as fitted from the autocorrelations correspond reason@S @ reference case, the smoke case has the opposite velocity
ably well with the ones calculated from the Brunéila o_hstnbutpn _and heljce also mirrored dispersion characteris-
frequency. The difference between the two curves can pdics. Radiative cooling at the top of the smc_)ke cloud leads t_o
explained partially by realising that the autocorrelations rep-Strong narrow downdrafts and compensating updrafts. This
resent ensembles of particleseasedat a certain height, but r.1egat|_v<_ely skewed velqcny distribution translates into an ini-
after a short while a part of these particles are not at theifially rising plume maximum.
release height anymore. The stratocumulus case that we considered can best be
The conceptual picture that emanates from the above conviewed as combination of the smoke case and the CBL. The
siderations is that the vast majority of particles in the cumu-cloud layer, where radiative cooling is dominant, resembles
lus cloud layer is just lingering in the environment, every the smoke case the most, whereas the sub-cloud layer, where
now and then get disturbed from their vertical position whenthe surface fluxes dominate, more resembles the CBL. A
a cloud perturbs the whole system and will then start to os-study of dispersion in other types of stratocumulus situations,
cillate for a while around its original position. This explains such as the decoupled stratocumulus, would be interesting to
why we do find a velocity distribution with a reasonable ve- PUrsue.
locity variance, but yet hardly observe any plume spread- Future parametrizations of vertical dispersion in the smoke
ing. The effective transport of pollutants is done solely by case and the stratocumulus case might benefit from ex-
the cloud and the surrounding subsiding shell. Dispersion oploiting the symmetry with respect to the CBL, where
pollutants released within a single cloud would first closely parametrizations have already been proposed and validated.

whereT! is then some characteristic timescale over which
the turbulent velocity is correlated. If the suggestion of buoy-
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It should be emphasized that in both the smoke case an&eferences
the stratocumulus case we observe rapid mixing throughout _ _
the boundary layer. This observation contradicts simple dis/Angevine, W.: An integrated turbulence scheme for the boundary
persion models in which clouds have a damping effect on layer with shallow cumulus aplied to pollutant transport, J. Appl.
. . . . . o, Meteor., 44, 1436-1452, doi:10.1175/JAM2284.1, 2005.
dispersion by blocking insolation. In addition, as already s ‘ ’
pointed out bySorbjan and Ulias#1999, stratocumulus can Bretherton, C. S., Macvean, M. K., Bechtold, P, Chlond, A.,

. . Cuxart, J., Khairoutdinov, M., Kosovic, B., Lewellen, D. C., Mo-
dramatically change the dynamics of the nocturnal boundary eng, C.-H., Siebesma, A. P., Stevens, B., Stevens, D. E., I.Sykes

layer and corresponding dispersion characteristics. and Wyant, M. C.: An intercomparison radiatively-driven en-

The shallow cumulus case shows markedly different dis- trainment and turbulence in a smoke cloud, as simulated by dif-
persion characteristics. Apart from the expected cloud vent- ferent numerical models, Q. J. Roy. Meteor. Soc., 125, 391-423,
ing (clouds transporting particles from the sub-cloud layer 1999 . o .
upwards), we observed that the dispersion in the cloud layePrig9s, G.: Plume Dispersion in the Convective Boundary Layer.
is much slower than in all other cases and as anticipated Pa'!l: Analyses of CONDORS Field Experiment Data, J. Appl.

. . . Meteorol., 32, 1388—-1425, 1993.
solely on the basis of the velocity distribution. It turns out Chi . R
o e . . ing, J. K. S., Shipley, S. T., and Browell, E. V.: Evidence for

that the vequty dlstr|put|on as afuncyon of distance to cloud = i5ud venting of mixed layer ozone and aerosols, Atmos. Envi-
and the vertical velocity autpcorrelaﬂon; need to be !nvoked ron., 22, 225-242. 1988.
to understand the observations. By doing so, the view thathosson, F., Paoli, R., and Cuenot, B.: Ship plume dispersion
emanates is that particles far away from clouds display 0s- rates in convective boundary layers for chemistry models, At-
cillating behaviour associated with buoyancy waves. This mos. Chem. Phys., 8, 4841-4853, 2008,
results in a velocity distribution with a variance comparable  http://www.atmos-chem-phys.net/8/4841/2008/
to the other three cases, but yet a very slow spreading of th&otton, W.: Cloud Venting — A review and some new global annual
plume. The overall picture that emerges is that clouds deposit estimates, Earth-Sci. Rev., 39, 169-206, 1995. .
pollutants emitted at ground level in the cloud layer, whereCsanady, G.: Turbulent diffusion in the environment, D. Reidel

; ; Publishing company, 1973.
they remain for very long times.
y ylong Cuijpers, J. W. M. and Duynkerke, P. G.: Large-eddy simulation of

This view has consequences for the concentration vari- rade wind cumulus clouds, J. Atmos. Sci., 50, 38943908, 1993.
ance in the cloud layer. Since pollutants in the environ-de Roode, S. and Duynkerke, P.: Observed Lagrangian transition
ment far away from clouds mix very slowly throughout the  of stratocumulus into cumulus during ASTEX: mean state and
cloud layer, there will remain areas with high concentrations turbulence structure, J. Atmos. Sci., 54, 2157-2173, 1997.
for relatively long times. This might have consequences forDeardorff, J. W.: Stratocumulus-capped mixed layers derived from
chemical processes that are often non-linear with respect to athree-dimensional model, Bound.-Lay. Meteorol., 18, 495-527,
the concentrations of the reactants. Additionally, this can be 1980
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