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Abstract—The STEM-II pollutant transport, transformation, and deposition model has been used to
simulate diurnal patterns of surface ozone concentration at idealized high-elevation mountaintop locations
and low-elevation plains and valley sites. Two-dimensional hydrostatic mesoscale simulations, initialized
with atmospheric conditions representative of sunrise over the southern Appalachians on 19 June, were
used to generate meteorological data to drive STEM-II simulations. Sensitivity of surface ozone concentra-
tions has been investigated against input initial and background vertical profiles, synoptic wind speed,
photochemistry, and surface removal. The model reproduced typical surface ozone concentration diurnal
patterns observed at several high- and low-elevation sites in the United States and central Europe. Results
indicate that the nighttime high ozone concentrations at high-elevation mountainous locations are
primarily due to the occurrence of local topographically induced wind systems which transport ozone-rich
air from aloft down mountain slopes. The simulations indicate that in some situations higher ozone
concentrations may also be observed at mountaintop locations due to transport of residual ozone-rich air

masses above the nocturnal boundary layer to high-elevation locations.

Key word index: Photochemistry, ozone exposure, high-elevation, numerical simulations.

1. INTRODUCTION

During the past two decades, a marked forest decline
has been observed in the high-elevation environment
of the Appalachian mountains in the eastern United
States, and in central Europe (Lefohn and Runeckles,
1987, Woodman and Cowling, 1987; Lovett and
Kinsman, 1990; Proyou et al, 1991; Aneja and Li,
1992). Ozone, the most prevalent photochemical
oxidant in the atmosphere, in sufficiently high
concentration (50 ppbv or more), is believed to
influence forest health adversely (Reich and
Amundson, 1985).

Several field studies (e.g. Fehsenfeld et al, 1983;
Galbally et al., 1986; Angle and Sandhu, 1989; Peake
and Fong, 1990; Wunderli and Gehrig, 1990; Aneja
et al., 1991; Aneja and Li, 1992) have indicated that
the diurnal behavior of surface ozone concentrations
is distinctly different at high-altitude mountainous
sites as compared to lower-elevation valley and plain
locations. Typically, low-elevation areas exhibit
a mid-afternoon maximum corresponding to the
period of greatest vertical mixing and photochemical
activity, and a nighttime minimum when there is

a lack of photochemical ozone production and
continued removal via surface deposition coincident
with possible NO scavenging. The above-mentioned
studies have reported that high-elevation mount-
ainous sites continuously experience significantly
higher ozone exposure with little or no diurnal
variation, and in some cases exhibit a weak reversed
diurnal signal with a nighttime maximum. While
elevational gradients in ozone concentration in the
troposphere may partly explain the overall higher
ozone exposure at high-elevation mountainous
locations (Warneck, 1988; Aneja et al., 1991), the
causes for weak or reversed diurnal ozone signals
observed at these sites are still not clear. The
combination of several physical and chemical
processes coupled with tepographically induced wind
systems are suspected to be involved in the
phenomenon (Aneja et al., 1991).

Several mechanisms have been proposed to explain
the different diurnal behaviors of rural ozone
concentrations at low-elevation plains and valleys
and high-elevation mountainous locations. At low-
elevation sites, physical and chemical atmospheric
processes, coupled with the diurnal evolution of the
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atmospheric boundary layer, govern the near-surface
behavior of ozone mixing ratios. Over homogeneous
continental terrain under clear-sky conditions, the
boundary layer has a well-defined structure that
evolves with a diurnal cycle. The typical diurnal
behavior of surface ozone mixing ratio at low-
elevation locations is due primarily to turbulent
downward mixing of ozone from above the nocturnal
boundary layer as the convective mixed layer grows
shortly after sunrise, with further increases due to
photochemical production from ozone precursors
which are possibly transported into the residual layer
above rural areas during the previous night or early
morning (Fehsenfeld et al, 1983). The nighttime
decrease in surface ozone concentration is mainly due
to dry deposition at the ground (Harrison et al., 1978;
Fehsenfeld ez al., 1983; Kelly et al., 1984; Fontan et al.,
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1992). Helas et al. (1987) showed evidence of nocturnal
scavenging of ozone by nitric oxide originating from
soil; however, this effect remains confined very close
to the ground in the absence of turbulence in an
extremely stable nocturnal surface layer.

