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3.1 INTRODUCTION

This chapter evaluates atmospheric processes in relation to the emissions and
deposition of nitrogen compounds in the tropics, and the acidity resulting
from such deposition. As such, the chapter focuses on key processes and
does not address many interesting but minor aspects of the atmospheric
nitrogen cycle.

A major question concerns closure in the atmospheric nitrogen cycle, and
we attempt to identify the horizontal and vertical dimensions of the atmo-
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sphere over which the nitrogen cycle is closed; that is, the area over which,
if a seasonal time average is taken, emissions from the surface balance depo-
sition from the atmosphere. Having identified this areal extent, we examine
gross nitrogen emission/deposition budgets for various areas in the tropics
to determine whether atmospheric processes vary significantly from place
to place. We hope that this analysis provides a guide for evaluating the ef-
fect that changing nitrogen emissions would have on accompanying nitrogen
depositions in any tropical area.

Nitric acid, HN03, and ammonia, NH3, are the most prevalent acidic and
basic forms of gaseous nitrogen in the atmosphere. Nitric oxide, NO, and
nitrogen dioxide, N02, are the major precursors of HN03, and are consid-
ered here in that connection. Peroxyacetylnitrate (CH3COO2N02, or PAN)
is also considered, as it is a major reservoir of atmospheric nitrogen oxides
that facilitates long-range transport of these compounds. Finally, nitrate,
N03 and ammonium, NH:, in rainwater and aerosol are discussed because
the deposition of these compounds is one of the direct routes by which
acidity or alkalinity is transferred from the atmosphere to the surface.

One issue complicates the simple concept of nitrogen cycling involving
sources, atmospheric processes, and sinks. Evidence suggests that for gaseous
NO, N02, and NH3, the processes that take place at the earth's surface are
those of exchange rather than a unidirectional flux of emission or 'dry depo-
sition' (Gal bally, 1985). Traditional budget studies and conceptual models
of NOx and NH3 in the remote atmosphere incorporate emissions and 'dry'
deposition as distinct processes occurring simultaneously over (or at) the
same surface. These emissions and dry depositions, when evaluated sepa-
rately, represent gross fluxes at the surface. Such gross fluxes are of interest
from an ecological viewpoint, when the emissions and deposition represent
cycling of nitrogen (or some other element) from one set of organisms or
plants to another in the same ecosystem. However the more appropriate flux
for global or regional budgets is the net flux over the surface. Using gross
fluxes can give the mistaken impression that excessively large amounts of
the species in question cycle through the atmosphere.

3.2 SOURCES AND SURFACE EXCHANGE OF FIXED NITROGEN
COMPOUNDS IN THE TROPICAL ATMOSPHERE

Four basic processes introduce nitrogen compounds into the tropical atmo-
sphere: emissions from soil microbial processes; lightning; combustion of
fossil fuels and biomass; and ammonia volatilization.

Key features that distinguish tropical soils from those in temperate re-
gions are the high temperatures in the tropics, and the high soil moisture
contents that occur during the wet seasons and continuously in the per-
manently humid tropics. Many microbial processes proceed more rapidly
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at higher temperatures and higher soil moisture contents (Wetselaar et at.,
1981).

3.2.1 Exchange of NO, NO:z,and HN03 at the Earth's Surface

Nitrification and denitrification are microbial processes occurring in soil or
water, which for our purposes can lead to the production of nitric oxide,
NO, and perhaps nitrogen dioxide, N02. The production of NO and N02
(NOx = NO + N02) also occurs through non biological processes, called
chemodenitrification, following the biological production of nitrite, NOz.

Nitrification is the biological oxidation of fixed nitrogen. The most com-
mon form is the oxidation of ammonium, NH.t, to N03 with N02 as an
intermediate (Bremner and Blackmer, 1981). Separate bacteria oxidize NH.t
to NOz, and N02 to NO;-. These bacteria are generally chemoautotropic,
requiring only CO2, HzO, Oz and either NH.t or N02 for growth. One lab-
oratory study showed increased NO release relative to N02 production for
a soil Nitrosomonas operating at reduced 02 levels, 0.5% vs. 21.0% (Lip-
schultz et al., 1981). This study also showed that the mole ratio of NOIN20
produced by the bacteria varied from ~5 at a 0.5% 02 level to ~1 at 21%
02. No other evidence about environmental factors influencing NO release
by nitrifying bacteria is available. Only a small fraction of the nitrogen oxi-
dized during nitrification is lost as NO or N20. In laboratory experiments,
Johansson and Galbally (1984) measured NO production from soil which
corresponded to about 3% of the rate of nitrification (subject to several qual-
ifications). Lipschultz et at. (1981) found in an aqueous growth medium that
between 0.3 and 10% of the NH.t oxidized was converted to NO or N20.
Nitrification will occur in most aerated soils except perhaps in very acidic
soils with pH ~ 4.0 (Rosswall, 1982).

Nitrification occurs more rapidly with increasing temperature up to
around 35°C to 40 °C, and then decreases to zero at around 60°C (My-
ers, 1975). The extent to which NO fluxes from nitrification are enhanced in
tropical soils compared with those in temperate latitudes depends on both
the increased rate of nitrification and the supply of available reduced ni-
trogen, mainly NH.t. At present, we cannot estimate the flux of NO from
nitrification in tropical soils.

Denitrification is a microbial process involving the reduction of NO;- or
N02 to N20 and Nz under anaerobic conditions (Rosswall, 1982). The bio-
chemical pathways of denitrification have been proposed by Averill and
Tiedje (1982), and Garber and Hollocher (1981). Denitrification is often as-
sociated with soil containing> 60% of its water-holding capacity (Knowles,
1981), and the rate of denitrification roughly doubles for every 10°C rise
in temperature (McKenney et at., 1984). Hence denitrification rates may be
elevated in hot, wet, tropical soils. The work of McKenny et al. (1982), and
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Johansson and Galbally (1984) suggests that, because NO can be produced
and consumed simultaneously by the soil microorganisms, the rate of NO
release to the atmosphere will depend on physical transfer processes from
the denitrification site to the atmosphere, and on factors such as the relative
rates of production and consumption of NO. No doubt, denitrification is an
important process in tropical soils, but most of the NO produced during
denitrification is consumed within the soil, and little is released to the at-
mosphere. This is a consequence of the anaerobic conditions necessary for
denitrification.

The first direct measurements of NO emission from tropical soils were
made recently by Kaplan et al. (1987). The NO emission from a moist
tropical forest soil was observed to be 0.3 g N/m2/year, which is a factor
of 6 larger than fluxes observed over undisturbed temperate soils (Galbally
and Roy, 1978). These tropical measurements (Kaplan et aI., 1987) cover
a period of two months at one site, and more measurements are required
before fluxes representative of larger tropical regions can be deduced.

Loss rates of NOx following fertilizer additions to soils in temperate re-
gions, measured by Johansson and Granat (1984), and Slemr and Seiler
(1984), are 0.2% to 0.3% for nitrate fertilizer; 1% for ammonium fertilizer;
and, we estimate from their data, roughly 1% for urea in the presence of
vegetation. These figures can be used for preliminary estimates of NO pro-
duction from fertilizers in tropical soils. Nitrogen inputs to soil in tropical
regions are discussed later in this chapter.

