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Abstract—O:zone generation is computed in a one-dimensional photochemistry code following convective
redistribution of tropical urban effluent into the free troposphere. Simulations are run at several stages of
pollutant dilution by surrounding surface air. A threshold boundary layer NO, concentration of 300 pptv is
established for significant production enhancements at upper levels. Areas defined by the 300 pptv level are
examined in the Gaussian dispersion framework based on a wet season plume event observed in Amazonia.
Pollution travels slowly in the sluggish winds of the equatorial trough. Daily storms are likely to interrupt
the effluent while coverages are still on the order of few thousand square kilometers and NO, concentra-
tions are above the threshold. Dry season plume sizes are difficult to assess because local concentration data
are scarce, but it is conceivable that the faster trade winds lead to a several fold extension. Copyright
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INTRODUCTION

Lower atmospheric ozone acts as a greenhouse gas
(Ramanathan et al, 1987; Hauglustaine et al., 1994),
and is also a key pollutant and oxidant (Thompson,
1992; Jacob et al., 1993a,b). The species is produced
during hydrocarbon oxidation through the catalytic
action of the nitrogen oxides NO and NO, (NO,;
Crutzen, 1973; Chameides and Walker, 1973). Al-
though organics emanate from a wide variety of sour-
ces ranging from automobiles to boreal ecosystems,
the most massive inputs are from tropical forests
(Singh and Zimmerman, 1992; Graedel, 1994). Crut-
zen (1988) has asserted that as third world economies
develop and cities inject nitrogen oxides into more
remote areas, catalytic production from tropical or-
ganics will be the major ozone source in the tropo-
sphere.

* Permanent address: 109 Gorgas Lane, Oak Ridge, TN
37830, US.A.

It has been shown over the last few years that
convective mixing away from the surface enables pre-
cursor hydrocarbons and NO, to achieve their fullest
ozone generating potential (Pickering et al, 1990;
Lelieveld and Crutzen, 1994). Dilution from the
boundary layer into a free tropospheric column signi-
ficantly increases net ozone yields (Liu et al., 1987; Lin
et al., 1988). Several groups have constructed photo-
chemical models of enhancements in oxidant levels
when tropical biomass burning plumes are convected
upward (Chatfield and Delany, 1990; Pickering et al.,
1992a) and Pickering et al. (1992b) have studied a par-
ticular event in which a convective system passed
through the urban plume of Manaus, Brazil. The city
is the economic heart of the Amazon basin.

In the present work we apply photochemical simu-
lations of convective outflow to generalized tropical
urban plumes. Our approach is analogous to the bio-
mass burning study of Pickering et al. (1992a), in which
hypothetical storms pass through fire emissions at
various distances. A chemical model of a convecting

4263



4264

tropical airmass (Elliott et al., 1995a, b) is run with an
unchanging free troposphere but successively lower
nitrogen oxide concentrations in the boundary layer.
A typical rain forest mix of reactive organics is ad-
opted for lower altitudes (Jacob and Wofsy, 1988,
1990; Pickering et al., 1992a,b). We are able to estab-
lish a threshold for boundary layer pollutant NO,
levels which lead to augmented columnar ozone pro-
duction upon deep vertical mixing. We also perform
a preliminary analysis of dispersion away from large
tropical cities using Gaussian techniques (Csanady,
1973; Gifford, 1982; Sillman et al., 1990a, b). The goal
is to estimate areas covered by boundary layer con-
taining NO, above the threshold. A potential sea-
sonality is apparent in the effluent geometry. During
the storm intensive tropical wet season, uplift obliter-
ates plumes near the time that internal removal pro-
cesses lower nitrogen oxides to the threshold, and
slow winds translate to small coverages. During the
windier dry season, dilution to many thousands of
square kilometers is possible but uncertain because
initial concentrations remain unknown for tropical
cities.

The photochemical model of convective storms ap-
plied here is somewhat new and is also less sophisti-
cated dynamically than its forerunners (Pickering et
al., 1989; Chatfield and Delany, 1990) so that we elect
to describe it at the outset in detail. The plume spread-
ing models are well established (Gifford, 1975, 1977,
Pielke, 1984; Seinfeld, 1986), so that we apply them
without exposition. Manaus is adopted as an urban
area archetypical for the developing tropics. Some
limited pollutant distribution measurements are
available to constrain its chemistry (Pickering et al.,
1992b). Furthermore, the simple topography of the
Amazon region is amenable to the Gaussian ap-
proach (Pielke, 1984). Even so the standard dispersion
models must be regarded as highly idealized, and so
we use only the simplest versions of the relevant
equations. Ultimately, we hope to couple our chem-
istry coding into a mesoscale meteorology model we
have at our disposal (Pielke et al., 1984; Bossert and
Cotton, 1994a, b) to validate our conclusions in an
Eulerian sense.

