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Abstract. Effects of stratocumuli clouds on dispersion of contaminants are studied in the nocturnal
atmospheric boundary layer. The study is based on a large-eddy simulation (LES) model with a bulk
parametrization of clouds. Computations include Lagrangian calculations of atmospheric dispersion of a
passive tracer released from point sources at various heights above the ground. The obtained results show
that the vertical diffusion is non-Gaussian and depends on the location of a source in the boundary layer.

1. INTRODUCTION

    During the last three decades, a good understanding of atmospheric diffusion has been achieved in the
convective boundary layer as a result of numerical, laboratory, and field investigations (e.g., Weil. 1995).
All previous studies, however, have focused on day-time, clear-sky convection over land, and consequently
either eliminated or simply ignored convection due to the presence of low clouds at the top of the boundary
layer. Low, stratocumuli clouds, especially in nocturnal conditions, are able to generate a rather strong
convection  (e.g., Garratt, 1992), and therefore can have an important impact on the structure of atmospheric
turbulence and diffusion.

    Due to a positive vertical velocity skewness in convective boundary layer (CBL), dispersion during the
day-time depends on the location of the source. As a result, dispersion from a source located near the Earth’s
surface is different than dispersion from a source at the top of the boundary layer. On the other hand, the
skewness in the cloud-topped boundary layer (CTBL) is generally negative. Consequently, dispersion in the
CTBL is also expected to be dependent on the location of the source, but in a “reverse” way.

    In order to evaluate this notion, we performed a preliminary test based on a large-eddy simulation (LES)
model. Our large-eddy simulation model is briefly described in Section 3. In Section 2, we discuss the
differences and similarities between convection in the clear-sky convective boundary layer and in the cloud-
topped boundary layer. The results of our numerical simulations are detailed in Section 4.
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2. CONVECTIVE DIFFUSION

2.1. Surface-generated convection

    Diffusion of pollutants in the clear-sky convective boundary layer is primarily governed by turbulence
generated by surface heating. The understanding of diffusion in the CBL was significantly advanced by the
numerical simulations and laboratory experiments of Willis and Deardorff (1976, 1978, 1981). These
investigations demonstrated that for elevated sources, the average plume center-line, defined as the mean
maximum concentration, descended within a short distance from the source until it reached the ground. In
contrast, the average centerline from near surface releases ascended after a short downwind distance.

Figure 1: Vertical profiles of (a) the vertical velocity skewness , and (b) dimensionless velocity variances
(scaled by w*

2) in the CBL: u-dotted line, v - dashed line, w - continuous line.
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    This rather surprising plume behavior strongly differed from the conclusions of the Gaussian plume
models. After many subsequent studies, it became clear that the position of maximum concentrations can be
explained by the probability distribution of the vertical velocity. Such distribution was found to be positively
skewed, with a negative mode in the CBL (e.g., LeMone, 1990). A typical example of the vertical velocity
skewness (Sw =<w’3> / <w’2>3/2) in the CBL is shown in Figure 1. In the same figure, dimensionless
vertical profiles of the velocity variances (<u’2>, <v’2>, <w’2>) are also depicted. The figure was generated
by our LES model for the case of pure convection (no wind), with the convective velocity scale w*=0.93
m/s, and the mixing height h=495 m. The velocity variances in Figure 1 are normalized by the convective
scale w*. The resulting skewness near the surface is weakly negative, as a result of insufficient resolution of
small eddies in this region by LES models.

    A positive vertical velocity skewness indicates strong narrow updrafts surrounded by larger areas of
weaker downdrafts. It also implies that downdrafts cover more than half the area of the horizontal plane over
the bulk of the mixed layer depth. As a result, the majority of material released by an elevated source
descends. On the other hand, material released at the surface can only ascend or move horizontally.
Contaminants released into the base of an updraft begin to rise immediately, while those emitted into a
downdraft move horizontally until they encounter updrafts. After a sufficiently long travel time, most
pollutants enter the updrafts and the location of the maximum concentration rises toward the top of the
mixed layer.

    The first support for Willis and Deardorff’s laboratory observations was obtained from the numerical
experiments of Lamb (1982). Lamb used the results from Deardorff’s LES model  (1972) to trace the
motions of thousands of particles released into a numerical field. Laboratory and numerical results were later
found to be in a very good agreement with atmospheric observations (e.g., Moninger and Kropfli, 1982,
Eberhart et al., 1988).