Plant metabolism is another important biological process in the exchange
of NO and NO2 at the earth's surface. In plants, nitrate is reduced to nitrite
in the cytoplasm according to

NO- + 2H+ + 2e- nitrate) NO- + H 0
3 reductase 2 2 (1)

after which the nitrite is reduced to NH3 in the chloroplasts:

NO;- + 7H+ + 6e-
nitrate

reductase] NH3 + 2H20 (2)

(Farquhar et at., 1983). Several studies confirm the effectiveness of plant
surfaces in absorbing N02 (Hill, 1971; Rogers et aI., 1979; Elkiey and Orm-
rod, 1981). The effectiveness of these biological processes is shown in the
15Ntracer study of Rogers et at. (1979). Analysis of plants harvested imme-
diately after a three-hour exposure to 15N02 and then freeze dried, showed
that only 3% of the 15Nwas present as NO)", 35% was present as soluble
reduced N (amino acids, amides, lipids, and chlorophyll), and 63% as insol-
uble N compounds (primarily proteins and nucleic acids). Thus metabolic
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processes remove excess N02, NO;-, and NO; from within the plant tissue
in a matter of minutes. These processes also facilitate the biological removal
of HN03 if it penetrates within the plant.

Nitric oxide is taken up by plants much more slowly than N02 (Hill,
1971; Galbally and Roy, 1981). Traditionally this slower uptake has been
associated with the lower solubility of NO versus N02 (Hill, 1971) but in
fact the slower rate may be due to the need to convert NO into some readily
metabolized form before it follows the pathway of N02. Perhaps a relevant
observation is that within dark surface ocean water, NO disappears with a
half-life of 20 to 150 seconds and appears to be converted to NO; (Zafiriou
and McFarland, 1981). The reactions involved in this NO removal are not
known.

The chemical process driving HN03 exchange involves disequilibrium be-
tween dissolved and dissociated species in the aqueous phase, and HN03 in
the gas phase. Mixed phase equilibra for HN03 have recently been reviewed
by Schwartz and White (1981) giving the equilibria:

HN03 (g) = HN03 (aq)
and

HN03 (aq) = H+ + NO;-

which lead to the mixed phase equilibrium:

(3)

HN03 (g) = H+ + N03

where K = 3.26 X 106 M2/atm, Ll/HO = -72.4 kJ/mol.

The significance of this equilibrium to HN03 exchange can be ascertained
using analyses of tropical soils. Table 3.1 presents the estimated partial pres-

(4)

Table 3.1 The partial pressures of HN03 above soil solutions (at 298 K)

Site
Katherine,
Australia

140 S

5

Calabozo,
Venezuela

9° N

Soil Moisture (%) 10*

pH

NO;- (molar)t

6.5 4.9

4 X 10-3 1.6 X 10-3

PHN03 (atm) 4 X 10-16 6 X 10-15

* Estimated.

t All NO; is assumed to be in solution.
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sures of HN03 above soil solutions, assuming that the soil solution has
the same pH as the soil and that all N°3" has been dissolved. The soils
chosen are from Wetselaar (1980) and Medina (1982). The calculations show
negligibly small partial pressures of HN03. Atmospheric levels exceed the
equilibrium partial pressure by orders of magnitude and thus uptake, rather
than exhalation, occurs.

Observations of soil, microbes, and plants clearly show that NO, N02,
and HN03 can pass into the gaseous phase and then be removed from this
phase by biological and chemical processes. A model of gas exchange at the
earth's surface must successfully describe how the fluxes vary with changes
in both the physical/chemical states of the atmosphere and the underlying
surface, and in the rate of gaseous transfer between the two media. The
simplest model one could develop is similar to that for a freely evaporating
water surface. The soil in a given condition would maintain an equilibrium
concentration of, for example, NO at its surface. The difference between
this equilibrium concentration and that in the free atmosphere would drive
the direction and magnitude of the NO flux. The same model should apply
for N02 and HN03; however, when this model is compared against the
available data, it fails to predict realistic variations in the fluxes (Galbally et
at., 1985).

Another model assumes a constant exhalation flux of the gas E from the
surface opposed by a concentration-dependant uptake regulated by a surface
resistance (rs). The net flux, F, at the surface is the difference between the
exhalation and uptake fluxes, and is given by

F = E - C(s) r;1 (5)

The constant exhalation/uptake model in equation (5) can be extended by
considering the atmospheric gaseous transport between a height z and the
surface, where rA is the resistance to transport (Chamberlain, 1966; Galbally
and Roy, 1980), then

1
)

-1
(E - C(z)rs- rAF =

( -1 + r 1)rs A
(6)

This equation describes the magnitude and direction of the flux of a gas
at a surface in terms of an exhalation rate and uptake resistance appropri-
ate to the surface, the gaseous transfer resistance of the atmosphere, and
the concentration of the gas at a given height in the boundary layer. When
E > C(z)rs-l emission dominates; when E < C(z)rs-l uptake occurs. Atmo-
spheric boundary layer mixing, through r;; 1,has an influence on the magni-
tude but not the direction of the flux. (Presumably, mesoscale and synoptic
scale transport processes modulate C(z) and therefore influence whether
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net emission or uptake occurs.) In the case where no emission occurs, E =
0, then the model reduces to the well-known form for dry deposition:

F = (rs + rA)-IC(z) (7)

where (rs + rA)-1 is often represented by the deposition velocity Vo. The
form of the model is suitable for inclusion in numerical models of the com-
position and chemistry of the atmosphere.

This situation of competing uptake and emission is clarified somewhat by
the concept of an 'equilibrium concentration' at which the net exchange of
the gas is zero. For NO this equilibrium concentration has been observed to
be around 3 to 10 ppb (Galbally el al., 1985). When ambient NO concentra-
tions are lower than this range net emission will occur, and in remote areas
NO concentrations are generally much lower than 3 ppb (Galbally and Roy,
1983); we presume that net NO emission generally occurs in these areas.

Application of this model to the tropical atmosphere is constrained by
the lack of information about E and rs. Kaplan el at., (1987) measured the
exhalation rate for NO over tropical soils, and it appears that HN03 exha-
lation is unlikely on chemical grounds. The only information on values of
rs comes from measurements in temperate regions. As a first approximation,

Table 3.2 Representative surface resistances rs, and uptake velocities, Vo, (refer-
enced to the 2 m height)

rs Vo References

Gases

NO: Pasture

N02: Grassland and crops 0.15 5

Galbally et al., 1985

Galbally et al., 1985
Delany and Davies, 1983
Wesely et al., 1982

N02: Forest 4-8 Grennfelt et al., 1983
Hicks et at., 1983

Huebert and Robert, 1985HN03: Grassland

PAN: Grass

0 13-17

2.5 Garland and Penkett, 1976

Aerosol

NO~: Forest 1-20 Galloway. 1985

Galloway, 1985NH:: Forest 5-20

Units rs, 103 s m-l; VO, 10-3 ms-I
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the values of surface resistance,'5, or uptake velocity VD, from temperate
regions can be applied in the tropics since there is no indication that these
uptake rates are temperature-dependent. Aerosols are deposited directly on
soil, vegetation, or water surfaces. Aerosol deposition rates are a function of
particle size and other physical parameters. Deposition velocities for aerosol
NO)" and aerosol NH: have been reviewed by Galloway (1985). A summary
of representative surface resistances and uptake velocities derived using cli-
matological data from Galbally and Roy (1980) is given in Table 3.2.