KINETIC NONLINEARITIES AND THE PHOTOCHEMICAL
MODEL

In order for nitrogen oxides emitted in an urban
zone to influence the free troposphere they must re-
main above catalytically effective levels through
several stages of dilution. The sequence of events is
illustrated schematically in Fig. 1. Concentrations in
first world urban areas tend to fall in the range 50-100
ppbv during pollution episodes (Milford et al., 1989;
Bower et al,, 1991; Gladstone et al., 1991; Campbell et
al., 1994). In underdeveloped cities lacking pollution
controls the value can be several hundred ppbv (Ruiz
Suarez et al., 1993; Trier, 1993). Dilution of the urban
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Fig. 1. A schematic trajectory for a tropical urban plume
diluting into the surrounding organic rich boundary layer,
superimposed on typical ozone isopleths.

plume brings the NO, into contact with the ambient
atmosphere. Tropical air contains a suite of highly
reactive organics of vegetative origin (Jacob and
Wofsy, 1988, 1990; Singh and Zimmerman, 1992).
They are ubiquitous and so we picture them here as
constant and high in concentration. A concentration
trajectory in a tropical plume is shown as the dashed
line, with NMHC representing nonpollution organics.

The trajectory is superimposed in the figure on
a schematic of ozone production isopleths displaying
the crucial nonlinearities in the tropospheric oxidant
system (Crutzen, 1973; Chameides and Walker, 1973;
Fishman and Crutzen, 1978; Liu et al., 1987; Chatfield
and Delany, 1990). Roughly speaking the contours
indicate increasing ozone production during a speci-
fied photolytic period (Finlayson-Pitts and Pitts,
1986; Milford et al., 1989; Dodge, 1989), usually set at
a day (Pickering et al., 1989). The nitrogen oxides are
most effective as catalysts at intermediate concentra-
tion levels. If significant oxidant generation is to occur
in the free troposphere, such levels must remain after
vertical convective dilution.

The nonlinearities have complex implications for
urban and regional pollution near the surface. For
example, it has been noted in several works that
reductions in urban NO, emission might actually
worsen air quality with respect to ozone, and that
rural areas downwind of cities may sometimes bear
brunt of a pollution problem (Sillman et al., 1990a, b;
McKeen et al., 1991a, b; Jacob et al., 1993a, b). Mixing
into the free troposphere in major convective systems
leads to dilution by a factor of ten or so (Pickering et
al., 1989, 1990, 1993). It is larger systems we consider
here because shallow convection is a minor contribu-
tor to the global ozone budget (Feichter and Crutzen,
1990). The final storm driven dilution will generally
place parcels on the contours sloping toward lower
NO, so that we do not emphasize the region
0P(03)/0(NO,) < 0. For tropical plumes to be impor-
tant relative to the free troposphere, nitrogen oxide
concentrations should remain near the isopleth
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plateau region (in areas where ozone production is
high) after convective redistribution.

Several of us have lately been involved in the design
of photochemistry packages fast enough for deploy-
ment in massive three-dimensional problems (Kao et
al., 1990; Elliott et al., 1993a,b; Jacobson and Turco,
1994; Shen et al., 1995; Elliott et al., 1995a,b). Numer-
ical streamlining has included automation of set-
up for solutions to the continuity equations, vectoriza-
tion, and incorporation of the flexibility to choose
from among a suite of integrators. We have empha-
sized family approaches in the past because of the
need for speed in multiple dimensions. Most of the
runs reported here were conducted in the family mode
at time steps of 15 min. The present one-dimensional
geometries also permit the use of more computation-
ally intensive integrators. Accordingly, spot checking
for accuracy was performed with an individual species
QSSA (quasi-steady-state approximation; Hesstvedt
et al, 1978; Isaksen et al., 1978a,b; Odman et al,
1992).

A surrogate hydrocarbon mechanism is adopted to
represent the range of tropospheric organics (Elliott et
al., 1993a,b, 1995a, by; Shen et al., 1995). The approach
is quite similar to that of Pickering et al. (1989,
1992a,b, c) and Chatfield and Delany (1990) in other
studies of convection and chemistry. Methane and
ethane represent themselves in the scheme. Propane
simulates the higher alkanes, propene the higher al-
kenes and isoprenc the terpenoids. Fully detailed
oxidation sequences are included for the surrogates
(Atkinson and Lloyd, 1986; Elliott et al., 1995a,b;
Shen et al., 1995). In particular, isoprene is oxidized
according to the recent recommendations of Paulson
and Seinfeld (1992). The mechanism has been tested
previously in the family mode for its ability to repro-
duce general free tropospheric ozone chemistry at
specific locations (Levy et al., 1985; Liu et al., 1987).
Comparisons with established integrators are shown
in Fig. 2, with most of the results specific to the Niwot
Ridge site (Liu et al, 1987; Trainer et al., 1987). The
Niwot runs were designed to parallel the simulations
of Liu et al. (1987) as closely as possible. Initial condi-
tions, column ozone abundances, humidity, tem-
perature, time and altitude were all set to be nearly
identical with the earlier work. Details of our model
configuration are provided in Elliott et al. (1995b).
One noteworthy difference lies in the chemical mecha-
nisms. Liu et al. were able to include butane and its
oxidation sequence explicitly. Discrepancies in the
upper curve are due to the differences in the treatment
of dilution into the box model (Liu et al., 1987; Elliott
et al., 1995b). The figure is actually a set of sections
through a version of the generic Fig. 1 isopleth set and
so is evidence that the codes pick up the well-known
tropospheric chemical nonlinearities.