2.2. Cloud-generated convection

    Low clouds have a strong impact on the dynamics of the ABL (e.g., Lenschow et al. 1980, Nichols and
Leighton 1986, Turton and Nicholls 1987, Paluch and Lenchow 1991). The structure of the cloud-topped
boundary layer depends on the surface sensible and latent fluxes, radiative cooling and heating in clouds,
phase changes, subsidence, and wind shear. Surface fluxes generate convection and provide the water
substance. Radiative cooling contributes to the generation of a positive heat flux, convection, and
entrainment at the top of the mixed layer. Wind shear increases entrainment. Entrainment brings warmer and
drier air down into the ABL and promotes evaporative cooling. The evaporative cooling can lead to an
instability process whereby parcels cool even more and then sink. This can generate greater entrainment and
result in the breaking up of a solid cloud deck.

    The day-time CTBL usually has two distinct layers, the cloud and sub-cloud layer, decoupled by the
formation of a slightly stable layer near the cloud base. The decoupling is primarily a consequence of short
wave heating in the cloud layer. The decoupling prevents the moisture to be transported upward. This,
together with solar heating, leads to a rapid thinning of the cloud layer during the daytime, and also has an
important influence on the radiative balance at the surface and above the cloud. In addition, cooling
introduced by the evaporation of precipitation (drizzle) can cool the sub-cloud layer relative to the cloud
layer, and consequently further stabilize the interface between the cloud and sub-cloud layers. Observations
reveal negative values of the vertical velocity skewness through a considerable depth within the cloud layer
in a daytime boundary layer (e.g., Nicholls and Leighton, 1986).

    The CTBL at night is characterized by more intensive turbulence than during the day. The nocturnal
CTBL is primarily driven by evaporative and long-wave cooling from the cloud top, in a manner analogous
to that of a convective boundary layer heated from below. It gives the appearance of a single mixed layer.
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We will focus on the nocturnal CTBL in this study. Typical examples of the vertical velocity skewness  and
the velocity variances and from the LES in a nocturnal CTBL are shown in Figure 2. The velocity variances
in Figure 2b are not normalized. The corresponding profiles of temperature, humidity and fluxes, obtained
for the case displayed in Figure 2 are shown in Figures 3, 4 and 5. Figure 3 indicates that the generated cloud
extends from about 200 m to 800 m above the ground.  The maximum of the vertical velocity variance in
Figure 2b is equal to 0.28 m2/s2. For comparison, the maximum of the vertical velocity variance derived
from Figure 1b (day-time convection) is about 0.33 m2/s2.

    Figure 2 implies negative values of the vertical velocity skewness in the boundary layer, except near the
cloud top in the nocturnal CTBL, where the skewness is positive. Negative skewness in the CTBL implies
strong narrow downdrafts, surrounded by larger areas of weaker updrafts. Moeng and Rotunno (1990)
argued that the cloud-top positive maximum in vertical velocity skewness could be the result of the updrafts
impinging upon the inversion and producing weak broadly distributed return flow downdrafts. The positive
values of the skewness in Fig. 2 near the cloud top could partly result from the insufficient resolution in this
region (in the case shown in Figure 2, the vertical grid sizes ∆z=30 m).

Figure 2. Vertical profiles of (a) the vertical velocity skewness , and (b) dimensionless velocity variances
(scaled by w*

2)  in the CTBL: u - dotted line, v - dashed line, w - continuous line.
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3. NUMERICAL SIMULATIONS

3.1. LES model

    Our study is based on a large-eddy simulation model. LES models are presently considered to be reliable
sources of turbulent data, especially because of the known difficulties with assembling high resolution data
bases on atmospheric turbulence (e.g., Nieuwstadt  et al., 1992).  They use equations which remain faithful
to the essential physics of the flow and directly resolve most of the turbulence from the Navier-Stokes
equations. Only the small scale turbulence is modeled (e.g., Nieuwstadt, 1990, Mason , 1994).  LES models
have now the capability to produce details down to scales, which are comparable with the scales measured
from aircraft (Nichols, 1989). The first large-eddy simulations were performed by Deardorff (1972; 1973;
1974), and were later investigated by e.g., Schemm and Lipps (1976), Sommeria (1976), Moeng (1984),
Wyngaard and Brost (1984), Schmidt and Schumann (1989), Mason (1989). Much of the previous work
based on LES has been focused on simulations of the convective boundary layers (Nieuwstadt et al., 1992).
The cloudy boundary layers were simulated by e.g., Sommeria 1976; Deardorff 1980; Moeng 1986; Moeng
et al. 1996; Lewellen and Lewellen 1996, Cuijpers and Duynkerke (1993).