A calculation of the dry deposition of gaseous HN03 plus aerosol NO)" for
northern Australia, based on the concentration data in Figure 3.1 plus the
deposition velocities in Table 3.2, gives a deposition rate of 0.1 g N/m2/year.

35

25

"'e 20
....
<J)
Q)
0

~ 15
c:
0
c:

~ 10e-z
5

0
May Jun Jul Aug Sep Oct Nov Dee Jan Feb Mar Apr

Figure 3.1 Monthly variations of total nitric acid plus nitrate aerosol at two sites
in tropical Australia (from Savoie, 1984, Ayers and Gillett, 1988)

3.2.2 Lightning

Both lightning and high-temperature combustion can produce nitric oxide
through the high-temperature dissociation of N2 and 02. This nitric oxide
production occurs during lightning through the 'Zeldovich' mechanism, viz.

0 + N2 = NO + N

N + O2 = NO + 0

(8)

(9)

where reaction (8) is rate determining. The formation rate of NO is depen-
dent on temperature, the presence of water vapor, and molecular hydrogen



Processes Regulating Nitrogen Compounds 81

(Mulcahy, 1973), and is profoundly affected by temperature. The overall
equation is:

N2 + 02 = 2NO (t1Ho = + 181 kJ/mole) (10)

The equilibrium constant is around 10-3 at 2,500 K and 10-30 at 300 K.
The rate at which this equilibrium is reached also varies strongly with tem-
perature, taking around 10-3 sec at 2,500 K, and this time more than dou-
bling for each 100 K temperature decrease. Thus, for air that is rapidly
heated and cooled, as in a flame or in a lightning stroke, the NO formed at
a high temperature can be 'fixed' within the air. Due to the long equilibria-
tion time required at lower temperatures, the relevant equilibrium is never
attained (Cambell, 1977). The NO formed will react rapidly with 03 present
in the atmosphere and form N020

Noxon (1976) observed enhanced column densities of tropospheric N02
in association with cIoud-to-ground lightning over Colorado. The fixation
efficiency was estimated at approximately 1026molecules N02 per lightning
stroke.

Other studies of nitrogen fixation by lightning have been based on labora-
tory measurements and theoretical models. Two factors are important: the
NOx production per unit energy dissipated and the total energy dissipated
in lightning. Borucki and Chameides (1984) derived an NO yield of 9 :t 2
x 1016molecules/J, an energy of 4 x 108 J/flash and a global flash rate of
approximately 100/sec.

Turman and Edgar (1982) presented satellite measurements of the global
distribution of lightning, and the data give a clear indication of the location
of NOx production by lightning. The lightning flash rate per unit area ap-
pears to be negligible at latitudes poleward of 60°5 or 600N, and the mean
lightning flash rate per unit area is about 9 times larger over continental ar-
eas than over oceanic areas. Thus we find NOx production rates by lightning
of

Continental (60° 5 to 60° N)

Oceanic (remote from continents)

2 (0.3 to 4) x 10-2 g N/m2/year

2 (0.6 to 5) x 10-3 g N/m2/year

Ayers and Gillett (1987) suggest that lightning and the consequent NOx
production occur mainly during the wet season in the tropics.

3.2.3 Emissions from Fossil Fuel and Biomass Burning

The other sources of fixed nitrogen (NO, NO" NH3, etc.) formed during
combustion are the nitrogenous compounds in fuel. Manskaya and Drozdova
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(1968) indicate that N in fuels may occur in end groups, in open chains, and
in heterocyclic rings. During pyrolysis or combustion this nitrogen can pass
into the gas phase as decomposition or combustion products such as NH3,
NO, NzO, Nz or even HCN. Fuel nitrogen is liberated at all temperatures at
which smoldering and combustion occur. The nitrogen content of different
fuels varies considerably. Typical values include:

Dead plant matter
Peat
Coal
Fuel Oil

0.2-1 %
0.5-2%

1-2%
1-2%

Evans et at. (1977) present data for CO2 and NOx production from large-
scale fires in tropical and subtropical Australia, and Galbally (1985) presents
data from the literature on the nitrogen contents of fire fuels from these ar-
eas. The nitrogen contents are converted to N : C ratios assuming that wood
and forest litter are 45% C and dry grass is 40% C. From comparison of the
ratio of NOx-N to excess COrC in the smoke to the ratio of N: C in the fuel,
Galbally (1985) calculated the efficiency of conversion of fuel N to NOx in
these large-scale fires to be 5 to 19% with a median value around 9% (Ta-
ble 3.3). Crutzen et al. (1985) found similar NOx-N: COrC ratios in smoke
plumes from dry season savanna burning in central Brazil. Unfortunately,
data on the N content of litter from this area are not available. The work

Table 3.3 Estimates of the conversion efficiency of Fuel N to NOx in large-scale
fires in Australia (the fire measurements are described in Evans et al., 1977; the
fuel data are from Galbally, 1985)

Fire

Prescribed forest burn
(Western Australia)

Grass fires
(Northern Territory)

Prescribed burn: swamp flats
(Northern Territory)

Clearing burn: felled forest
(Western Australia)

Smoke Conversion
Fuel N :C Ratio NOx-N : COrC efficiency

(%) ratio %
(%)

1.3 0.09 7

1.8 0.16 9

0.7-2.9 0.13 5-19

0.3 0.04 13
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Table 3.4 Annual emissions of NOx-N from various areas based on biomass burned, fuel N and conversion efficiencies

Area Biomass burned Fuel N Conversion NOx-N NOx-N
Surface (1012 m2) (1015 g dry (%) Efficiency Emission Flux

matter/year) (%) (1012 g N/year) (g N/m 2/year)

Tropical forest 15.9 0.8-2.0 1 13 1.0-2.6 0.1

Tropical woodland, shrubland 22.1 2.0-3.7 0.6 10 1.2-2.2 0.1
and grassland

Agricultural land 17.6 1.7-2.1 0.6 10 1.0-1.3 0.1
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of Medina(1982)on similar Venezuelangrasslandssuggestsan N content
of 0.3% in the material burned. Litterfall from trees in savannaregions can
contain much higher N contents (Wetselaar, 1980;Braun Wilke, 1982), and
therefore contribute 50% of total litter load. If we assume a total N content
of 0.6% for litter of the Brazilian Cerrado, then the data of Crutzen et al.
(1985) correspond to a 12% conversion efficiency of fuel N to NOx.