Similar comparisons were made to test the ability
of the program to represent nonlinearities resulting
from convective mixing (Elliott et al, 1995b).
A one-dimensional model of stacked coupled layers
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Fig. 2. Comparison of ozone production form our surrogate

hydrocarbon mechanism with results from established integ-

rators. Dashed simulations are for the Niwot Ridge site (Liu

et al., 1987; Trainer et al., 1987). The lone dotted curve

labeled 500 mbar is an upper level computation which

matched the Levy et al. (1985) values for the free troposphere
over the open ocean.
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Fig. 3. Tropospheric ozone production in several calcu-
lations from the Pickering series (1989, 1990, 1991, 1992a—c,
1993; shaded areas indicate the range of results involved in
the comparison) and in similar scenarios from our own work
(Elliott et al., 1995ab; individual curves). Dashes indicate
runs incorporating convective overturn. Shading is extended
only to the point of overlap, while the lines are permitted to
continue.

was constructed and run from midnight into the
morning before various convective events. At average
midday storm times portions of boundary layer air
were lifted into the free troposphere and distributed,
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with replacement air inserted to maintain mass bal-
ance. Costen et al. (1988) describe a related model.
The detrainment profiles were calibrated using tracer
redistribution results in the two-dimensional compu-
tations from the Pickering series (Pickering et al.,
1989, 1990, 1991, 1992a). The model was then run for
several days and ozone production integrated to yield
diurnal averages. The results were compared with the
Pickering et al. calculations for several events. A typi-
cal level of agreement is shown in Fig. 3. Small dis-
crepancies are the result of our inability to reproduce
exactly the initial concentration conditions. In our
runs idealized smoothed vertical profiles were used for
ozone precursors which correspond only loosely with
the Pickering et al. cases. The combination of numer-
ical accuracy tests and agreement in comparisons
such as Figs 2 and 3 suggests that our photochemical
storms model provides a reasonable representation of
ozone production following deep convection. Several
of the Pickering cases involved hot tower type dynam-
ics (Riehl and Malkus, 1958; Riehl and Simpson, 1979)
with a clear displacement of boundary layer chemistry
directly to cloud tops. In most of them, however,
thorough turbulent mixing of boundary layer air oc-
curred over the depth of the storm. We assume here in
our generalized tropical calculations that the mixing
is complete. In other words, material lifted from the
boundary layer was detrained evenly through the free
tropospheric column, from 2 to 10 km. Details of our
convection parameterization can be found in Elliott et
al. (1995b).

The radiative routines in our convection codes are
described in Elliott et al. (1995b). Incoming solar
radiation is first attenuated through Beer’s law ab-
sorption by molecular oxygen and ozone. The mo-
lecular scattering field is constructed from adjustment
factors tabulated in discussions of full radiative trans-
fer studies (Luther and Gelinas, 1970; Luther and
Wuebbles, 1976; Isaksen et al., 1977; Nicolet et al,,
1982). We have taken careful note of the distinction
which must be made between results from diffuse and
collimated calculations (McElroy and Hunten, 1966;
Madronich, 1987). Comparisons of key species such
as the hydroxyl radical and the nitrogen oxides were
made for the Niwot runs with results reported in
Trainer et al. (1987). Agreement to within a few tens of
percent could generally be achieved, indicating some
degree of fidelity. The clear sky actinic fluxes are
adjusted further according to estimates in Thompson
(1984) and Madronich (1987) to represent the field in
the presence of convective systems of ~ 10 km depth.
Sensitivity tests demonstrate that this post hoc ap-
proach provides a reasonable starting point (Elliott et
al., 1995b). The cloud factors are decoupled from any
detailed structures implied by detrainment as matter
of expedience. Shielding is turned off immediately
following the convective event. Interactivity between
wet chemistry, cloud particle distributions and the
radiation field is an area where our simulations could
be improved. Jacobson (1994) describes coupled
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coding which could in principle treat the effects.
Photolysis constants are calculated from the actinic
field using the standard wavelength integrations de-
scribed in Turco (1985).

