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Abstract-Variations of dry deposition velocity for S02 due to terrain-forced mesoscale circulations have
been explored for northeast Colorado and south Florida. A mesoscale numerical model was used to obtain
the wind and turbulence data needed to calculate the deposition velocities. Computations were performed
both with and without consideration of observed land use characteristics. The results indicate that while
variations in land use often dominate mesoscale variations of deposition velocity, mesoscale circulations can
produce regions of enhanced deposition velocity. We recommend that simultaneous measurements of
deposition velocity be made at multiple sites within a region in order to clarify the influence of terrain-forced
mesoscale circulations on dry deposition.
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1. INTRODUcrION

Dry deposition is a major pathway for the transfer of
atmospheric contaminants to land and water surfaces.
It is commonly estimated that 20-30 % of S02 emis-
sions are removed from the atmosphere by dry de-
position (Garland et al., 1974; Carmichael and Peters,
1984). In arid and semi-arid climates, and during
summer in Mediterranean climates, most of the re-
moval is by dry deposition. Knowledge of dry de-
position is thus important both for the assessment of
contaminant dosages at the surface and for the evalu-
ation of plume depletion during mesoscale and long-
range transport.

Dry deposition is often calculated through the use of
a deposition velocity. This approach treats the flux of a
contaminant toward a unit surface ar~a as the product
of the concentration of the contaminant at some height
near the surfaceacnd a velocity scale calculated at that

height:

interpreted as 'deposition potential', or a scaled flux.
Early models of dry deposition used constant values

for deposition velocity. More recently, methods have
been devised which account for the influence of
atmospheric and surface properties on deposition
velocity (e.g. Sheih et al., 1979; Walcek et al., 1986).
Walcek et al. (1986; hereafter, W86) used results of
meso-(X scale (i.e. horizontal domain of order 1000 km)
simulations performed with the NCAR/Penn State
mesoscale model (Anthes and Warner, 1978) to define
the atmospheric variables influencing deposition vel-
ocity. They found considerable temporal and spatial
variability in deposition velocities for S02 (as well as
for S04 and HN03).

The rather coarse grid spacing which is required for
practical meso-(X scale simulations (80 km horizontal
grid element in W86) is unable to resolve local
thermally induced flows. Such flows can dominate
local weather and airflow in some regions; for example,
Toth and Johnson (1985) showed that surface sum-
mertime wind patterns in northeast Colorado are
strongly affected by the local topography. It follows
that local thermally induced flows may affect de-
position velocity in such regions by controlling the
near-surface winds and turbulence. Thus, it is useful to
examine these regions using an atmospheric model
with a finer grid than W86, so that terrain-forced
circulations can be adequately resolved.

The present paper adapts the methodology of W86
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Table I. Land use categories and limiting surface resistances (s cm -1 j
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0.1
0.1
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0
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0.1

0
1
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1
5
0.7
1
0.9
1.5
0.7
0

10
0.5

Mixed agriculture-rangeland
Urban
Agriculture
Rangeland
Deciduous forest
Coniferous forest
Forested wetlands
Water
Barren land
Wetlands

It is worth noting that observed deposition velocities
cover a broad range of values, with considerable scatter
evident even for fairly similar land use and atmos-
pheric conditions (see e.g. the review by Sehmel, 1980).
This implies that parameterizations based on these
observations will contain some degree of error due to
our incomplete knowledge of the environmental fac-
tors which control dry deposition. Data are especially
lacking for urban areas; this is compounded by the fact
that an urban area represents disparate land use types,
so that r c probably ranges from very large values for
dry concrete or blacktop to canopy-like values for
parks and suburban residential areas. The domains
simulated here are comprised in small part of urban
areas (Fig. 1) and our results for those gridpoints
should be considered especially tentative.
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Fig. 2. Wind field at 0900 local time, height 10 m AGL
for northeast Colorado simulation. Contours are

topography height at intervals of 500 m.

a maximum just north of Denver. Interpretation of the
deposition velocity patterns is complicated by the fact
that the Denver cyclone region has varying land use
types (Fig. la). The coincidence of land use variability
with a significant weather feature makes it difficult to
assess the importance of each effect.