These conversion efficiencies for large-scale fires are about a factor of 2
lower than those derived in previous reviews by Crutzen (1983) and Logan
(1983), which emphasize laboratory measurements. Our estimate uses values
based on large-scale fires for calculating the atmospheric source of NOx from
biomass burning. The NOx-N emitted is calculated as the product of the
biomass burned, times the average nitrogen content of the biomass, times
the fuel N conversion efficiency.

Perhaps the most comprehensive summary of biomass burning is that
of Seiler and Crutzen (1980). They presented figures for tropical, temperate
and boreal forests, savanna and bushland, and agricultural lands. The annual
emissions within the various areas burnt are listed in Table 3.4. The estimates
of fuel N come from volumes edited by Clark and Rosswall (1980), Rosswall
(1980), Robertson et ai. (1982), and Galbally and Freney (1982). Individual
estimates vary over a range of at least a factor of 2 from these values.

Nitrogen oxide production from fossil fuel combustion can be estimated
using annual usage of coal, oil, and natural gas, and emission factors for mass
of nitrogen oxides produced per unit mass of fuel burned (Logan, 1983). Due
to physical and chemical differences in installations, emission factors can
vary widely, even for one fuel type (Logan, 1983). We present calculations
of emission rates from fossil fuel combustion using average emission factors
for tropical countries where fossil fuel usage data were available (United
Nations, 1982a, b). These data are presented in Tables 3.5a and 3.5b.

Table 3.5a Nitrogen oxide emission factors for various controlled combustion pro-
cesses

Fuel Emission factor
kg N/tons fuel

Reference

Wood 1.5 Seinfeld, 1975

Oil 3.0

Logan, 1983

Logan, 1983

Hard coal 3.0

Natural gas 3.0 Logan, 1983

(Equivalent tons Natural Gas = terajoules x 1.54)
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Table 3.5b Emission rates of nitrogen oxides from various regions due to con-
trolled combustion processes

As stated above NH3 is also produced during combustion but no quantitive
information is available on emission rates.

3.2.4 Surface Exchange of Ammonia

The driving force for NH3 volatilization from a moist soil or a solution is
normally considered as the difference in NH3 partial pressure l?etween that
in equilibrium with the liquid phase and that in the ambient atmosphere
at some fixed reference height above the soil or solution (Freney et aI.,
1981; Denmead et al., 1982). The equilibrium vapor pressure of NH3 is
controlled by the NH3 concentration in the adjacent solution, which in the
absence of other ionic species is affected by ammonium ion concentration,
pH, and temperature. For a fixed pH and NH: concentration in solution, the
equilibrium vapor pressure of NH3 rises by about a factor of 3 for each 100 C
temperature increase (Farquhar et al., 1980). Other processes affecting NH3
volatilization from soils include the binding of NH: to soil clays, soil pH, soil
buffer capacity, presence of CaC03, soil moisture, evaporation, turbulent
mixing, and the presence or absence of vegetation. Six processes lead to NH3
emission from tropical soils: volatilization of NH3 from natural processes in
soils; senescing vegetation; nitrogen fertilizers; exposed animal and human
excreta; and the exchange of NH3 between the atmosphere and both land
plants and ocean water. These processes have been discussed in relation to
temperate and tropical regions (Dawson, 1977; Farquhar et aI., 1979, 1980;
Acquaye and Cunningham, 1965; Healey el at., 1970; Junge, 1957; Georgii
and Gravenhorst, 1977). We focus on these processes in the tropics.

Wood plus Hard Crude Natural
Area bagasse coal oil gas Total

Tropical 0.2 2 1 0.03 3.2
Australia

Central 22 1 4 0.05 27
Africa*

Southeast 78 13 36 0.5 128
Asiat

India 90 115 29 0.01 234

* Basedon data from 27 central African countries
t Based on data from Thailand, Malaysiaand Vietnam
Units 10-3 g N/m2/year)
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There have been many studies of the losses of fertilizer N applied to
tropical soils, particular]y of applications to flooded rice fields. The special
significance of NH3 losses from rice systems is that approximately 40% of
the world's population depend on rice as a main food, and this rice is grown
mostly in the tropics (Vlek and Byrnes, 1986).

V]ek and Byrnes (1986) reviewed 38 recent studies in which the 15Niso-
topic method was used to determine fertilizer balance sheets for conven-
tiona] N management in transplanted rice systems from the Philippines,
China, Korea, Thailand, and India. The studies showed median values of
fertilizer distribution at harvest of 25% in the plant, 31% in the soil, and
43% lost to the soil/plant system. In a review of a more limited set of data
covering experiments at 5 sites in the Philippines, 2 in Ma]aysia, 2 in China,
and 1 in Australia, Simpson and Freney (1987) find that the N loss via NH3
volatilization has a median value of 60% of the total N loss for conventional
management practices. (This value is used here.) A higher value of 86% was
obtained from a more limited set of experiments from 2 sites in the Philip-
pines and 1 in Australia (Fillery and Vlek, 1986). The former data lead
to the estimate that 26% of N fertilizers, primarily urea and (NH4hS04
applied to flooded rice systems, is volatilized to the atmosphere as NH3.
An estimate for Southeast Asia based on data for Vietnam, Thailand, and
Malaysia (Vlek and Byrnes, 1986), the volatilization rate derived above, and
the formula presented in Appendix 3A gives a regional annual average NH3
emission from N volatilization of fertilizers applied to flooded rice crops of
approximately 0.08 g N/m2/year.

Little information about the fate of N fertilizer in other systems in the
tropics exists. Harper et aL. (1983) found that 25% of urea broadcast onto
tropical pasture was lost via NH3 volatilization to the atmosphere. However,
this loss is reduced to less than 1% if the fertilizer is incorporated into the
soil (Denmead et at., 1977). We assume that the latter figure, < 1% loss is
more applicable to farming procedures, and use it in our estimates.

Another aspect of NH3 exchange concerns animal and uncovered human
excreta. Plant material is gathered over a wide area by large herbivores but
the excreta are deposited in a much smaller area (Floate, 1981). In a well-
grazed system some 40-50% of the N in herbage may be consumed; of this,
50-75% may be converted into urine. With sheep, the urine would be de-
posited on 30% of the grazed area and with cattle on 15% of the grazed
area. In natural ecosystems the fractional area 'refertilized' may be smaller.
These urine or dung patches exhibit a rate of NH3 volatilization quite dif-
ferent from the areal 'average', due to the hydrolysis of (NH2hCO to NH3
which raises pH and NH3 concentration. Within these patches enhanced
volatilization occurs through the separate (but related) effects of high pH
and high NH3 concentrations.

There are measurements of NH3 volatilization from urine and dung over
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tropical pastures (Harper el ai., 1983) and temperate pastures (Watson and
Lapins, 1969; MacDiarmid and Watkin, 1972; Denmead el at., 1974, 1976).
The tropical measurements, based on a micrometeorological technique, show
an annual average of approximately 17% of the urine was volatilized as
NH3 (Harper el at., 1983). Other observations in temperate latitudes gave
estimates between 10% and 30%, with variations dependent on soil moisture,
temperature, the period to the first rainfall after the urine deposition, and
other soil properties.