NITROGEN OXIDE THRESHOLDS FOR THE TROPICS

Our tropical urban plume calculations are guided
largely by results of wet and dry season campaigns
conducted in the vicinity of Manaus, Brazil and em-
phasizing the remote boundary layer and its effects
on the free troposphere (Jacob and Wofsy, 1988,
1990; Pickering et al., 1992a,b). A survey of concen-
trations for key species in the ozone system above and
within the tropical boundary layer is presented in
Table 1. The data are derived from both measure-
ments and models, but generally the two were in
agreement with one another. We divide the boundary
layer conceptually into the ambient and the urban
plume. The Manaus plume was characterized by
Pickering et al. (1992b) at a distance of about 50 km
but with the indications that little spreading had oc-
curred.

The concentrations we have selected to initialize
our photochemistry models of convective systems are
given in Table 2. For simplicity a single set of values
is adopted for the wet and dry seasons. As a start-
ing point for our computations we take the round
value 10 ppbv NO, to represent a well-mixed bound-
ary layer containing fresh urban injections. This is
broadly consistent with local concentrations of
0.1-1.0 ppmv for air within the city itself. Values for
the other pollutants CO and organics are scaled up
from the minima in Table 1 to approximate condi-
tions in the fresh plume. Concentrations for isoprene
and the long-lived species methane and ethane are set
constant. These species are introduced primarily by
the surrounding air causing dilution. We assume that
ozone production within the plume is largely con-
cealed by inward mixing of clean boundary layer air.
This is concert with sparse observations of the
Manaus effluent, and again, becomes a better approx-
imation with aging. Concentrations of nitrogen oxide
reservoirs such as nitric acid and PAN were set pro-
portional to NO,. The proportionality factors were
adjusted first to values given in Jacob and Wofsy
(1988, 1990), Chatfield and Delany (1990) and Picker-
ing et al. (1992a, b), then tuned through several model
iterations so that no unwanted production of NO,
occurred (Elliott et al., 1995b).

We have applied models of the photochemistry
following convective turnover, first for the urban
plume values themselves beginning at 10 ppbv of ni-
trogen oxides, and then diluting the urban levels with
boundary layer air such that NO, descends by half log
units to the ambient level of 30 pptv. Runs were made
at both solstices and equinoxes but for 0° latitude so
that there is little difference in the photochemistry.
Some typical resuits are collected in Fig. 4. Solid
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Table 1. A survey of concentrations for ozone and its precursors in the tropical troposphere

Units Specizs Free troposphere Boundary layer Urban plume
ppb 0, 20 (P93; Darwin, F) 10 (P92b; Manaus, wet}) 210 (P92b; Manaus, wet)
30 (P92b; Manaus, wet) 10-20 (P92a; Amazon, dry)
40 (P92a; Amazon, dry) 25 (P91; Amazon, dry)
30 (CD90; Savanna, dry) 20 (JW88; Amazon, dry)
30 (JW88; Amazon, dry) 10 (JW90; Amazon, wet)
25 (G88; Amazon, dry)
20 (JW90; Amazon; dry)
ppt NO, 50 (P93; Darwin, F) 100 (P92b; Manaus, wet)  >1000 (P92b; Manaus, wet)
50 (P92b, Manaus, wet) 70 (P92a; Amazon, dry)
30 (P92a; Amazon, dry) 20 (S90; Tropical, wet)
20 (S90; Tropical, wet) 20 (P91; Amazon, dry)
20 (P91; Amazon, dry) 100 (JW88; Amazon, dry)
15-100 {CD90, Savanna, dry) 20 (JW90; Amazon, wet)
10 (JW90; Amazon, wet)
ppb CcO 70 (P93; Darwin, F) 100 (P92b; Manaus, wet) 2200 (P92b; Manaus, wet)
75 (P92b; Manaus, wet) 175 (P92a, Amazon, dry)
75 (P92a; Amazon, dry) 180 (P91, Amazon, dry)
60 (JW88; Amazon, dry} 80 (JW88; Amazon, dry)
80 (JW90; Amazon, dry)
ppm CH, 1.6 (BR86a and b; 88)
ppb C,Hg 2.0(SZ92, BR 86a and b, 88)
ppb CiHg 0.2(SZ92, E95b) 1.0 (Z88; Amazon, dry) >30.0 (Z88; Amazon, dry)
1.5 (P92a; Amazon, dry)
ppb C;Hs 0.1 (SZ92; E95a and b) 0.3 (Z88; Amazon, dry) >6.0 (Z88; Amazon, dry)
1.5 (P92a; Amazon, dry)
ppb Isoprene >3 (P92b; Amazon, wet)

1-4 (P92a; Amazon, dry)
10 (P92¢, Amazon, wet)

2 (JW88, Amazon, dry)

1 (JW90; Amazon, wet)

e P92b Manaus plume had spread little a point of sample.

o All saturated organics larger than C2 treated as propane, unsaturated as propene.
o Biomass burn plume NO, of the order of 2000-3000 pptv, CO 500 ppbv, O; 70 ppbv, alkanes and alkenes 1 ppbv (C85,

CD90).

e Boundary layer height; Manaus wet ~1 km (P92b), Savanna ~ 2 km (P92a); Manaus dry ~2 km (P91); W88, 90 use

2 km dry or wet.

o Pickering et al. include lightning NO, only when there is observational evidence for a major contribution. See P91 and

P92b.

o JW90 stress the contrast between pristine conditions during the wet season and pollution during the dry.

