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Using idealized distributions of surface moisture, it is shown
that with a significant synoptic prevailing flow over these regions
of surface variability, dispersion is generally enhanced over hetero-
geneous surfaces as compared to horizontally homogeneous con-
ditions. The importance of the heterogeneity becomes less, how-
ever, as the large scale wind speed increases and/or the spatial
scale of the heterogeneities become less. This work also clearly
demonstrates that the use of Gaussian regulatory models in areas
of landscape variability is inappropriate.

Even casual observers of landscape as viewed from aircraft
discern the significant spatial heterogeneity of the surface. Over
settled areas, the earth's surface is a patchwork of farms, suburban
developments, parks, industrial complexes, and so forth. In more
remote areas, the ground is generally characterized by varying
surface geologic features and vegetation community composi-
tion. Superimposed on both natural and man-made landscapes are
terrain elevation and aspect variability.

In this paper we use examples to:
• Document observationally existing natural and

anthropogenically modified spatial variability of landscape.
* Demonstrate, using a mesoscale meteorological model

coupled with a Lagrangian dispersion model, how atmo-
spheric dispersion patterns are modified from what would
occur in the absence of these landscape variations.

Discussion and Results
Observational Documentation of Landscape Variability

Figure 1 provides an example of the existence of landscape
variability in the western High Plains of the United States. In
Figure 1, a half-tone of a colored image of NDVI satellite data is
presented. NDVI values are a measure of the "greenness" of the
earth' s surface and are strongly correlated with transpiration from
vegetation.1 The large spatial heterogeneity evident in the figure
is undoubtedly associated with large variations in surface sensible

implications
CurrtntEPAre
of landscape v«
tion. Such variations in the suffice forcing can result in well -

which will often substantially

heat flux. Using aircraft measurements obtained by flying cross
sections from irrigated land in a portion of the western region in
Figure 1 (northeast Colorado) as reported in Segal et al.,2 substan-
tial differences in daytime boundary layer turbulence were found,
which will result in different intensities of dispersion.

. + * • > * •

Figure 1 : NDVI composite image for the week ending June 13,1988 covering the northern
and central U.S. Great Plains. 1 km pixel size [photograph courtesy of EROS Data Center
(from Pielke etaf.)20]

Numerical Simulations

Prior modeling studies which have demonstrated the impor-
tance of surface forcing to atmospheric structure include Deardorff,3

Yamada,4 Mahfouf et al.,5 Tjemstrom,6 Segal et al.,7 Avissar and
Pielke,8 and Lee et al.9 A mesoscale meteorological model to-
gether with a Lagrangian particle dispersion model included in
Mesoscale Dispersion Modeling Systems (MDMS) were applied
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Figure 2: Terrain configuration used in meteorological simulations with indicated location of an emission source. Black
segments - initial soil water content n0 = 30 percent T ^ , white segments TJ0 = SO percent r ^ .

to demonstrate the expected significance of variable surface
properties on transport and dispersion (Uliasz).1011 The main
features of the mesoscale model are listed below:

• Model equations: hydrostatic, incompressible, primitive
equations formulated for mesoscale perturbations in terrain-
following coordinates; one-, two-, or three-dimensional;
dry thermodynamics (no liquid water, vapor only).

• Turbulence parameterizations based on a simplified sec-
ond-order closure developed by Mellor and Yamada12 and
modified by the Helfand and Labraga13 allows one to obtain
all turbulence characteristics required by air pollution dis-
persion models.

• Radiation: a simple parameterization of surface fluxes is
adapted from Van Ulden and Holtslag;14 radiation processes
in the atmosphere are not included.

• Land surface representations:
- A one surface energy balance is considered for a soil-

vegetation system following Noilhan and Planton15 and a
single surface skin temperature and surface air humidity
are computed for both the canopy and the ground.

- Parameterization of evaporation from vegetation canopy
follows ideas of Deardorff3 with some adaption from the
BATS scheme (Dickinson et al.).16

- Soil hydrology is described by a two-layer model (Mahrt
and Pan).17

- The scheme prognostically computes the evolution of
four variables: the surface temperature of the soil-vegeta-
tion medium by the force-restore equation, the soil water
content in the upper and lower soil layers, and the amount
of liquid water retained on the foliage.