For the estimates made in this work, we follow the observations of Harper
el at. (1983) and assume that 17% of the urine deposited on exposed soil
will be volatilized as NH3. We use excretion rates of 140 g urea/day/animal
for cattle, horses, and mules; 50 g urea/day/animal for sheep and pigs; and 50
g urea/day/person for humans (Healy el at., 1970). We assume that half of
the human urine is disposed of in sewerage systems and does not volatilize
as NH3 and that the other half is deposited on soil in rural regions where
volatilization can take place. Data on animal and human populations from
Table 3.6 and calculation procedure in Appendix 3A are used to estimate
regional NH3 emissions.

Table 3.6 Population, nitrogenous fertilizer usage and areas of regions during 1982
(based on data from United Nations, 1982a, b)

There is no information on the exchange of NH3 between the atmosphere
and surface vegetation, nor on NH3 release by senescing vegetation in the
tropics.

Dawson (1977) made theoretical calculations showing natural soils to be
a source of NH3 in the tropics, and both Junge (1957), and Georgii and

Tropical Central Southeast India
Australia Africa * Asia t

Humans 729,000 214,103,000 111,266,000 685,185,000

Cattle, horses, 6,880,000 141,066,000 7,191,000 183,880,000
and mules

Sheep and pigs 4,099,000 110,571,000 16,982,000 52,200,000

Nitrogenous 100,000+ 436,000 490,000 3,882,000
fertilizer
(tons as N)

Area (km2) 3,300,000 19,606,000 1,173,000 3,288,000

* Based on data from 27 central African countries.
t Based on data from Thailand, Malaysiaand Vietnam.
:j:Based on total Australian usage and relative area of tropical Australia.
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Gravenhorst(1977)havediscussedthe possibilityof tropical oceansasa
source of atmospheric NH3' Empirical studies are needed to resolvewhether
either or both of these processesare significantsources of atmospheric NH3.

3.3 GAS-PHASE TRANSFORMATIONS AND CONCENTRATIONS

The inescapable facts concerning nitrogen cycling in the tropics are that NO
and NH3 are the main gases emitted and that they are removed in precip-
itation as NO)" and NH:. We are concerned with both chemical transfor-
mations and transport processes for the oxidized forms of nitrogen, whereas
physical processes dominate the transformations of reduced species.

3.3.1 Gas-phase Chemistry

The chemistry of nitrogen oxides in the remote troposphere was outlined
in the pioneering papers of Levy (1973), Crutzen (1973), and Chameides
and Walker (1973). The chemical reactions are maintained by the presence
of ozone, 03, hydroxyl radicals, OH, and hydroperoxyl radicals, H02. A
schematic of the transformations involved is shown in Figure 3.2. Basically,
NO is converted very rapidly to N02 by 03 in the lower atmosphere, but
N02 is converted to HN03 much more slowly. The rates of several reactions
under tropical conditions are given in Table 3.7, where the lifetimes are for
sunlit hours, or days containing 12 sunlit hours.

In the tropics nitrogen dioxide is converted to HN03 by reaction with OH
with an average lifetimes of approximately 6 hours. Given this fast removal
time an important question is how is the observed N02 so rapidly replen-
ished? Furthermore, during the wet season NO)" is continuously observed
in rainwater, so N02 to HN03 conversion must persist. This leads to the
question, how does the OH concentration vary between the wet and the dry
season in the tropics? Unfortunately, modeling studies do not address this
question directly.

The global average OH concentration is derived from observations of
the rate of disappearance of trichloroethane, CH3CCl3, following its release
into the atmosphere from human activities. Fraser el al.(1986) have sug-
gested a global average OH concentration of 7 :t 2 X 105 molecules/cm3.
Most of the tropospheric OH occurs in the tropics and it exists only during
the daytime. Therefore, we assume that the tropical daytime average OH
concentration is three times the global average concentration; i.e. 2 x 106
molecules/cm3. Variations in the concentration of OH in the tropical atmo-
sphere can be evaluated using the simplified approach presented by Crutzen
(1982). Changes in OH can be evaluated by assuming that the OH con-
centration is linearly proportional to 03, H2O, and the rate of photolysis of
03 to atomic oxygen in the excited OeD) state, and is inversely proportional
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Table 3.7 Removal of chemical species by tropospheric
oxidation reactions

Reactions with OH Species lifetime for reaction

(CH3)zS 15 hours

H2S 2.5 days

7.7 daysS02

NH3 72 days

N02 5.7 hours

CH4 4.1 years

co 45 days

C2H6 48 days

C6H6 9.6 days

CsHg 1.7 hours

Reactions with 03

NO

Species lifetime for reaction

69 seconds

All reactions are at 298K and are daytime rates based on 12 hours
of daylight each 24-hour day

The relevant concentrations of oxidants in the tropical atmo-
sphere are assumed to be: [OH] = 2 x 106 molecules/cm3 and
[03 = 8 X 1011molecules/cm3. The kinetic rate coefficients are
taken from NASA, 1985

to the sum of CO + 0.03 CH4 in mixing ratio units. Table 3.8 is a guide
to how OH may vary between wet and dry seasons, and indicates that the
ratio of OH concentration varies from the dry to wet season as 1.7: 1 at
clean air sites. This is uncertain, but the essential point is that substantial
HN03 production can occur during the wet season at a rate perhaps only
40% slower than that during the dry season. The photochemical activity of
the air changes little between tropical seasons.

The other important gas-phase reaction for NOx in clear air (Singh
and Hanst, 1981) involves the formation of peroxyacetyl nitrate, PAN or
CH3COO2N02, via the reaction of N02 with peroxyacetyl radicals

CH3COO2 + N02 == CH3COO2N02 (11)
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Figure 3.2 A schematic outline of the atmospheric chemistry of nitrogen oxides

Table 3.8 Factors affecting variations in the OH concentration in the tropical
atmosphere between the wet and the dry season as observed in the Southern Hemi-
sphere tropics (from Nieuwolt, 1977, Fraser el al., 1986, Galbally and Roy, 1981)

Wet January Dry July

Air temp ( °c)

Cloudiness (%)

03 (ppb)

H2O (mb)

CO (ppb)

CH4 (ppm)

J(03)/sec*

25-30

5(}-'75

10

>25

38

1560

* Diurnal average-estimated

1.3

2(}-'25

25-50

19

-20

50

1580

0.68
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Peroxyacetyl radicals form during the oxidation of ethane and other longer
chain hydrocarbons. Such hydrocarbons exist in the tropical atmosphere and
are products of biomass burning (Greenberg and Zimmerman, 1984; Green-
berg et aI., 1984). A key aspect in the partitioning of odd nitrogen between
NOx and PAN is the thermal stability of PAN. The lifetime of PAN has
been given as T = 7.9 X 1014exp (-12540tT)/sec (Cox and Roffey, 1977).
The lifetime of PAN due to thermal decomposition is 1,800 sec at 300 K,
increasing to ~ 105 sec at 273 K. Hence, PAN is probably an important com-
ponent of odd nitrogen in the upper troposphere. At these altitudes PAN
would be a nearly inert reservoir for N02 allowing for long-range trans-
port of NOx accompanied by diminished conversion to HN03. While there
are no published observations of PAN in the tropics, summer, observations
from Colorado, USA (Singh et aI., 1985) indicate what might be expected;
a PAN/NOx ratio of ~ 1 during summer afternoons decreasing to ~ 0.5
during summer nights for NOx concentrations in the range 100 pptv to 10
ppbv. Similar PAN/NOx ratios might occur in surface air in the tropics.