NO, JW88, 90: Diurnal behavior averaged from complex interactions of surface mixed layer and a convective cloud layer

as subsets of the boundary.

NO, P92b: Boundary layer remotely influenced by Savanna biomass burns, 12-24 h transit away in Brazilian state of

Mato Grosso.

NO, P93: Initial NO, can only be estimated roughly from contour plots.

NO, P93, CD90: Lightning influenced.

Isoprene JW88, 90: Isoprene is sourced into boundary layer during the day; a rapid canopy level sink depletes the thin
surface layer but leaves overall boundary concentrations intact at night.
Isoprene P92a: Pickering gives the rough value 10 ppbv for wet season isoprene.

Isoprene P92b: Unpublished grab samples.

J, F, M, etc.: Months.
Wet, dry: The majcr tropical seasons.

BR: Blake and Rowland; C: Crutzen et al.; CD: Chatfield and Delany; E: Elliott et al.; G: Garstang et al.; JW: Jacob and
Wofsy; P: Pickering ei al; S: Scala et al.; SZ: Zimmerman et al.

curves are convected systems with boundary layer
nitrogen oxide concentrations given sequentially
above the frame. Ozone production for undistributed,
storm-free scenarios is shown only for the NO, end
points, 30 pptv and 10 ppbv, as the dashed curves.
As expected, a small decrease in mixed-layer pro-

duction leads to a large enhancement in the free
troposphere. There are several ways to define signifi-
cant urban plume effects (e.g. Pickering et al., 1989,
1992a; Chatfield and Delany, 1990). We might, for
example, accept a convectively overturned back
ground system as the baseline, or note that the
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Table 2. Initial concentrations for the present model

Free Boundary Urban
Units troposphere layer plume
ppb 0O; 30 20 20
ppt NO, 30 30 Variable
ppb CO 75 100 Variable
ppm  CH, 1.6 1.6 1.6
ppb C,Hq 2.0 20 2.0
ppb C;H,g 0.2 1.0 Variable
ppb C;H, 0.1 1.0 Variable
ppb Isoprene 20 20
NOppby) 003 08 [ 80 Lo
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Fig. 4. Tropospheric ozone production for a series of scen-

arios representing dilution of an urban air mass into the

tropical boundary layer. Solid curves are systems subjected

to deep storms, with initial NO, concentrations given above.

Vertical production profiles for nonconvected situations are

shown only for NO, levels 30 pptv and 10 ppbv, as the
dashed curves.

ambient free troposphere contains several tens of
ppbv ozone. In either case an approximate NO, thre-
shold is about 300 pptv. Tropical urban plumes con-
taining this level or greater will produce of the order
of 10 ppbv or more of ozone in the free troposphere
following upward mixing in a convective storm. The
value is derived systematically here but matches im-
plications of the Pickering et al. series (1989, 1990,
1991, 1992a, b, ¢, 1993).

DISPERSION FROM TROPICAL CITIES

Having defined boundary layer NO, concentra-
tions sufficient for free tropospheric effects, we are
now in a position to investigate the areal extent of efflu-
ent with levels above the threshold. Dilution of an urban
plume is calculated here in basic Gaussian spreading
models (Gifford, 1975, 1977, Hanna et al, 1982;
Seinfeld, 1986). The dispersion is coupled in turn to
time constants for chemical change within plumes,
and for meteorological properties affecting them. Un-
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certainties will be sufficiently large that the value of
the exercise probably lies mainly in the patterns of
variation it suggests. It should provide a useful guide,
however, for more detailed multidimensional simula-
tions.

Sillman et al. (1990a) have derived via Csanady
(1973) the equation y, = [y3 + 8Kt]'/? to represent
the increasing width of a plume originally y, across.
The relationship is Gaussian in that tracer distribu-
tions are represented by a square wave function with
a dimension of several standard deviations. The y, was
intended to simulate mixing away from cities and
groups of power plants located on the North Ameri-
can Great Plains, but the authors employ the general-
ized diffusion coefficient 10* m?s~! averaged from
a global range of studies (Gifford, 1982). An assump-
tion implicit in the Sillman er al. expression is that
atmospheric dispersion is Fickian, or in other words,
that a single K applies. Fick’s laws strictly describe
spreading only when it involves uniform small-scale
motions (Seinfeld, 1986). In the atmosphere a material
cloud interacts with eddies of about its own size, and
these lead to faster diffusion with growth (Gifford,
1982, 1995). The Sillman equation adopts K appropri-
ate to the bulk of time and size scales of interest in
urban plume studies. The choice of coefficient vatue
can be verified by applying random force theory,
which takes the eddy variations into account (Gifford,
1984). Barr and Gifford (1987) quote 2 x 10*m?s™ ! as
a reasonable average for regional dispersion, in ac-
cord with Sillman et al. (1990a). Stability class analysis
(Gifford, 1961; Pasquill, 1971, 1974) relates diffusion
rates to thermodynamic properties of the boundary
layer. It suggests that lower atmospheric stability dif-
ferences can lead to variations of an order of magni-
tude in Gaussian width. However, the concepts are
valid only for plume lengths of 10 km or less. Beyond
this point, larger-scale processes dominate. We adopt
the round figure K = 10*m?s~ ! as a point of refer-
ence for the calculations below.

