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Abstract A Lagrangian two-particle dispersion model (L2PDM) driven by ve-
locity fields from large-eddy simulations (LESs) is used to compute the mean and
fluctuating concentrations in a highly convective boundary layer. The model re-
sults agree with data from two convection tank experiments.
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1. Introduction

A striking feature of atmospheric dispersion is its large variability. This is espe-
cially true in the convective boundary layer (CBL) where the plume from an ele-
vated source meanders due to the large convective eddies, producing high fluctua-
tions in surface concentrations. The concentration peaks are caused by intermittent
transport of plume segments to the surface by CBL downdrafts, where the plume
spread about the local centerline is due to small-scale turbulence (Gifford, 1959).
The concentration fluctuations are characterized by their root-mean-square (rms)
value ¢, or the fluctuation intensity 6./C, where C is the ensemble-mean concen-
tration. Measurements show that surface 6./C can be large ranging from 1 to 10
for short averaging times (< 5 min) and downstream distances (< 5 km).

In this work, we extend Thomson’s (1990) Lagrangian two-particle dispersion
model (L2PDM) for concentration fluctuations in homogeneous turbulence to the
inhomogeneous conditions of the CBL by coupling it with velocity fields from
large-eddy simulations (LES) (e.g., Moeng and Sulllivan, 1994). Thomson’s mod-
el handles the two-particle motion due to the ““unresolved” or LES subfilter-scale
(SFS) velocities, whereas the LES ““resolved” velocities address particle dis-
placements due to the larger-scale motion.



2. Models

In an L2PDM, one tracks the simultaneous motion of two particles that start from
a small separation and spread due to inertial-subrange turbulence leading to “"rela-
tive dispersion” about the plume centerline (Batchelor, 1950). Thomson (1990)
used stochastic equations to follow the evolution of the six-dimensional position
and velocity arrays defining the two-particle system. He produced a relative dis-
persion (6,) with G, o< t¥2 at short times (7) and o, o< t'? at long times, consistent
with Batchelor’s (1950) theory, and G, results in agreement with wind-tunnel data.

In using LES fields to drive the particles, we decompose the total or Lagrangi-
an velocity (u;,) of particle k (= 1, 2) as u;, = uy (X0 + gy (X5 X, 1), where
the resolved and SFS velocities (subscripts R and S) of a particle (subscript p) are
superposed as in the 1-particle LPDM (Weil et al., 2004); a bold-faced symbol de-
notes a vector. The SFS velocity depends on the positions of both particles (k and
j) due to the two-point velocity correlation built into the SFS model (Thomson’s);
the resolved velocity correlation is implicitly included in the computed LES fields.

For a continuous point source (CPS), a one-particle LPDM can be used to find
the mean concentration from the probability density function (PDF), p,, of particle
position x, (Weil et al., 2004). For the two-particle releases, the plume concentra-
tion ¢ also is computed from a p, but one using both particle positions, which ac-
counts for the relative dispersion. Such dispersion leads to a narrower plume and
higher local concentrations ¢ than for the mean dispersion. The C and ¢, fields are
obtained from an ensemble of N widely-spaced sources at height z, in a horizontal
plane, creating N " independent” realizations of the ¢ field (see Weil et al, 2012).

The Moeng and Sullivan (1994) LES model was adopted for the 1-particle
LPDM (Weil et al., 2004) and served as a reference case. The LES was run for a 5
x 5 x 2 km® domain, 96° grid points, a surface heat flux of 0.24 K ms™', a mean
CBL height z; of 1 km, a convective velocity scale w. of 2 ms™, and a mean wind
speed U over the CBL of 3 ms™'; thus, U/w. = 1.5. For the two-particle model, the
EULAG (EUlerian/semi-LAGrangian) model (Prusa et al., 2008) was adopted and
run for the same setup, domain size, and variables as in Weil et al. (2004).

3. Results

We performed L2PDM simulations for four release heights: z/z; = 0.07, 0.25,
0.49, and 0.8; the first three matched those in the Willis and Deardorff (WD)
(1976, 1978, 1981) experiments and all were close to or the same as in Hibberd
(2000). The simulations were driven by LES fields input sequentially from 210
data volumes stored at 10-s intervals. The C and o, fields were obtained with N =
25 CPS releases, each with 2.1 x 10° particles, whereas the laboratory experiments
used an instantaneous line source (ILS). For sufficiently high U/w. (=1.5), WD



(1976) argued that the C fields for the CPS and ILS were equal upon replacing ¢
by x/U in the ILS results; i.e., rms longitudinal velocity fluctuations 6, would not
significantly affect the CPS results. However, no data were given for the G, fields.
Figure 1 presents L2PDM results of the mean dimensionless crosswind-
integrated concentration (CWIC), C°Uz/Q at the surface versus the dimensionless
downwind distance X = w.x/(Uz;, the ratio of travel time (x/U) to the eddy turnover
time (z;/w-). For the lowest source, the L2PDM results agree well with the earlier
1-particle LPDM and the WD (1976) data, establishing consistency between the 1-
and 2-particle LPDMs. However, the Hibberd (2000) data has a much lower peak
CWIC, which is probably due to the long ILS setup time (¢, =0.4z/w.) with emis-
sions distributed over ¢ for ¢ < t,. The L2PDM generally agrees with the lab data
for the other sources showing a systematic variation with z, and X, although the
Hibberd data has a reduced and delayed peak for z/z;= 0.25, likely due to the ¢,.
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Fig. 1. Dimensionless CWIC at surface versus X for 1-and 2-particle LPDMs and compari-
son to the convection tank experiments of Willis and Deardorff (1976 1978, 1981) and Hib-
berd (2000); Weil et al. (2004) only provided the 1-particle LPDM results for z,/z;= 0.07.