3.3.2 Aerosol Chemistry

The NO and N02 released into the atmosphere are transformed to HN03.
Nitric acid exists only in the gas phase at atmospheric temperatures for
realistic HN03 partial pressures; however, N°3" is regularly observed as
part of the particulate material collected on filters exposed in the lower
atmosphere. When aerosol is size fractionated the N°3" is associated with
the coarse particle fraction, which in clear air is generally seasalt or soil dust,
as opposed to the fine particle fraction, which is generally ammonium or acid
sulfate. This association is illustrated in Figure 3.3 using data from Savoie
(1984) and shows the N°3" predominantly in the 2-8 micron range. The
'excess' sulfate is mainly in the < 0.5 micron diameter range. The association
of nitrate with seasalt is believed to occur through the displacement reaction
on moist aerosol of

HN03 + NaCI --+ HCI + NaN03 (12)

and the subsequent evaporation of HCI from the aerosol.

3.3.3 Concentrations in the Oceanic Atmosphere

The atmospheric concentrations of NO and N02 have been measured over
the tropical Pacific Ocean by McFarland el al. (1979), Schiff el al. (1979),
and Noxon (1981, 1983). The NO measurements, made with chemilumines-
cent detection, are subject to zero artifacts as discussed by McFarland el
al. (1979). Noxon (1981, 1983) used a long path optical method to detect
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Figure 3.3 Percentage particle mass in size range as a function of particle diameter
for sodium, nitrate and excess sulfate as observed in atmospheric aerosol sampled
at Barbados, 2]-23 August ]974 (drawn from data in Savoie, 1984)

approximately 30 ppt of NOz at 3 km height at sunrise and sunset over the
tropical Pacific. These three sets of measurements suggest that over oceanic
regions of the tropics the concentration of NO + NOz is around 40 ::!:20
ppt.

More measurements are available for gaseous HN03 and aerosol NO;-. In
the marine boundary layer of the equatorial Pacific, Huebert (1980) observed
about 40 ppt of gaseous HN03 and 170 ::!:90 pptm of aerosol NO;-. (This
aerosol NO;- is expressed in mass mixing ratio units and is equivalent to 80
ppt of HN03 vapor.) Huebert and Lazrus (1980a) found a similar amount of
gaseous HN03 plus aerosol NO;- in the free troposphere above the boundary
layer over the Pacific,an equivalent total gas-phase concentration of ~ 150
ppt. Approximately two-thirds of this was as HN03. It has been suggested
that the presence of a high concentration of seasalt aerosol promotes the
conversion of gaseous HN03 to aerosol NO;- via deposition of HN03 on
the surface of pre-existing aerosol. Savoie (1984) conducted a comprehensive
measurement program for aerosol NO;- over the world oceans and found
an area-weighted average concentration equivalent to 100 pptv gas-phase
concentration with averages varying up to a factor of 3 greater and lower
than this value over different areas of the oceans. The high values were found
in regions with continental influence and the low values were observed in
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the remote regions of the oceans. Thus the sum of NO+ N02 + HN03 +
aerosol NO;- is probably 150 pptv on the average, with regional variations
from 50 to 500 pptv over the tropical oceans.

Ammonia concentrations over the oceans appear to be very variable
(Tsunogai, 1971; Georgii and Gravenhorst, 1977). Concentrations of 8 to 10
ppbv NH3 were observed over the Caribbean and the Sargasso Sea (Georgii
and Gravenhorst, 1977), while over the tropical Pacific a value of 1 ppbv
was more representative (Tsunogai, 1971). Obviously existing data are in-
adequate to indicate a representative NH3 concentration for the tropical
oceans.

There are many measurements of particulate NH: over the oceans from
Tsunogai (1971), Georgii and Gravenhorst (1977), and particularly Huebert
and Lazrus (1980b). Huebert and Lazrus (1980b), from measurements in
both hemispheres as part of the Gametag Experiment, found concentrations
of < 0.01 to 0.2 ppbm NH: (10-9 mixing ratio mass/mass) in the oceanic
boundary layer and lower concentrations in the free troposphere over the
tropical oceans.

3.3.4 Concentrations in the Continental Atmosphere

Information on atmospheric concentrations of nitrogen species over the
tropical continents is limited. Dickerson (1984) measured 200 ppt of N02
in the upper troposphere (~ 10 km height) between 20° Nand 20° S, over
Africa, the Atlantic Ocean, and South America. These concentrations are
much higher than the 30 ppt of N02 observed at 3 km height over the cen-
tral Pacific by Noxon (1983), but the two sets of measurements indicate the
possible range of N02 concentrations.

Other observations of N02 or NOx are available from studies of biomass
burning in the tropics. Evans et al. (1977) observed concentrations of 40 to
100 ppb of N02 within the smoke plume on the downwind edge of fires in
Northern Australia, while Crutzen et al. (1985) report concentrations of up
to 10 ppb in regions influenced by the burning but outside of fresh smoke
plumes over South America. An important aspect of these observations is
the recognition that nitrogen oxide concentrations are inhomogeneously dis-
tributed in both space and time over continental tropical regions. There is no
'typical' continental value but rather air that has been more or less affected
by localized sources.

These nitrogen oxides are converted within the atmosphere to HN03 and
NO;- aerosol. Servant et al. (1984) found a yearly average aerosol NO;- in
the Ivory Coast of 1.4 p.g/m3, equivalent to a gas-phase concentration of 500
pptv, with a variation of a factor of eight between the highest and lowest
monthly mean values. These measurements probably include some fraction
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of the HN03 vapor as well as the N03 aerosol, as the filter material used
collects HN03 with varying efficiency (Savoie, 1984). Near Jabiru, Northern
Australia, Ayers and Gillett (1988) observed that about 90% of the nitrate
present was as HN03 and the balance as NO) aerosol, with a combined con-
centration of about 180 pptv. Savoie (1984) presents data from the coastal
site of Broome, northwest Australia, and reports concentrations about twice
as large as those by Ayers and Gillett (1988) at Jabiru. These data, shown in
Figure 3.1, are for different years at the two sites, thereby making it impos-
sible to determine whether the differences are due to regional or temporal
variations.