The deposition velocity calculations were therefore
reperformed using the same meteorological fields but
assuming uniform land use (mixed agricul-
ture-rangeland) for the entire domain. The results at
0900 local time (Fig. 4) again show a minimum of
deposition velocity in the vicinity of the Denver
cyclone. This indicates that the cyclone produces a
decrease in deposition velocity. Examination of Fig. 2
shows that near-surface wind speeds in the cyclone are
somewhat lower than elsewhere in the computational
domain. This, in turn, causes a decrease in the friction
velocity u., and a decrease in deposition velocity (see

a. Northeast Colorado

The model was initialized at 0200 local time using
the July mean sounding for Denver (Abbs and Pielke,
1986). The imposed geostrophic wind was 5 m S-I
from the south. Figure 1a illustrates the land use type
which was used for each gridpoint. The land use is
fairly homqgeneous over large portions of the domain,
with the higher elevations primarily consisting of
coniferous forest and the lower elevations mostly
mixed agriculture-rangeland (except near the urban
areas of Denver and Colorado Springs).

By 0900 local time, a nearly closed cyclonic circu-
lation had developed near Denver (Fig. 2). Colloquially
known as the 'Denver cyclone', this feature is often
observed when the 'prevailing wind is fairly light from
the south or southeast (Abbs and Pielke, 1986; Arritt et
al., 1987). Szoke et al. (1984) found that the Denver
cyclone is highly correlated with severe weather events
in the region.

Computed deposition velocities at 10 m AGL under
these conditions are shown in Fig. 3. The deposition
velocities have a rather complex pattern in the cyclone
region, with a minimum in the Denver urban area and
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Fig. 3. Computed deposition velocities at 0900 local
time, height 10 m AGL for northeast Colorado simu-
lation. Contour interval is 0.1 cm s -'. (Dashed con-

tours are topography height; cf. Fig. 2.)
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Fig. 5. As Fig. 2, except at 1200 local time.
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Fig. 4. As Fig. 3, except assuming mixed agri-
culture-rangeland for entire domain.

Fig. 6. As Fig. 3, except at 1200 local time.

b. South Florida

The model was initialized at 0800 local time with the
climatological average summertime sounding deter-
mined by McQueen (1985). The large-scale wind for
this case is 5.8 m s -1 from slightly south of east (100°).

The development of a sea breeze circulation was
apparent by mid-morning as an intensification of the
flow near the east coast and the development of a
convergence zone along the west coast (Fig. 8). At
noon, there is a rather complex pattern of predicted
deposition velocities as indicated in Fig. 9. It is
immediately apparent that deposition velocities are
much higher over land (V d -0.5-1 cm s -1 ) than over

section 2 for the relationship between u* and de-
position velocity).

The Denver cyclone was predicted to dissipate later
in the day as the convective boundary layer grew and
increased the vertical transfer of horizontal momen-
tum (Fig. 5). By noon, the general pattern of deposition
velocities is mostly a function of land use (Fig. 6).
Simulation with uniform land use indicated a slight
tendency toward enhanced deposition velocities over
the ridges as compared to the plains and the Platte
River valley (fig. 7).
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Fig. 9. Computed deposition velocities at 1200 local
time, height 10 m for south Florida simulation.

Contour interval is 0.2 cm s -I.

Fig. 7. As Fig. 6, except assuming mixed agri-
culture-rangeland for entire domain.
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Fig. 10. As Fig. 9, except assuming mixed agri
culture-rangeland for all land surfaces.

Fig. 8. Wind field at 1200 local time, height
10 m AGL for south Florida simulation.

water (Vd-0.1cms-I). This is mainly due to the
destabilization of the atmosphere over land during the
day, which decreases the atmospheric resistance to dry
deposition. In contrast, the atmosphere over water
remains stably stratified during the day, inhibiting dry
deposition. The very low surface roughness of water
also suppresses dry deposition by decreasing the
friction velocity u*. Whelpdale and Shaw (1974) ob-
served V d = 0.16 cm s -1 for deposition of S02 to

water under stable atmospheric stratification, which is
consistent with the values simulated here. Figure 9
shows V d -0.1 cm s -I off the western coast and V d
-0.2 cm s -1 otTthe east coast. The difference between

the two coasts is due to the sea breeze and the large-
scale wind reinforcing one another along the east coast
but opposing one another along the west coast.

The computations were re-executed with a constant
land-use type (again, mixed agriculture-rangeland) in
order to focus more closely on the impact of the sea
breeze on dry deposition. (Discrimination between
land and water was retained.) The results (Fig. 10) show
a slight enhancement of deposition velocity inland
from the east coast. As before, this is because the east
coast sea breeze is in the same direction as the large-
scale flow, increasing the friction velocity.