Atmospheric dispersion is simulated in the Lagrangian par-
ticle model by tracking a large set of particles. Buoyant or
nonbuoyant releases from multiple emission sources with arbi-
trary geometry and time characteristics can be considered in the
model. Subsequent positions of each particle representing a discrete
element of pollutant mass are computed from the relations:

x(t + At) = x(t) + (u + u1) At

z(t + At) = z(t) + (w + w1) At

where resolvable scale components of wind velocity u, v, and w
are obtained directly from the mesoscale meteorological model.

The turbulent components u', v' and w1 are
derived from the first-order Markov chain
scheme. Each turbulent component at time
t + At consists of a fraction of its value at
time t (particles have memory) and a
random component generated according
to turbulence characteristics predicted by
the meteorological model.

The two-dimensional version of the
mesoscale model was integrated for cloud-
less June 1 meteorological conditions at
50°N in which land patches of varying soil
wetness were prescribed (see Figure 2).
The vertical domain extended to 3 km using
a log-linear stretched coordinate. A time
step of 15 seconds was applied and the
horizontal grid increment was Ax = 1 km.

A total of 12 meteorological simula-
tions for a time period from 0 to 1600 LST
were performed using different initial soil

moisture distributions in the modeling domain and two velocities
of geostrophic wind from the west (£/~ 3 m s1 and U- 6 m s1).
The initial potential temperature and specific humidity profiles
were 8 = 283 + 0.005 z with 8 in units of K and z in meters, q ~
0.006 + 1.5 106 z with q dimensionless and z in units of meters.
The same soil texture class (a sandy loam) and the same vegeta-
tion type (crop) were prescribed in the whole domain. The
vegetation type used had a shielding factor of 0.8, a leaf area index
(LAI)=2, an albedo of 0.3, an emissivity of 0.95, a minimum
stomatal resistance of 50 m1, an aerodynamic roughness of 0.1 m,
and a root distribution of 30 percent in the upper 5 cm of the soil
layer and 70 percent in the next 1 meter. The roughness, emissiv-
ity, and albedo for a bare soil were 0.01 m, 0.96 m., and 0.28 m.,
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Figure 3: Surface turbulent fluxes (solid line - sensible flux, dashed line - latent flux) and
surface temperature for meteorological simulations B3a and B3b at 1500 LST.
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respectively. The initial surface tempera-
ture was assumed to be 288 K. The land-
scape variability was introduced by speci-
fying land patches of different soil wet-
ness as shown in Figure 2. The initial soil
water content r\o was 50 percent of satura-
tion for the unshaded surfaces and 30
percent for the shaded surfaces in Figure
2. During the daytime wet (dry) patches
become colder (warmer) than the surround-
ing land. It should be noted that all surface
characteristics except initial soil water
content were the same for the whole mod-
eling domain. The smallest patches with a
height of 4 km are still resolved by the
numerical model with the horizontal grid
step Ax = 1 km.

The output of the meteorological model
runs were used as input to a Lagrangian
particle dispersion model. Only vertical
diffusion of the particles (due to turbu-
lence) was considered (u(=v'=0) since, as
shown by Uliasz and Pielke,18 for ther-
mally-forced mesoscale flows the disper-
sion due to differential horizontal and ver-
tical advection are much more important
in causing the dilution of pollution than
horizontal turbulence. For the dispersion
simulations a point source was defined at location x = 24 km and
z = 100 m. The release rate was 6 particles each time step (i.e.,
1440 particles per hour). The emissions started at 0800 LST. The
concentration of pollution from the source was calculated as the
sum of contributions from all particles taking into account a
reflection of particles from the ground surface:
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Figure 4: XZ cross sections of east-west wind velocity component and vertical velocity for meteorological simulation U-
3 m s-1 at 1500 LST (contours of W: ±1,6,11,16, . . . cm s1).