Lodge et al. (1974) and Ayers and Gillett (1988) have reported observa-
tions of NH3 in the boundary layer in the tropics. The observations of Lodge
et at. (1974) over Panama give an annual average concentration of 15 ppbv.
Observations by Georgii and Gravenhorst (1977) made upwind over the
nearby Sargasso Sea and the Caribbean give 8 to 10 ppbv NH3 and suggest
that the high values reported by Lodge et al. (1974) are widespread over the
ocean near land in this region, as well as on land. Ayers and Gillett (1988)
observed NH3 concentrations in the range 0.3 to 3.0 ppbv over Northern
Australia. Tsunogai (1971) observed similar values of 0.7 ::t 0.3 ppb of NH3
over the nearby tropical waters of the Pacific Ocean between 20° Nand 20°
S. No other measurements of NH3 are available over land in other tropical
regions for comparison with these values observed in Central American and
Australia.

Measurements by Servant et al. (1984) of ammonium in air near the
earth's surface from the Ivory Coast, Africa, show an average concentration
of 1 (range 0.02 to 5) ppbm of NH:. Data on concentrations of nitrogen
species in the tropical atmosphere are summarized in Table 3.9.

3.4 PRECIPITATION SCAVENGING

The first measurements of reactive nitrogen compounds in the atmosphere
were probably those of NO) and NH: in rainwater. Many studies of ni-
trogen cycling through the atmosphere rely on measurements of the wet
deposition of NO) and NH: (the rainfall amount times the rainwater con-
centration of NO) or NH.t) as the primary information around which an
atmospheric nitrogen cycle is constructed.

The logical extension from the measurement of rainwater concentration
to atmospheric processes and cycling is through the concept of scavenging
efficiency; i.e. how rapidly precipitation removes a gas or aerosol particle
from the atmosphere. Overall precipitation scavenging is an incompletely
understood subject (Rodhe et at., 1982).
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Table 3.9 Observed atmospheric concentration of nitrogen species in the tropics
lunits pptv(10-IZ VN), ppbv(10-9 VN), pptm(10-IZ m/m), ppbm(10-9 m/m)] (data
are a summary from references in sections on gas-phases and aerosol chemistry)

Species Oceanic Continental

NO 4 -<40 pptv

NOz 30 pptv 0.2-10 ppbv

0.1-1 ppbvHN03 4(}-1O0 pptv

NO)" 170 :t 90 pptm

0.1-10 ppbv

0.04 -1 ppbm

15 ppbv(?)NH3

NH: < 1(}-200 pptm 0.02-5 ppbm

3.4.1 Microscale Physical/Chemical Processes

The microphysical/chemical processes that affect scavenging efficiency in-
clude the solubility of the material in water; chemical reactions that convert
the dissolved species into other nonvolatile species in the liquid phase; and
the gas-phase processes of diffusion, condensation, and coagulation that lead
to the incorporation of gaseous and aerosol material into cloud and rain
droplets.

The scavenging of gases by cloud droplets and raindrops depends very
much on the solubility of a gas in aqueous solution. At equilibrium, this
may depend on such parameters as temperature, pH, ionic strength, and
whether any chemical transformations, such as ionization, occur in aqueous
solution. In the case of nitric oxide, in which no chemical transformations
occur, solubility is virtually pH-independent and varies by less than 8%
with ionic strength over the range of conditions normally encountered in
the atmosphere (Schwartz and White, 1981).

At equilibrium, at a given temperature, the ratio of the concentration of
a gas in the gaseous phase to the concentration of the same gas in the liquid
phase is a constant; this relationship is known as Henry's Law. A knowledge
of the Henry's Law coefficient, H, and the gaseous concentration allows the
aqueous concentrations of the gas to be calculated:

H = C(aq)j C(g) (13)
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The Henry's Law coefficients for nitric oxide, nitrogen dioxide, nitric acid,
and PAN are given in Table 3.10. Nitric oxide and nitrogen dioxide exist
mostly in the gas phase and nitric acid is almost entirely in the liquid phase.
At 20 °e, considering equal volumes of liquid and gas, 95.3% and 70.6% of
nitric oxide and nitrogen dioxide respectively are in the gas phase, whereas
under representative conditions only 2 X 10-8% of nitric acid exists in
the gas phase. Thus nitric acid will be scavenged very efficiently by cloud
droplets and raindrops, and deposited in rain. Nitric oxide, nitrogen dioxide,
and PAN, however, are comparatively insoluble, and little wet deposition
occurs for these gases.

Table 3.10 Henry's Law coefficients and mixed phase equilibria for nitrogen com-
pounds at 298 K

The actual mechanism by which gases are scavenged by cloud droplets and
raindrops involves convection and diffusion to bring the gas molecules to
the edge of the drop. The gas is then absorbed across the gas-liquid interface
at which point mixing occurs by molecular diffusion and turbulent mixing
(Rodhe el aI., 1982).

During the process of cloud formation, while water is condensing, all
gases, except those that react chemically in the liquid phase, probably reach
equilibrium between the dissolved and the gaseous phases. However, the
time during which the raindrop falls is generally insufficient for the dissolved
concentration to readjust to equilibrium with a change in concentration of
the gaseous species in the ambient atmosphere.

Aerosols can be scavenged effectively during cloud formation in clean
air. In this process particles of about 0.2-0.5 microns can act as cloud con-
densation nuclei. Scavenging occurs when water vapor condenses on cloud
condensation nuclei, which are then incorporated into cloud droplets. This
process is very efficient, probably close to 100% (Rodhe el at., 1982). Smaller
aerosol particles (less than 0.1 micron) can also be incorporated into cloud
droplets following particle-droplet collisions due to Brownian motion, elec-

Equilibria Coefficients Units References

NO(g) = NO(aq) 1.93 x 10-3 M atm-I Schwartz and White, 1981

N02(g) =N02(aq) I :t 0.3 X 10-2 M atm-I Schwartz and White, 1981

HN03(g) = H+ + NO;! 3.26 x 106 M2 atm -I Schwartz and White, 1981

PAN(g) = PAN(aq) 5 :t 1 M atm-I Holdren et al., 1984

NH3(g) = NH3(aq) 56 M atm-J Dasgupta and Dong, 1986
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trical interactions, and from the effects of evaporation and condensation
(Hidy, 1972). Aerosols can be scavenged by raindrops as they fall between
cloud base and the ground. The fundamental mechanism in this scavenging
process is the interception and impaction of the aerosol by the falling rain-
drop. Below cloud scavenging is much more efficient for the larger diameter
aerosols (greater than 1 micron) than for smaller aerosols when the rain-
drop diameter is between about 50 and 2,000 microns (Junge, 1963). Air
humidity influences the scavenging efficiency of aerosols. Higher humidities
might increase the effective particle diameter of the soluble aerosol and so
act to increase the scavenging efficiencies.

3.4.2 Large-scale Processes

The degree of sub-cloud scavenging can be influenced by the height from
which the rain falls, the intensity of the rain, and whether the sub-cloud air
has been scavenged previously. These processes can be illustrated for the
tropical atmosphere using the discussion of Zipser (1981) on the life cycle
of tropical mesoscale systems. The life cycle of these mesoscale systems
has been classified into formative, intensifying, mature, and decaying stages.
Initially the system consists of an intense convective cell with maximum
activity at 3 to 4 km height. Subsequently, a cloud top develops, typically
16 km above sea level with a pronounced anvil shape.