Figure 2 shows the CWIC fluctuation intensity, 6//C’, versus X at the surface.
The CPS results (solid line) and lab data are consistent at short range, where the
6./C” is dominated by plume vertical meandering; the large initial drop in 6/C”
is due to the increase of o, relative to the rms meander. However, once the de-
crease in 6/C” subsides, the CPS results tend to higher values than the data. We
believe that this is due to the CBL longitudinal variance ©,> generating plume ¢
fluctuations in low winds: U/w. (~1.5) or equivalently ¢,/U ~ 0.4. Thus, we mod-
eled the release as an ILS (no o, effects), and this result (dashed line) agrees much
better with the data. More study is required of the 6”/C” (X) variation with U/w...
Overall, these results support the L2PDM-LES approach for modeling mean
and fluctuating concentrations due to sources in the CBL, and our contention that
the CBL longitudinal variance 6,2 affects the rms concentration (G,) more than the
mean (C) at low values of U/w.. This contention requires further investigation.
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Fig. 2. Fluctuation intensity of surface CWIC versus X compared to Hibberd (2000) data.

Acknowledgements. This work was sponsored by the Defense Threat Reduction
Agency and the U.S. Army Research Office (Grant W911NF-09-0572).

4. References

Batchelor, G.B., 1950: The application of the similarity theory of turbulence to atmospheric dif-
fusion. Quart. J. Roy. Meteorol. Soc., 76, 133 —146.

Gifford, F.A., 1959: Statistical properties of a fluctuating plume dispersion model. Advances in
Geophysics, Vol. 6., Academic Press, 117—138.

Hibberd, M., 2000: Vertical dispersion of a passive scalar in the convective boundary layer: new
laboratory results. Preprints: 11" Joint Conference on the Applications of Air Pollution Me-
teorology with the A&WMA, American Meteorological Society, Long Beach, CA 18 —23.

Moeng, C.-H., and P.P. Sullivan, 1994: A comparison of shear- and buoyancy-driven planetary
boundary layer flows. J. Afmos. Sci., 51,999—1022.

Prusa, J.M., P.K. Smolarkiewicz, and A.A. Wyszogrodzki, 2008: EULAG, a computational
model for multiscale flows. Comput Fluids, 37, 1193 —1207.

Thomson, D.J., 1990: A stochastic model for the motion of particle pairs in isotropic high Reyn-
olds turbulence, and its application to the problem of concentration variance. J. Fluid Mech.,
210, 113—153.

Weil, J.C., P.P. Sullivan, and C.-H. Moeng, 2004: The use of large-eddy simulations in Lagran-
gian particle dispersion models. J. Atfmos. Sci., 61,2877 —2887.

Weil, J.C., P.P. Sullivan, E.G. Patton, and C.-H. Moeng, 2012: Statistical variability of disper-
sion in the convective boundary layer: ensembles of simulations and observations. Bound .-
Layer Meteorol., 145, 185—210.

Willis, G.E., and J.W. Deardorff, 1976: A laboratory model of diffusion into the convective
planetary boundary layer. Quart. J. Roy. Meteorol. Soc., 102,427 —445.

Willis, G.E., and J.W. Deardorff, 1978: A laboratory study of dispersion from an elevated source
within a modeled convective planetary boundary layer. Atmos. Environ., 12, 1305—1312.
Willis, G.E., and J.W. Deardorff, 1981: A laboratory study of dispersion from a source in the

middle of the convectively mixed layer. Atmos. Environ.,15,109—117.



Question and Answer

Q: Peter Viaene: Why do you limit to 2 particles?

A: Jeffrey Weil: We restrict the model to 2 particles because it is sufficient to de-
termine both the mean and rms concentrations and it has lower computational
demands than models for higher numbers (n) of particles. In principle one needs
multi-particle spatial correlations to compute the n—particle relative motions, and
these are not readily available; the 2-particle velocity correlations exist and are
used in Thomson’s (1990) model. Models do exist for tetrads (n = 4) (e.g., Toschi,
F., and E. Bodenschatz, 2009: Lagrangian properties of particles in turbulence.
Ann. Rev. Fluid Mech., 41, 375—404) and clusters of n = 6 particles (Sawford,
B.L., S.B. Pope, and P.K. Yeung, 2013: Gaussian Lagrangian stochastic models
for multi-particle dispersion. Phys. Fluids, 25, 055101-1—055101-19). However,
in the latter case (n = 6), the model is constrained by the n = 2 spatial correlations,
and the higher-n spatial correlations are neglected.

Q: Enrico Ferrero: 1) Is there any limitation due to the fact that the two-particle
model is valid only for homogeneous isotropic turbulence? 2) Which kind of PDF
do you use in the Lagrangian model?

A: Jeffrey Weil: 1) Thomson’s (1990) 2-particle stochastic model is only used for
the subgrid-scale or subfilter-scale treatment, and we believe that the homogene-
ous isotropic assumption is adequate at this scale and consistent with the LES. The
larger-scale inhomogeneous and anisotropic motion of the CBL flow is handled by
the LES resolved velocities, which evolve in a natural way in the computed flow
field. 2) For Thomson’s 2-particle model, the PDF of the random velocity forcing
is assumed to be joint normal.