At yi

[K(rx, ry, rz)+K(rx, ry5 r'z)]
(1)

where m. is the pollution mass assigned to the i-th particle
(constant in the presented simulations), rx = (X. - x/hxi,ry=(Y. - y)/
h i5rz = (Z. - z)/hz.,r\ = (Z4+ z ) ^ , K is the kernel density estimator,
trie parameters^,2 h ., hz. areoandwidths which determine the
degree of smoothing in each coordinate direction, and Xj, yi9 z; are
coordinates of the i-th particle. Various functional forms can be
used for the kernel K. The simple uniform kernel:

K(rx, ry, rz) - g IxIyIy!z» !a | 00 otherwise,
a = x ' y ' Z (2)

with bandwidths ofhx=ax, hy=a , and hz=min(oz, 50 m) was used
in the study. The values of o are the standard deviations calculated
for each particle using the Taylor homogeneous diffusion theory
by time integration of the velocity variances encountered during
the history of the particle. The concentrations are averaged in cells
of 1000 m x 1000 m x 50 m centered at receptor points. This size
of cells ensures that the calculated concentration field is statistically
stable in the performed simulations. In order to obtain concentration
averaged for smaller cells, the larger number of particles should
probably be used in the simulations. Increasing the size of cells
leads to stronger smoothing of the concentration field and, therefore,
reduces values of maximum concentrations.

There are 16 dispersion simulations representing the eight
different land surface characteristics and two geostrophic winds.

TKE A6b
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Figure 5: XZ cross section of turbulent kinetic energy ( rnV) for each meteorological simulation with heterogeneous landscape at 1500 LST.
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Figure 6: Particle distributions in XY plane for U=
marked by horizontal lines).

3 m s'1 at 1500 LST: (a) all particles, (b) particles in the lowest 50 m contributing to surface concentration (segments of dry land are

The separate experiments are identified as follows:
A3a A6a C3a C6a
A3b A6b C3b C6b
B3aB6a H3aH6a
B3b B6b H3b H6b

The first letter denotes the experimental setup of land patches
of different lengths: A - 36 km, B - 12 km, C - 4 km, H -
homogeneous surface. The number refers to the geostrophic wind
speed and the third character indicates whether the simulation
was performed for (a) the domain of lower soil moisture with
moist patches or for (b) the higher soil moisture with drier
patches. The dispersion simulations over homogeneous dry (H-a)
and moist (H-b) surfaces were performed using one-dimensional
meteorological profiles from the inflow conditions with the

h e t g h t = 0 . 0 m
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Figure 7: Particle distributions in XY plane for u=6 m s1 at 1500 LST (segments of dry land
are marked by horizontal lines).

corresponding meteorological simulations for different soil mois-
ture distributions.

The surface turbulent heat and moisture fluxes for experiments
B3a and B3b at 1500 LST are shown in Figure 3. Note that the
major difference in these two model runs is the structure of the
lateral boundary condition on the upwind side of the model, where
in experiment B3a the soil conditions at the inflow are drier than
in B3b. The result of the difference is the reduced amplitude of the
heating over the regions of dry soil, as contrasted with the case of
airflow which is over drier soil on the upwind lateral boundary.

Figure 4 contrasts the east-west velocity, u, and vertical wind
components for each heterogeneous landscape case with a geo-
strophic wind of 3 m s1 and a moist soil upwind boundary
condition. In the homogeneous case, of course, mere is no mesos-
cale vertical motion, nor horizontal variations in u. These results
demonstrate that the mesoscale perturbation to the large scale
flow is more pronounced for the landscape variations on a wider
spatial scale. At 1500 LST, for example, the situation with a dry
patch of 36 km in size (A3b) attains a maximum vertical velocity
of 33 (-11) cm s"1, while the situation with five dry patches each
of 4 km in size (C3b) has a maximum vertical velocity of only 10
(-5) cm s'1.

The turbulent kinetic energy for each of the meteorological
simulations with heterogeneous landscape, presented in Figure 5a
and b document the large spatial variation in turbulent mixing.
The smallest variability is seen for the situation with moist soils
in the inflow boundary and a stronger geostrophic wind (case
C6b). The small perturbation is a result of the shallow initial
boundary layer and the 6 m s1 geostrophic wind which prevents
a substantial horizontal temperature gradient from developing.