For there to be a different type of diurnal behavior
at mountainous, high-elevation sites, some perturb-
ation of the above mechanisms must occur. During
the diurnal cycle in the mountainous regions, local
wind circulations can form within and just above the
valleys as illustrated schematically in Fig. 1. After
sunset, radiative cooling of the mountain slopes cools
the adjacent air, resulting in shallow cold downslope
flows or katabatic winds on the order of 1 to 5ms™!
(McNider and Pielke, 1984; Broder and Gygax, 1985;
Stull, 1988). These winds may transport ozone-rich
upper layer air to the mountaintop and slopes,
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Fig. 1. Idealized BL evolution over mountainous terrain (adapted from Broder et al.,
1981, and Stull, 1988).
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compensating, when the mountaintop is above the
nocturnal boundary layer (NBL), for any depletion
caused by dry deposition or nocturnal chemical
scavenging. Another factor may be that the
maintenance of shear aloft in the katabatic flows
never allows the surface to be decoupled. The shear
maintains a level of turbulent connectivity between
the surface and the ozone-rich air aloft so that surface
ozone levels remain high. Above the valley floor, there
is a gentle upward airflow to maintain mass
conservation. The katabatic winds continue through-
out the night, resulting in a stably stratified pool of
cold air in the valley, often called the valley inversion.
Thus, the NBL or SBL (stable boundary layer) above
the valley develops a lower ozone content at the
surface due to continued destruction via surface
deposition and nighttime atmospheric chemical
reactions.

Shortly after sunrise, solar heating warms the air
adjacent to the slopes, causing a reversal in the
direction of the mountain-slope winds, giving rise to
upslope or anabatic winds. Above the valley inversion,
there is gentle convergence and subsidence. As the
surface heating continues, the growing mixed layer
(ML) eventually breaks the valley inversion, gradually
eliminating concentration gradients in the vertical.
These local wind system effects are most marked
during periods of weak ambient winds. In many
actual cases, however, mean synoptic winds tend to
modify the circulation patterns and hence the
pollutant concentrations at the surface.

This study is an investigation of some of the
potential mechanisms that may produce the observed
differences in diurnal ozone behavior between low-
and high-elevation mountainous locations. Our
investigation was accomplished via computer simul-
ation of the atmospheric system using STEM-II
(Carmichael et al., 1991), an Eulerian photochemical
oxidant numerical model. The STEM-II model was
driven by realistic meteorological data and wind fields
from simulations produced by the two-dimensional
hydrostatic mesoscale model of McNider and Pielke
(1984). Since coupled meteorological and chemical
models of the type used here will probably be used for
future environmental impact and regulatory studies, it
is important that there be an understanding of
whether such model systems can correctly reproduce
this differential diurnal behavior.

2. THE MODELING SYSTEM

2.1. Meteorological model

The meteorological model is a hydrostatic,
primitive-equation model, originally developed by
Pielke (1974), Piclke and Mahrer (1975), Mahrer and
Pielke (1977, 1978), and McNider and Pielke (1981).
The basic governing equations are transformed from
Cartesian coordinates to a terrain-following coordin-
ate system. The temperature at the air—ground
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interface is calculated using an energy budget where
the shortwave and longwave radiation, the soil heat
flux, and the turbulent mixing of sensible and latent
heat are used to determine the equilibrium surface
temperature. The surface layer fluxes of heat,
moisture, and momentum are based on the work of
Businger et al. (1971), while the turbulent mixing in
the remainder of the planetary boundary layer (PBL)
is parameterized using an exchange coefficient formut-
ation described in O’Brien (1970). The depth of the
PBL is predicted using the formulation of Deardorff
(1974). Further details of the meteorological model
will be presented in a future paper.