From an examination of Brazilian government
atlas materials (Instituto Brazileiro de Geografia,
1971} and crude maps in some of the Amazon bound-
ary layer works (e.g. Pickering et al., 1992b), we esti-
mate y, for a developing tropical metropolis at
10-30 km. Values for major U.S. cities are about a fac-
tor of three larger (Sillman et al., 1990a). In Fig. 5 the
Sillman et al. equation and parameters are used to
estimate dilution of pollutants in tropical urban
plumes as a function of time. We ignore the regime
¥4 =8 Kt because our t values will be in the range half
a day or more. Results for pure mixing are plotted as
the solid curves. The NO, threshold of 300 pptv is
marked by the hatched area.

Chemical and deposition losses will be competitive
with dilution in lowering NO, concentrations. Dry
season hydroxyl radical levels in the boundary layer
are suppressed somewhat in tropical forests due to the
presence of high concentrations of terpenoids. The
OH values from Jacob and Wofsy (1988) coupled to
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Fig. 5. Dilution and chemistry/deposition reductions in
tropical urban plume NO,. Capital C signifies a concen-
tration, and subscript nought an initial value. Solid lines
represent mixing induced changes in tracer concentrations
calculated alone within a Gaussian dispersion model.
Dashed curves add to dilution first order photochemical and
deposition losses for the nitrogen oxides. The primary lower
scale in units of seconds is readily converted to distance in
meters upon multiplication by a lower limit wet season
surface wind velocity of 1 ms™ 1. The alternate scale assumes
a wind of 3 ms™!, which lies at the lower end of the 3 to
5ms~ ! range mentioned in the text.

the recombination rate for NO, to form nitric acid
(Demore et al., 1990) suggest an NO, lifetime of about
a day. Recycling of NO, from HNO; has a time
constant of weeks. Generation from peroxy nitrate
species may be important in ambient air (Jacob and
Wofsy, 1988, 1990) but not in our polluted plumes.
During the wet season clouds retard overall photo-
chemical activity so that hydroxy! removal should be
slower. Both NO, and NO are insoluble in the aque-
ous and organic liquids which are present in leaf
surfaces. In the serial model for deposition, surface
resistance thus tends to be the controlling factor.
Deposition in the tropics is poorly constrained but
Jacob and Wofsy (1988, 1990) use a value of about
I1scm™?! as a resistance for NO, flux to the canopy.
As a set of fast limits for NO, removal we assume time
constants of one day each for chemical and surface
losses. Estimates of latitudinally dependent NO, life-
times from global scale studies support these figures
(Logan, 1983; Penner et al., 1991). Nitrogen oxide
levels adjusted for removal from the boundary layer
are shown as the dashed curves on Fig. 5.

Wind conditions will determine the distances to
which urban pollutants can spread given the limita-
tions defined by decay and convective overturn. Both
winds and storm frequencies undergo well-under-
stood seasonal cycles in the tropics. Because we have
designated Manaus as an archetype city, the meteoro-
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logy of the Amazon basin in which it lies is now
examined (Ratisbona, 1976; Paegle, 1987). Prominent
features of the Amazonian climate extend to other
areas of the terrestrial tropics (Riehl, 1950; Shukla,
1987). Average winds and precipitation are expected
to conform loosely to the trade wind model (Nimer,
1979; Dos Santos, 1987; Molion, 1987; Paegle, 1987).
Wind systems are usually easterly along the coast and
in the low river valleys. When a particular region
passes into the equatorial trough, it enters its wet
season. Daily convection disrupts the boundary layer
(Riehl, 1950; Ratisbona, 1976; Nimer, 1979; Jacob and
Wofsy, 1990; Greco et al, 1990) and most rain is
generated by deep storms (Greco et al., 1990). Average
horizontal wind speeds recorded during low-level
soundings have been as slow as 1 ms™! (Scala et al.,
1990; Fitzjarrald et al., 1990). Over trajectory analyses
of several days or more winds average 1-2ms™!
(Kirchhoff et al., 1990; Greco et al., 1990). Calms are
often recorded (Ratisbona, 1976). As a region moves
beneath the trade wind inversion, convection is sup-
pressed and a dry season ensues (Riehl, 1950; Paegle,
1987). The tropics are nonetheless quite moist, and
convective events mix the boundary layer every 3 to
5 days (Ratisbona, 1976; Jacob and Wofsy, 1988;
Chatfield and Delany, 1990). Recent campaigns have
observed winds in the boundary layer ranging from
2 to 10 ms™~! (Andreae et al., 1988; Garstang et al.,
1988). Crutzen et al. (1985) computed three day back
trajectories for the Amazon dry season with average
velocities of 7ms™! at 850 mbar. Andreae et al.
(1988) display similar results.