The influence of these spatial variations, in soil moisture on
dispersion is presented in Figures 6 through 8. The x-y represen-
tation of the homogeneous dispersion is presented at the top of
Figure 6a, 6b, 7a, and 7b. The turning of the wind toward lower
pressure due to friction near the surface explains the spread of the
particles in the homogeneous case. In the heterogeneous cases
with a geostrophic wind of 3 m s1, there are substantial obvious
differences between the simulations. With a geostrophic wind of
6 m s1 there are less differences with the larger scale patchiness
showing the most variations. As compared to the homogeneous
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case, the situations with drier soils in the
upwind boundary of the model yield pro-
duce greater dispersion on the downwind
portion of the domain, while the moist
upwind soil cases resulted in less disper-
sion.

These differences are more quantita-
tively illustrated in Figures 8a and b at
several east-west locations. These Figures
document several influences of the land-
scape patchiness. For instance, the spatial
pattern of the simulated pollution is often
substantially different than a Gaussian
distribution. Also, the location of the maxi-
mum surface concentration varies depend-
ing on the size of the patches and the large
scale flow.

Table I presents maximum values of
concentration at several downwind dis-
tances. The surface concentrations are
obtained in the lowest 50 m over an area of
1 km x 1 km. As seen from this data, there
are large deviations from the homoge-
neous cases. Case A3b, for example, has a
surface concentration at 84 km of only
about 20 percent of the uniform landscape case. In contrast, case
B3a has a concentration which is about 14 percent larger. The
large dispersion and substantial non-Gaussian pattern for Case
A3b occurs because the relatively large warm patch tends to create
a sea-breeze circulation with the resultant reduction of wind speed
on the downwind side (Figure 4). This wind speed reduction is
much smaller for smaller heat patches.

Conclusion
Using idealized distributions of surface variability it is shown

that with a significant synoptic prevailing flow, dispersion is
generally enhanced over heterogeneous surfaces as compared to
horizontally homogeneous conditions. The importance of the
heterogeneity becomes less, however, as the large scale wind

Table I: Maximum values of surface concentration normalized by emission rate, CmJE*l(P[snri]
for the different landscape and meteorological cases at several downwind distances. Note the
secondary maxima in the homogeneous strong wind cases resulting from fumigation of the plume
down to the surface at those distances.
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6.38
SJO

H6a

2149
16,27
7,61
8.44
5,70

ioiltofl

A3a

7M
7,76
7,57
7,00
7.72

A6a

17.S7
10.18
4.10
3.82
420

owCase

B3a

13.51
7.72

10,21
§.99
6,52

B6a

25^91
7J7
8.10
483
4M

S

C3a

1417
7,7$
3,81
8.20
7,12

008

17,01
12.90
7,4$
3.4$
2.52

Moist

H0II

30.00
24,00
18.92
10.08
4,4%

m
33.16
17.19
18.00
10.00
6.83

Soil infl

A3b

26.69
10.29
5,04
3,43
0.91

Mill

22.40
11.09
10.49
8,80
6.08

mCm

26.32
19.52
8.60

10.91
2.02

B6b

30.08
16,18
1S,43
12.38
6,87

m

C3b

31,89
20.95
1483
10.08
2.4S

C6b

23,72
23,40
1415
10.56
§.84

U

3

6

speed increases and/or the spatial scale of the heterogeneities
become less. The sensitivity of dispersion to the specific structure
of the landscape (e.g., soil texture type, vegetation type and
coverage, etc.) will influence the details of the dispersion but not
the importance of heterogeneities to dispersion. As long as sig-
nificant horizontal gradients of heat flux occur due to this land-
scape variability, these surface-forced mesoscale dispersion pat-
terns will be important.

Although not discussed in this paper, under very light, prevail-
ing flow, particularly in complex terrain, the generation of recir-
culation due to spatial variability in surface forcing can result in
the accumulation of pollutants (i.e., a net "negative" dispersion).
See Pielke et al.19 for more discussion of this topic. This work also
clearly demonstrates that the use of Gaussian regulatory models
in areas of landscape variability is inappropriate.
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Figure 8: Comparison of surface concentration normalized by emission rate, G/E x 108[sw3], profiles in ̂ direction obtained from the different simulations at several distances.
Concentration is averaged over the time interval 1430—1530 LST: (a) U= 3 m s"\ (b) U= 6 m s1 .
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