2.2. STEM-II photochemical model

The Sulfur Transport Eulerian Model, version 2
(STEM-II) has been tested extensively and applied to
a number of regional, mesoscale, and urban acid
deposition and photochemical oxidant simulations.
These include a study of long-range transport and
formation of photochemical oxidants in central Japan
involving land/sea breeze and mountain/valley winds
(Chang et al., 1989), and more recently, a study of
mesoscale acid deposition in the lower Ohio River
Valley (Saylor et al., 1991). The gas-phase chemistry
module of STEM-II is based on the photochemical
oxidant mechanism of Atkinson et al. (1982), which
includes 86 chemical reactions of 55 species. Details of
the STEM-II model formulation and numerics can be
obtained in Carmichael et al. (1991).

In the present work, the STEM-II model has been
used to simulate the chemistry and dry deposition
processes coupled with topographically induced wind
systems that govern the diurnal behavior of surface
ozone concentrations in rural mountainous regions.
An idealized two-hill topography was mapped into
a two-dimensional (in the horizontal and vertical)
domain oriented along 36°N latitude and extending
from 85°W to 86.7°W longitude, and chosen to
be representative of the southern Appalachian moun-
tains (Fig. 2). The vertical extent of the 2-D domain is
5.3km and is discretized in a non-uniform fashion,
with mesh size becoming coarser with increasing
altitude. The vertical levels in the lowest 500 m are
centered at 5, 15, 30, 60, 100, 154, 210, 290, 382, and
499 m above the surface. The east—west horizontal
extent of the domain is 152 km and is uniformly
discretized with a 2km grid node spacing. The
idealized mountain peaks are located at horizontal
grid nodes 50 and 61, have an altitude of 0.95 km, and
an average slope gradient of 7.2%.

The meteorological data sets for clear-sky atmo-
spheric conditions consisted of hourly fields of
temperature, humidity, air density, wind velocity
(horizontal and vertical components), and eddy
diffusivity. These fields were generated separately in
two-dimensional hydrostatic mesoscale simulations
and then processed for use by the STEM-II model in
offline chemical simulations. Three hydrostatic
simulations were performed, each with a different
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synoptic westerly wind speed (1, 3, and 5ms™!), and
were initialized with atmospheric conditions
representative  of sunrise (0500 CDT) over the
southern Appalachians on 19 June. Details of the
meteorological data fields can be found in Zaveri
(1993).

A diurnally varying dry deposition velocity for O,
was specified using the observed diurnal curves for
Julian days 189-243 at the Borden forest, a fully
leafed, mixed deciduous forest located on the
Canadian Forces Base Borden (Padro et al., 1991).

R. A. ZAVERI et al.

The observed half-hourly averaged diurnal curve was
visually smoothed, and hourly values were used for
STEM-II simulations. Diurnal dry deposition curves
for NO, NO,, HNO,;, PAN, and NMHC were
constructed by scaling the observed daytime average
values (Hanson and Lindberg, 1991; Chang et al,
1989) according to the diurnal behavior of O; dry
deposition velocity (refer to Fig. 3). Deposition
velocities were prescribed uniformly across the
domain surface at plains, valley, and mountain grid
nodes.
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Fig. 2. Terrain-following grid system with idealized two-hill topography. Arrows
indicate locations of nodes for Figs 5, 6, and 8.

6 T T T LA L L
i nitric acid ]
I N nitrogen dioxide X 10 7]

EN

N

Dry deposition velocity (cm s™)

ozone 4

nitric oxide, NMHC, PAN

[ T SN e S
0 ! . e o rmieqmml e
09 12 15 18 21 00 03 06 09
Hour of Day

Fig. 3. Diurnal curves of dry deposition velocity for O3, NO,, NO, HNO,, PAN, and NMHC.
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Table 1. Organization of simulations

Initial and
background
conc. profiles

Synoptic wind
speed
(ms™ ")

Dry deposition

Chemistry velocity

Number of
simulations

(@)

(©

(d) Flat terrain

1.0
3.0
5.0

On
Off

On
Off

On
Off

On

Constant
Diurnally
varying

Constant
Diurnally
varying

Constant
Diurnally
varying

Diurnally

12

12
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Off varying

Total 38
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Fig. 4. Initial and background gas-phase verti-
cal concentration profiles.