We will assume here that daily convection and
sluggish winds dominate in the wet season, while in
dry periods several days elapse between storm events
and winds are stronger. Full calculations of plume
dimensions would require a detailed knowledge of the
pollution fields generated by tropical cities. For
example, complete information on the C, in Fig. 5
would be needed. Although many studies of general
Amazonian geochemistry, atmospheric chemistry and
biology have originated in or near Manaus (Orsini et
al., 1982; Browell et al., 1988; Simoneit et al., 1990,
Fearnside et al.,, 1993), it is difficult to find informa-
tion on air quality problems within the city itself. This
is true for tropical and developing regions as a class
relative to the first world. The wet season pollution
data from Pickering et al. (1992b) which appeared in
Table 1 are limited but provide a useful foundation.
An aircraft intercept of the Manaus effluent at 50 km
downwind yielded NO, concentrations of 2 to 3 ppbv.
At an average horizontal wind speed of 2ms™*! the
plume had aged for perhaps 7 h. The authors note
that overcast is common in the trough and reduces
horizontal spreading rates, so that our global average
diffusion coefficient may be an overestimate in this
case. The observed plume width in fact indicates
a pure dilution factor of about two. Coupled to the
photochemical and depositional loss rates we have
derived, a Cy of 10 to 15 ppbv seems reasonable.



4270

Manaus may well experience high pollution levels and
so local surface nitrogen oxide concentration of
0.1-1.0 ppmv. These would not be inconsistent with
the Pickering et al. extrapolation.

For initial concentrations between 10 and 15 ppbv
and wet season meteorology, the upper curve set in
Fig. 5 suggests that convective activity will disrupt
a typical urban plume before chemical/deposition
losses can lower NO, concentrations to the threshold.
A corollary is that most large plumes in the equatorial
trough will have free tropospheric effects upon ozone.
The effluent areas, however, will tend to be restricted.
Over a day at a horizontal wind speed of 2ms ™! the
total length may be 200 km, and even for the global
eddy diffusion constant width increases only to
100 km. Total plume areas containing pollutant con-
centrations sufficient for free tropospheric effects will
be of the order of several thousand square kilometers.

The areal extent of the plumes under windier condi-
tions is difficult to evaluate. During the dry season,
several days to a week may be available for dilution
and internal removal to act on the pollutants. It is
clear from Fig. 5 that the chemistry and deposition
processes are likely to lower NO, to the 300 pptv level
before convection occurs. The fast trade wind type
easterlies will tend to lengthen plumes but will also
reduce the residence time of air parcels over a city and
hence lower C, (Pasquill, 1974). If the Manaus wet
season concentration is taken as an upper limit, there
is at least the potential for areas containing more than
the threshold level to be several times greater than
their wet season counterparts. Plumes many hundreds
of kilometers long are conceivable, and it seems likely
that a significant seasonality exists in the coverages.
To aid in visualizing these arguments, distance scales
can be added to Fig. 5. As conservative estimates of
velocities for the surface easterlies, the global average
values 1ms™! and 3-5ms~! are assumed here for
the trough and for tropical regions lying beneath the
trade wind inversion (Riehl, 1950; Shukla, 1987). The
main horizontal axis labeled in units of time thus also
represents distance in meters during the wet season.
The second horizontal axis has been converted to

distance in meters at 3ms™ L.

DISCUSSION

Several kinds of uncertainty influence the calcu-
lations in the present work. For example, we have
made numerous approximations in order to facilitate
the photochemistry modeling. The assumptions are
common ones, however. The surrogate hydrocarbon
system for reducing the number of species and reac-
tions in a mechanism entails significant sacrifices in
kinetic detail (Liu et al., 1987; Chatfield and Delany,
1990; Elliott er al., 1993b, 19952a). Alternatives such as
structural lumping require specialized calibration
(Falls and Seinfeld, 1978; Whitten et al., 1980; Jacob-
son, 1994) and so are not used in computations of
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global chemistry. Multiple scattering is highly para-
meterized within our photolysis rates, but full radi-
ative transfer is often decoupled from photochemistry
(Luther and Wuebbles, 1976; Isaksen et al., 1977,
Trainer et al., 1987; Kinnison et al., 1989; Jacob et al.,
1993a,b). Although our physical description of con-
vective storms is low in resolution and depends for
detrainment profiles on measurements and multi-
dimensional simulations (Elliott et al., 1995b), it
stands up well in comparison with more complete
studies (Pickering et al., 1989, 1990, 1991, 1992a,b).
The usefulness of the localized columnar chemistry
calculations is limited to periods of hours to days
because in the real atmosphere shear separates air
parcels on longer time scales (Pickering et al., 1989,
1990; Chatfield and Delany, 1990).