    The results presented in this paper are based on the LES model of Sorbjan (1996) with a bulk
parametrization of clouds (e.g., Deardorff, 1980, Cuijpers and Duynkerke, 1993). The code was previously
used to study the cloud-free convective mixed layer (e.g., Sorbjan, 1995, 1996 a, b). The model employs a
system of differential equations consisting of conservation laws for momentum, mass, and the first law of
thermodynamics. The unknown quantities include the three components of velocity, the liquid water
potential temperature, total water specific humidity, and pressure. The adopted sub-grid parametrization is
based on the kinetic energy equation. The Monin-Obukhov similarity formulation is employed to calculate
surface momentum fluxes. The upper boundary condition is assumed to be stress-free for horizontal velocity
components. At the top of the computational domain, the vertical velocity is set on zero, and the potential
temperature lapse rate is constant. The multi-stage Runge-Kutta scheme is used for time integration of all
model equations. The monotonic advection scheme of Beets and Koren (1996) is applied for scalar
equations.

3.2. Lagrangian particle model

    Numerical simulations of turbulent dispersion can be carried out with the help of both, the Eulerian and
Lagrangian methods. The Eulerian method is based on the diffusion equation derived from the mass
conservation principle. In this case, the diffusion equation is solved along with other conservation equations
of the LES model. In the Lagrangian method, “marked” fluid particles are advected in the flow fields
(resolved and subgrid) calculated by the LES model. The Lagrangian modeling framework was employed in
this study.

    Our Lagrangian particle model is designed to evaluate Lagrangian turbulence statistics and to investigate
source-receptor relationships from the LES output. It has evolved from a family of particle dispersion
models used in mesoscale and regional transport studies (Uliasz, 1994, Uliasz et. al., 1996). Each particle is
tagged with the time and location of its release and, additionally, can also be used to trace any
meteorological field along its trajectory. The equation of motion for the particle is integrated by a second-
order Runge-Kutta scheme (Yeung and Pope, 1988). Resolvable scale wind components from the LES are
interpolated linearly to the particle position. Below the Dz/2 level, u and v components are derived with the
aid of the Monin-Obukhov similarity profiles. Subgrid scale velocity components are generated with the
simple random walk scheme. The particle model is formulated as a subroutine called on each time step of
integration of the LES code.
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   Under the assumption of statistical stationarity and horizontal homogeneity of the LES fields in this study,
the probability density function for the ensemble mean concentration from a point source takes on the
following form:

                                         p(x, y, z, t  | x’, y’, z’, t’) = f(x - x’, y - y’, z,t - t’),

where p  is the probability that particle released at the source coordinates (x,y,z) at the time t reaches the
receptor coordinates (x’,y’,z’) at the time t’, and f indicates a function of horizontal travel distances x-x’, y-
y’ (due to horizontal homogeneity), travel time t-t’ (due to steady state), source height, z, and receptor
height, z’.

    Particles are being released continuously from randomly selected points at the horizontal plane
corresponding to the emission source height. This source area covers the entire LES model domain, while
particles are traced in a much larger domain, taking into account the horizontal periodicity of the
meteorological fields. The particle simulation starts after the LES solution has reached the steady state.
Finally, the ensemble mean concentration is evaluated from the stored particle distributions as a function of
(x-x’, y-y’, z). The uniform kernel estimator (Uliasz, 1994) with bandwidths equal to a half of the assumed
grid spacings is used in concentration calculations.

Figure 3. Vertical profiles of the potential liquid water temperature QL, and the virtual temperature Qv for the
CTBL simulation.

3.3. Resulting meteorological fields

    Our preliminary simulation employed a coarse mesh of 32×32×60 grid points, distanced at ∆x=60 m,
∆y=60 m, and ∆z=30 m. The heat flux at the surface was nil. A surface humidity flux was 10-5 m/s. The
geostrophic wind was assumed to be 2 m/s. The lapse rate in the free atmosphere was assumed 3 K/km. The
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roughness length was 0.1 m. The absorber layer at the top of the computational domain was located above
2400 m. Its time constant was assumed to be 1000 s. The simulation lasted 15,136 s.

Figure 4. Vertical profiles of the turbulent (total) heat flux H, and the net radiative flux R.