3. ORGANIZATION OF SIMULATIONS

Thirty-eight numerical experiments were performed
to investigate the sensitivity of surface ozone
concentrations to input initial and background
vertical concentration profiles, synoptic wind speed,
photochemistry, and diurnal variations in dry
deposition velocities (Table 1). The variations in these
parameters and the underlying rationale for their
selection were as follows:

1. Three initial and background vertical profiles of
input species, as shown in Fig. 4, represent three levels
of pollutant concentrations in the boundary layer.
With a synoptic westerly wind, the profiles (a), (b), and
(c) represent an air mass advected into the domain
from remote rural, suburban or rural, and urban or
industrial areas, respectively. The effect of vertical
mixing was also investigated by observing subsequent
changes occurring in these vertical profiles with
diurnally evolving boundary layer properties.

2. Synoptic westerly wind speeds of 1, 3, and
5ms~ ! represent the decreasing age of air masses
reaching the rural mountainous area. Also, the
strengths of the upslope/downslope flows are affected
somewhat by the magnitude of the synoptic flow.

3. The effect of photochemistry was observed by
simply turning the chemistry module on or off.
Turning chemistry off also simplifies the analysis of
dry deposition and vertical mixing effects.

4. The effect of surface removal was investigated by
either allowing dry deposition velocities to vary
diurnally or setting them to constant minimum
values.

5. Lastly, the influence of horizontal advection was
separated from the influences attributed to the
topography of the model by performing two flat
terrain simulations with uniform vertical profile (b),
3ms~! synoptic wind speed, diurnally varying dry
deposition velocity, and chemistry turned on and off.
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Background and initial distributions of a specified
NO, mixing ratio were split into NO and NO,
according to the photostationary state relation
between O;, NO,, and NO (without hydrocarbons).
During nighttime, all background NO, was assumed
to be present solely as NO,. The total non-methane
hydrocarbon (NMHC) background mixing ratio
distribution was based on a ppb C: ppb NO, ratio set
equal to 5. The composition of the hydrocarbon
distribution was imposed according to the median
concentrations of the 25 most abundant compounds
in 39 U.S. cities as given by Seinfeld (1989). The
hydrocarbons were apportioned into surrogate
categories according to the lumping scheme of
Atkinson et al. (1982). Table 2 shows the composition
of the NMHC mix as ppb C corresponding to a total
NMHC concentration of 100 ppb C.

Table 2. Composition of hydrocarbon
mix

Carbon mixing

NMHC species ratio (ppbC)

Alkane 60.4

Propane 7.00
Propene 2.30
Butene 1.76
Ethene 6.40
Benzene 375
Toluene 10.0

Xylene 5.40
Formaldehyde 0.83
Acetaldehyde 1.73
Higher aldehydes 043
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In the following discussion, the simulations are
identified according to the input meteorological
and modeling conditions. As examples: simulation
(b-1-off-c) denotes the case with profile (b), mean
synoptic wind speed of 1 ms™!, chemistry off, and
constant dry deposition velocities; ensemble
(avg-on-d) denotes an average of nine cases with
chemistry on and diurnally varying dry deposition.
The nine cases differ in mean wind speeds (1, 3, and
5ms” ')and background vertical profiles (a, b, and c).

4. RESULTS AND DISCUSSION

STEM-II simulation results consist of hourly
mixing ratio fields of all computed species. All
simulations were carried out for 48 h of model time;
however, in order to minimize effects of initial species
distributions, only the last 24 h were used for analysis.
In the following, only ozone fields are presented and
discussed; further simulation results, including
profiles of NO,, NO,, PAN and other species, can be
found in Zaveri (1993).