Toward evening, decreased insolation leads to in-
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creases in both the surface and atmospheric resist-
ances. Figure 11 shows predicted deposition velocities
at 1700 local time. Comparison with Fig. Ib suggests
that the variations of deposition velocity are primarily
controlled by variations in land use. The largest values
of deposition velocity are associated with wetlands
(land use type 9 in Fig. lb), which have low surface
resistance with little diurnal variability (see Table 1).
Recalculation with constant land use type showed
a consistent discrimination between land (V d
-0.3 cm S-l) and water (V d -0.1 cm S-l) with no
detectable influence from mesoscale circulations
(Fig. 12).

The deposition velocities continued to decrease over
land until around midnight (Fig. 13). Maxima of

Fig. 13. As Fig. 9, except at midnight.

Fig. 11. As Fig. 9, except at 1700 local time.

Fig. 14. As Fig. 13, except assuming mixed agri-
culture-rangeland for all land surfaces.

I'

deposition velocity at this time again occur mainly over
wetlands (e.g. the region with V d -0.5 cm S-I south
and east of Lake Okeechobee). Areas with other land
use types generally have about the same values of V d as
occur over water (0.1-0.3 cm s -I). The calculations
with constant land use show a slight tendency for
minima to occur just inland from the eastern and
southern coasts (Fig. 14). This is likely due to the winds
in these regions being slightly weaker than elsewhere
over land (Fig. 15), thereby decreasing the friction

velocity:
Daily average values of V d' taken as the means of

24-h computations, show consistently higher values
over land than over water (V d -0.3-0.5 cm s -I forFig. 12. As Fig. 11, except assuming mixed agri.

culture-rangeland for all land surfaces.
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Fig. 16. Deposition velocities for south Florida
averaged over 24 h, with realistic land use.

Fig. 15. As Fig. 8, except at midnight.

land, V d -0.1-0.2 cm S-1 for water). The influence of
land use type is easily noticeable, with maxima occur-
ring over wetlands (Fig. 16). The daily average assum-
ing constant land use shows a clear discrimination
between land and water (Fig. 17). The occurrence of
local maxima near the east coast is also apparent.

4. SUMMARY AND RECOMMENDATIONS

Fig. 17. As Fig. 16, except assuming mixed agri-
culture-rangeland for all land surfaces.

Deposition velocities for SOl have been computed
for summertime conditions over northeast Colorado
and south Florida. Both of these regions are strongly
affected by terrain-forced mesoscale circulations. The
deposition velocity calculations were performed in two
ways: first, with realistic land use coverage, and second,
with uniform agriculture-rangeland coverage. The
latter calculations provided a closer focus on the
influence of mesoscale flows, without the complicating
influence of land use variations.

Land use type was found to exert a stl;ong influence
on deposition velocity due to its effect on surface
resistance and roughness. In south Florida, which
contains several different land use types, this leads to
pronounced variability of deposition velocities over
scales of order 100 km. The low surface resistance of
wetland consistently resulted in large values of SOl
deposition velocity. This may have ecological con-
sequences for Everglades National Park and Big
Cypress Preserve, which are two federally protected
National Park areas in south Florida.

The influence of terrain-forced mesoscale circu-
lations on deposition velocity is more subtle, and can
be masked by variations in land use. Results for
northeast Colorado suggest a local minimum of de-
position velocity in the vicinity of the Denver cyclone.

When the cyclone was not present, the predicted
deposition velocities were enhanced over elevated
terrain relative to the plains and the Platte River valley.
The Florida simulation indicates that deposition velo-
cities increase where the sea breeze is supported by the
large-scale flow. Deposition velocities were consis-
tently lower over water due to lower roughness and
stable stratification. This was true for Lake
Okeechobee as well as the open ocean.

It would be useful to obtain concurrent measure-
ments of dry deposition and deposition velocity at
several locations within a region in order to provide a
better understanding of mesoscale variability of dry
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deposition. While the deposition velocities computed
here are in agreement with the range of measured
values for corresponding surfaces (e.g. Sehmel, 1980),
the authors are not aware of measurements of S02
deposition velocity which could resolve the effects of
terrain forced meso-p scale circulations. Our results
suggest that it would be useful to have simultaneous
deposition velocity measurements at distinct geo-
graphic locations, such as coastal and inland sites or
the base and crest of a ridge. Although the simulations
indicate that the deposition velocity variations attri-
butable to mesoscale circulations are rather moderate,
a consistent if modest enhancement of dry deposition
may be ecologically and economically important over
the long term.
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