Figure 5. Vertical profiles of the total water content qT, liquid water content qL, and water vapor specific
humidity qv, for the CTBL simulation.
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     The temperature fields of the virtual potential temperature, and the potential liquid water temperature are
shown in Figure 3. As expected, the potential liquid water temperature is constant in the mixed layer. The
turbulent heat flux and the net radiative flux are shown in Figure 4. The net radiative flux is prescribed in
this study as decreasing from 0.07 K m/s to zero within the top 200 m of the cloud. The radiative flux is the
driving force of the generated convection. In our simulation, its divergence is equivalent to a minimum
cooling of about 2.5 K/h in the cloud layer. In Figure 4, the sum of the radiative and turbulent fluxes is linear
in the mixed layer, which indicates a quasi steady state.

    Humidity fields of total water content, the liquid water content, and water vapor specific humidity are
presented in Figure 5. The liquid water content in Figure 5 indicates that the cloud extends from 200 to 800
m. As expected, the total water content is constant in the mixed layer.

Figure 6.  Normalized cross-wind integrated concentrations, <C>y h U/Q, for a tracer released from four
point emission sources located at height 100, 300, 500, 700 m above the ground surface
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3.4. Resulting concentration fields

    We simulated tracer releases from four point sources located at different heights within the mixed layer:
H=100 m (H/h=0.125), H=300 m (H/h=0.375), H=500 m (H/h=0.25), and H=700 m (H/h=0.875). The LES
model was restarted after 15,136 s and ran together with the Lagrangian particle model for the next 1500
time steps. The ensemble mean concentrations were calculated as described in section 3.2, on a grid with the
same resolution as the LES model grid. The resulting cross-wind integrated concentrations (CWIC) are
displayed in Figure 6. The corresponding dimensionless mean plume heights are presented in Figure 7. They
are defined as Z=<Cz>/<C>, where <> denotes the vertical and lateral averaging operator.

Figure 7. Dimensionless mean plume heights corresponding to the concentrations in Figure 6.

    The plume released from the lowest source (H/h=0.125) ascends. This happens because the material
released at the surface can only ascend or move horizontally. The contaminants released into the base of an
updraft rise immediately, while those emitted into a downdraft move approximately horizontally, until they
encounter updrafts. This plume behavior is similar to that observed in the clear-sky CBL.

    In the case of elevated sources located in the middle of the mixed layer (H/h=0.375 and H/h=0.625), the
plumes starts to ascend immediately after the release. This is consistent with the negative skewness of
vertical velocity obtained from the LES (Figure 2). The considered plumes encounter stronger narrow
downdrafts surrounded by larger areas of weaker updrafts and, consequently, the majority of the released
tracer ascends. This is the opposite situation to the case of elevated release in the clear-sky CBL. The
ascending of the plume released from the highest source (H/h=0.875) is limited by the inversion top.

    It is interesting to note the plume splitting which occurs in further distances from the elevated sources. In
each case, a portion of the plume starts descending and continues to descend until it reaches the ground
surface. Another portion keeps ascending or moves horizontally. This plume splitting explains why the
ascend of the elevated plumes is not clearly visible in the mean plume heights in Figure 7.  All plumes
released from both, surface and elevated sources cross approximately at Z = 0.5 and x/h =1.5. Since, the
maximum concentration does not stay at the same level (except at larger distances from the source),  and all
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plumes experience a certain degree of splitting with travel time, we conclude that the obtained dispersion
patterns are different from those produced by the Gaussian plume models.

4. FINAL REMARKS

     Current regulatory practice in air pollution modeling adopts the Gaussian plume equation, and assumes
dispersion parameters to be defined for six classes of atmospheric stability: from extremely unstable (class
A) to moderately stable (class F).  At night with low clouds, the scheme yields neutral or lightly stable
classes D and E. Our study shows that in such conditions, convection can occur in the nocturnal boundary
layer, and that the Pasquil-Turner classification is not valid. The performed simulations also demonstrate
that vertical diffusion in the nocturnal CTBL is non-Gaussian. Both conclusions imply the need for a revised
formulation of diffusion models in a nocturnal CTBL, with upgraded dispersion parameters, and improved
treatment of plume rise and buoyancy effects. Related issues are addressed by Pielke and Uliasz (1998), who
discussed the limitations and strengths of available meteorological models for atmospheric dispersion
applications.

    The presented results are based on large-eddy simulations, and therefore are merely preliminary in
character. Obviously, further experimental verification is required. We hope to test our findings during the
CASES-99 experiment planned to take place in Kansas in the fall of 1999. One of the goals during this
project will be a study of diffusion under cloudy skies at night. During the experiment aerosol will be
generated at various heights in the nocturnal boundary layer and its dispersion detected by means of lidar
measurements.
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