4.1. Diurnal patterns of surface ozone concentrations

Hourly simulated mixing ratios of ozone were
plotted for several grid node locations to obtain
simulated diurnal patterns that are comparable to
actual measured diurnal averages at mountainous
and low-elevation monitoring sites. The chosen grid
nodes (see Fig. 2) are located over the western plain,
mountaintop, and valley bottom at a height of 15m
above ground-level (model level 2). The western plains
location was placed 46 km (horizontal grid node 23)
from the modeling domain’s western boundary to
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Fig. 5. Diurnal ozone concentration curves (ppb) over western plains, mountaintop, and valley for simula-
tions: (a) b-1-on-d; (b) b-3-on-d; and (c) b-5-on-d.

minimize the influence of boundary conditions and to
minimize the influence of drainage flows from the
western mountain slope. The mountaintop and valley
sampling points were at an altitude of 965 m
(horizontal grid node 50) and 304 m (horizontal grid
node 55) above mean sea-level, respectively.

Figures 5a-c show diurnal ozone plots for
individual simulations with background profile (b),
chemistry on, diurnally varying dry deposition
velocities, and three synoptic wind speeds. All three

AE 29-9-F

cases show a typical daytime increase in ozone over
the plains due to photochemical production.
A considerable difference is observed in the
occurrence of ozone concentration peaks at the
mountaintop with increasing synoptic wind speeds.
For simulation (b-1-on-d) the mountaintop location
experiences a maximum ozone mixing ratio between
0100 CDT and 0200 CDT, reflecting transport of
ozone contained within the residual boundary layer
from the previous day. In all cases of Fig. 5, the
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mountaintop site experiences greater nighttime ozone
mixing ratios than either the plains or valley
locations. These figures illustrate the sensitivity of
rural surface ozone concentrations to synoptic wind
speed, and to in situ and in-transit photochemical
production of ozone when ozone precursors are
transported to rural areas.

Figures 6a—c are plots of simulated diurnal ozone
behavior for simulations (a-3-off-c), (b-3-off-c}, and
(c-3-off-c). Since in these simulations chemistry is

S'imulotio'n: o—:SToff—lc '
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turned off within the model, no significant increases in
daytime ozone values occur. However, each of the
different initial and background profiles produced the
typical diurnal patterns at the plains, mountaintop,
and valley. Also, even though the surface removal
continues throughout the daytime, surface ozone
values stay at relatively high values until just before
sunset (2000 CDT). This is the result of intense
boundary layer turbulence that mixes down
ozone-rich air from aloft. When the boundary layer
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Fig. 6. Diurnal ozone concentration curves (ppb) over western plains, mountain-top, and valley for
simulations: (a) a-3-off-c; (b) b-3-off-c; and (c) c-3-off-c.

begins to break down just before sunset, surface
removal begins to have a discernible effect and ozone
values near the surface begin falling. Nighttime
surface removal continues until sunrise (0500 CDT)
when new boundary layer mixing begins, again
bringing down ozone from the previous day’s residual
layer.

As was seen in Fig. 5, nighttime mountaintop ozone
levels remain higher than those at the plains and
valley locations for the chemistry off simulations of
Fig. 6. Nighttime surface removal does not deplete
mountaintop ozone levels as much as at the other sites
because a continuous supply of ozone-rich air is
advected from aloft by the nighttime downslope flow.
To a lesser extent, the valley location also is affected
by ozone advected downslope, and, consequently,
ozone levels there are not depleted as much as at the
plains location.

The effects of horizontal advection and influences
from the mountainous terrain induced flows can be
clearly seen by comparing Fig. 5b with Fig. 7a. The
diurnal patterns of ozone concentration produced at
the plains location are similar for the simulations with
mountainous or flat terrains. However, the western
mountaintop and valley locations clearly show
weaker diurnal variations as compared to the flat
terrain results over corresponding locations, indicat-
ing the important role of nighttime terrain induced
flows. Similar delays in ozone concentration peaks are
seen in both simulations, indicating the effect of
horizontal advection on in-transit photochemical
production of ozone. The flat terrain simulation with
chemistry off also illustrates the influence of terrain

induced flows in the mountainous terrain simulations,
as well as clarifying the influence of daytime
photochemistry on the diurnal pattern of ozone
concentration at different locations (compare Figs 6b
and 7b).