The arguments made regarding plume dimension
are less well developed than our chemistry calcu-
lations. There is considerable play in the city size y,,
and horizontal dilution exhibits a first power depend-
ence on the parameter (Sillman et al., 1990a,b). Fur-
thermore, the tropics lie outside the latitudes for
which Gaussian models have been validated (Gifford,
1982, 1995), so that selection of a diffusion coefficient
is arbitrary to some extent. Our understanding of
tropical urban effluent geometries could be improved
by moving from the plume approach to three-dimen-
sional chemical computations. We are currently
working in this direction. Kinetics routines which we
developed for general circulation model applications
(Kao et al., 1990; Elliott et al., 1993a,b; Jacobson and
Turco, 1994; Shen et al., 1995; Elliott et al., 1995a,b)
are being inserted into the Regional Atmospheric
Modeling System (RAMS; Pielke et al., 1992; Bossert
and Cotton, 1994a,b). The coupled code will be non-
hydrostatic and possess nested grid capabilities so
that resolution of the fine scale should be possible
early in the evolution of a plume. Photochemical
changes will be monitored in detail along the disper-
sion course, reducing the guesswork involved in con-
structing removal rates. Regional programs will be
crucial to the study of greenhouse gas transformations
which are sub-grid in scale relative to climate model
meshes (Houghton et al., 1990; IPCC, 1992; Graedel
et al., 1994).

The major uncertainties in plume characteristics lie
in and around the cities themselves. Tropical urban
air quality is not often treated in the literature, and
probably has not been studied in the detail required to
establish initial concentrations for our areal calcu-
lations. Since cities such as Manaus lie at the edges of
or within the largest terrestrial sources of organics,
there may be global scale motivations for character-
izing their local atmospheric chemistry (Crutzen,
1987, 1988). The need for more information is under-
scored by estimates that tropical human populations
are among the fastest growing on earth (Oak, 1986).

Our work suggests that equatorial urban effluent
areas bounded by the NO, threshold could be quite
extensive in the dry season. When conditions are
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appropriate for long plumes, a few large cities might
saturate a tropical forest area with respect to ozone
effects aloft. Strong free tropospheric ozone produc-
tion has been docurnented over the low latitude At-
lantic Ocean both in soundings and satellite data
(Logan and Kirchhoff, 1986; Fishman et al., 1986,
1990, 1991; Fishman and Larsen, 1987). The phenom-
enon has been linked to biomass burning release of
NO, (Chatfield and Delany, 1990; Pickering et al.,
1992a). However, rapid deforestation is accompany-
ing human popularion growth within the tropics
(Fearnside, 1987; French, 1994). We would speculate
that the urban effluent dispersion described here will
in some part supplant burning as a source of ozone to
the free troposphere. Because ozone is a pollutant,
oxidant and greenhcouse gas, there may be some justi-
fication for centralizing the tropical population base.

SUMMARY

The terrestrial tropics constitute a major potential
source of ozone because they are rich in surface hy-
drocarbon emissions (Graedel, 1994). As human
populations rise in developing countries at low latit-
udes nitrogen oxide emissions will contact the or-
ganics and catalyze the ozone production (Crutzen,
1988). Convective storms will often intersect tropical
urban plumes and the resulting vertical dilution will
lead to enhancements in column ozone production
(Liu et al., 1987; Pickering et al., 1992b). Furthermore,
isolation from the surface will increase time constants
for removal and involve fast upper level winds in the
distribution process (Chatfield and Delany, 1990;
Lelieveld and Crutzzn, 1994).

In the present work we have applied a photochemi-
cal model of storm systems (Elliott et al., 1995a,b) to
simulate the tropospheric ozone production which
follows convective overturn of tropical urban pollut-
ants. Vertical profiles of post-storm ozone change were
computed for various stages in the mixing of a city
plume with an ambient forest boundary layer. We find
that free tropospheric effects remain significant to
about 300 pptv of NO, in the effluent. Gaussian tech-
niques indicate that dispersion to these levels may
have a seasonal dependence (Gifford, 1982; Ratis-
bona, 1976). In the wet season frequent convection
interrupts the spreading just before deposition and
chemical losses have lowered the nitrogen oxides to
the threshold. Intact plumes usually increase ozone
production if lifted into the free troposphere. Light
winds associated with the equatorial trough, however,
limit the absolute ¢xtent of coverage. Light winds
associated with the equatorial trough, however, limit
the absolute extent of coverage. In the dry season
chemistry and surface removal bring NO, to 300 pptv
before convection can disrupt the plume. Areas covered
could reach several times the wet season values, but
cannot be determined precisely because information
on initial pollutant concentrations is not at hand.
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