Figures 8a—d present simulated ensemble average
ozone curves which show a weaker diurnal variation
of ozone mixing ratio on the western mountaintop
than that produced at the plains and valley locations.
For comparison, a few selected observed diurnal
ozone mixing ratio patterns at low and high
elevations are shown in Figs 9a and b. The simulation
results of Fig. 8 compare quite well with the observed
diurnal patterns. Differences in the amplitude of the
diurnal cycle between the simulated and observed
data are likely due to differences in the levels of NO,
and hydrocarbons, as well as differences in the
amount of ozone removed at the surface.

4.2. Vertical profiles of ozone concentrations

Vertical profiles of ozone concentrations at 3 h
intervals for two base simulations (b-3-off-d and
b-3-on-d) are shown in Figs 10a—h and 1la-h. In
simulation (b-3-off-d) with chemistry inactive (Fig.
10), changes in ozone distribution are due only to
transport, surface removal, and turbulent mixing.
During daytime, ozone is removed at the surface,
while vigorous mixing within the boundary layer
redistributes the remaining ozone relatively
uniformly. As surface removal of ozone begins to
decrease in the late afternoon (see Fig. 3), advection of
background ozone from the western boundary
becomes more important. After sunset, when
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Fig. 7. Diurnal ozone concentration curves (ppb) over grid nodes 23, 50, and 55 for fiat terrain simulations:
(a) b-3-on-d; and (b) b-3-off-c.

turbulent mixing in the boundary layer has been
greatly reduced, surface removal again becomes
pronounced, leading to depletion of near-surface
ozone in the plains and valley. However, depletion of
ozone does not occur at the mountaintops due to
downward advection of ozone-rich air from aloft.
Ozone advection down the slopes of the mountains is
observed at both 2100 CDT and 2400 CDT. In fact,
a front of elevated ozone moves down the western side

of the western mountain and is lifted above the
developing nocturnal boundary layer by 0300 CDT.

In simulation (b-3-on-d) where chemistry is active
(Fig. 11), the transport dynamics are exactly the same;
however, ongoing photochemical processes lead to
higher ozone values and more complex mixing ratio
distributions. During the morning hours, ozone is
produced photochemically in an area above the
mountaintops. Early in the afternoon (1500 CDT),
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significant amounts of ozone have been produced
throughout the domain, with peaks occurring to the
west of and above the mountains. In the later
afternoon (1800 CDT), as photochemical production
of ozone begins to wane, westerly advection of the
residual ozone above the mountains begins to become
important. Some destruction of ozone aloft occurs,
primarily due to titration with nitric oxide; however,
this is short-lived since NO is rapidly depleted. After
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sunset, as with simulation (b-3-off-d), surface removal
of ozone becomes evident over the plains and in the
valley, but not at the mountaintops. As before,
downslope flows continuously transport ozone from
aloft to the mountaintop and down its slopes,
replenishing any losses due to surface removal. At
2100 CDT an air mass containing residual ozone from
aloft flows down the western side of the western
mountain. Throughout the nighttime, the downslope
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Fig. 8. Diurnal ensemble averages of ozone concentrations (ppb): (a) avg-on-c; (b) avg-on-d; (c) avg-off-c;
and (d) avg-off-d (over western locations).

flow continues to transport a relatively constant
mixing ratio of ozone to the mountaintop and its
slopes (see also Fig, 5b).

4.3. Ozone flux and dosage at different elevations

Amounts of ozone deposited at the ground at
various elevations and ozone dosage near the surface
during daytime (0600 to 2000 CDT) and nighttime
(2100 to 0500 CDT) are given in Table 3 for simulated
ensemble (avg-on-d). The model results suggest that

less variation in daytime values of ozone flux and
dosage occur at different elevations as compared to
nighttime values. Even though nighttime ozone fluxes
are only 10-20% of daytime values, nighttime ozone
dosages at mountaintop and slope locations are
greater than 50% of daytime values, while the
nighttime dosage at the plains location is only 30% of
its daytime value. Thus, our model results indicate
that mountaintops and slopes experience higher
ozone dosages throughout a diurnal cycle than do
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Fig. 9. Typical diurnal ozone concentration patterns (ppb) observed at selected low and high-elevation
sites. Sources: Davos and Payerne, Wunderli and Gehrig (1990); Mt. Gibbs and Fairview, Aneja et al.
(1991); Aubure and Revins, Proyou et al. (1991); Whiteface and Howland, Aneja and Li (1992).

Table 3. Ozone flux (10® moleculescm~?) and dosage (ppb hour) at the surface over
western mountain ridge for simulated ensemble (avg-on-d)

Elevation Daytime Nighttime Daytime Nighttime

Location m.s.l. flux flux dosage dosage
Plains 0 5.018 0.563 696.8 216.5
Western slope 513 5.065 0.963 743.0 390.2
Mountaintop 950 4969 0.937 761.0 395.6
Eastern slope 513 5.085 0.984 752.6 3984

Valley 289 5.055 0.726 7170 285.6
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nearby lower-elevation locations. This may be a
contributing factor in the observed decline of
high-elevation forests in North America and central
Europe and deserves further study.

§. CONCLUSIONS

In this investigation, the STEM-II chemistry/
transport/deposition model, coupled with meteoro-
logical data from a two-dimensional hydrostatic
mesoscale meteorological model, has been used to
analyze ozone formation and transport in rural
mountainous regions representative of the south-
eastern United States. The study has investigated the
roles of the various processes of chemistry, dry
deposition, and turbulent transport involved in this
complex coupled atmospheric phenomenon. In
general, mountainous regions experience higher
ozone exposure throughout the diurnal cycle than do
similarly located lower-elevation sites. Our model
simulations suggest that this behavior is primarily due
to the occurrence of local topographically induced
wind systems coupled with photochemical processes.
Higher nighttime surface ozone mixing ratios near the
mountaintops were caused largely by the occurrence
of nocturnal katabatic winds over the mountain-
slopes which advect ozone-rich air from aloft and
maintain a high level of turbulent connectivity to air
at higher levels. Larger ozone concentrations may
also be observed as a result of the transport of an
ozone-rich air mass above the NBL to the
mountaintop as indicated by the case with low mean
wind speed of 1 ms™! (Fig. 5a).

The valley bottom experiences relatively higher
ozone deposition than the plains regions due to the
katabatic winds which continuously supply ozone-
rich air to the valley slopes. The cross-valley wind
system is quite efficient in destroying ozone by surface
removal. Depletion of ozone in the valley, where the
air is confined, occurs throughout the nocturnal
boundary layer due to these cross-valley recircul-
ations. However, over plains regions, ozone destruct-
ion is limited to a very shallow surface layer.

As with all numerical simulation studies, there are
uncertainties. To better resolve whether rural, high-
elevation, mountainous regions are NO, limited or
not, both anthropogenic and biogenic emissions
should be included in future numerical studies.
Biogenic hydrocarbon chemistry should be included
in future simulations to study the effects of natural
emissions in high-elevation forest regions.

Also, it is noted that because an idealized terrain
together with a two-dimensional hydrostatic simu-
lation is used in this study, the resolved slope flows,
and their diurnal variations, may not quantitatively
resemble those over realistic three-dimensional
complex terrains. Modeled vertical motions over
a mountainous terrain may differ by up to an
order-of-magnitude at the same location for each

R. A. ZAVERI et al.

order-of-magnitude difference in grid size. Thus, the
relative contribution of turbulence versus advection
as modeled in these simulations may be different for
different grid spacing. This problem, which concerns
the complicated diurnal evolution of the balancing
between the advective and turbulence effects in the
presence of realistic three-dimensional complex
terrain, will be discussed quantitatively in a future
paper with an emphasis on physical effects.
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Fig. 10. Vertical ozone concentration contour plots (ppb) for simulation b-3-off-d at (a) 0900 CDT, (b) 1200 CDT,
(c) 1500 CDT, (d) 1800 CDT, (¢) 2100 CDT, (f) 2400 CDT, (g) 0300 CDT, and (h) 0600 CDT.
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