During the first three stages of development of a mesoscale system most of
the rain comes from the convective part of the cloud. This convective rainfall
produces the greatest rainfall rate, covers the largest spatial area, and falls
from the lower cloud levels around 3 to 4 km height. During the mature
stage rainfall is mainly from the anvil section, has the lowest rainfall rate,
and falls from the top of the cloud, from up to 16 km height. Thus rainfall
emanating from a mesoscale convective system can be of two types: intense
rain produced near the cloud base, and light rainfall produced near the
cloud top. The sub-cloud air may be previously scavenged or unscavenged,
leading to four rainwater concentration ranges for rain from the same storm
system. This explains, at least in part, why scavenging ratios exhibit such wide
variation, even at a single site and during the lifetime of the same convective
system. More information about cloud type, cloud structure, altitude from
which rain falls, and the intensity of that rainfall would prove beneficial for
measuring scavenging ratios.

The frequency with which an air parcel is exposed to rainfall is also im-
portant in precipitation scavenging. Determining this frequency is not easy
since air parcels move and most observations available are from fixed loca-
tions. Nevertheless rain statistics from two tropical locations are presented
in Figure 3.4. During the wet season the chance of rain falling eachday is
about 90%, and the chance of 4 dry days in succession is only less than 1%.
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Figure 3.4 Frequency distribution of successive days with and without rain during
the wet season at Jabiru, Australia, and Mangalore, India

Thus one can assume that an air parcel in these regions is exposed to daily
rainfall during the wet season. At the same two sites during the dry season,
periods of 50 to 100 days are without rainfall. The time needed for an
air parcel to traverse the 'dry region' and enter an adjoining 'wet region'
determines how frequently an air parcel encounters rain during the dry
season. This Lagrangian time scale is estimated to be more than 15 days for
the dry tropics (Hamrud and Rodhe, 1986).

3.4.3 Atmospheric Observations

The simplest concept used in scavenging studies is that of a washout ratio, W
(Rodhe et ai., 1982), which relates the gas-phase concentration of an aerosol
or gas, C(g), with that observed in the liquid phase in the cloud water or
rain water C(aq) where

W = C(aq)jC(g) (14)

In an ideal, well-mixed atmosphere for a weakly soluble gas where rain-
drops and the surrounding air are at chemical equilibrium, the washout
ratio is equal to the Henry's Law coefficient for the gas at the ambient tem-
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perature. In the case of a highly soluble gas or hygroscopic aerosol such
as HN03 or aerosol NO)" in which chemical equilibrium is generally not
reached, the washout ratio depends on the ratio of amount of liquid water
that condenses within the cloud to the amount of the species within the
cloud volume; the scavenging efficiency with respect to the species of the
falling raindroplet; the concentration of the species in the sub-cloud layers;
and the depth of the atmosphere through which the droplet falls. In usual
practice the liquid-phase concentration is determined in rainwater that has
fallen to the earth's surface, and the gas-phase concentration is measured in
surface air. However, concentration in the rainwater represents material col-
lected during cloud formation (in-cloud scavenging) and during the period
the precipitation falls from the cloud to the surface (sub-cloud scavenging).
The gas-phase concentrations to which the droplets have been exposed will,
no doubt, vary between the cloud and sub-cloud air. Hence, the washout ra-
tio derived from surface observations represents an empirical factor that may
vary widely from event to event, but be stable when calculated as a long-
term average value from many events; there is some correlation between
concentrations at the earth's surface and those in the cloud and sub-cloud
layer.

Table 3.11 presents scavenging ratios for NO.3 observed in the tropics
at Jabiru, Australia (Ayers and Gillett, unpublished data), Florida (Savoie,
1984), and the Ivory Coast (Servant el ai., 1984). The average scavenging
ratios observed at three different locations on three continents are remark-
ably similar. The washout ratio for individual events can also be examined
from the data of Ayers and Gillett (unpublished) presented in Figure 3.5.
It is clear that nitrate is concentrated in the rainwater phase compared with
the aerosol and gaseous phases. The results show a good correlation between
rainwater nitrate and that in the gaseous-plus-aerosol phases for the set of
19 individual events. The washout ratio varies by a factor of 10 between the
minimum and maximum ratios.

The processes discussed here are illustrated by an examination of the wet
deposition and the monthly mean rainwater concentrations of ammonium
and nitrate ions at Addis Ababa, Ethiopia, 9° N, and Katherine, Australia,
14° S (Richard, 1964; Wetselaar and Hutton, 1963). As shown in Figure

Table 3.11 Observed washout ratios for NO~, dimensionsless units

Jabiru, Australia 6 x 105 19 events Ayers and Gillett, 1987

Ivory Coast, Africa 8 x 105 11 months Servant et al., 1984

Florida, USA 5 x 105 11 events Savoie, 1984
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Figure 3.5 Comparison on simultaneous measurements of gas-phase nitric acid
plus nitrate aerosol with nitrate in precipitation at Jabiru N.T. during 1982-1983
(Ayers and Gillett, unpublished data)

3.6, nitrate and ammonium concentrations at Addis Ababa peak in January,
before the start of the wet season in April, and then decrease until the end
of the wet season in August. At Katherine the rainwater nitrate concentra-
tion peaks in November, early in the wet season, and decreases thereafter.
The behavior of ammonium in rainwater at Katherine is different; the con-
centration decreases during the wet season, and is much smaller that that
observed at Addis Ababa.

Wet deposition rates for nitrate and ammonium from Addis Ababa and
Katherine are shown in Figure 3.7. The maximum rates of nitrate deposi-
tion at Addis Ababa and Katherine occur at the start of the wet season and

decrease thereafter. Both the atmospheric concentration and the rate of ni-
trate (and NOx) cycling must decrease during the wet season at Addis Ababa,
which is consistent with biomass burning as the main source of NOx at these
locations. Ammonium depositions at Katherine and Addis Ababa appear to
increase as the wet season progresses, implying an increasing source, stim-
ulated or unaffected by the wet season. This is consistent with the major
source being associated with animal and human excreta..

The total deposition of ammonium at Katherine is an order of magnitude
less than that at Addis Ababa. We believe this reflects reduced ammonia
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Figure 3.6 Rainfall and monthly mean rainwater compositions of ammonium and
nitrate ion at Addis Ababa, Ethiopia A and Katherine, Australia (0)

cycling over Northern Australia compared with tropical Africa, where there
is a more than 200-fold larger human population and more than 20 times
the animal population.

3.5 REGIONAL ATMOSPHERIC BUDGETS

Previous sections of this chapter discussed individual sources and sinks of
nitrogen species in the tropics. Here, sources and sinks are combined to
provide examples of regional nitrogen budgets.

"-

35"
1m
a

25z
1/1
C1I

(5
E 150L.
U
:i:

5



102

E
..5 250
tV
:s150III
a::

OJ

:v 1.2-+-
u
OJ

~" 0.81m
0
:z

~ 0.4

OJ

:v 1.2-+-
u
OJ

~" 0.8
+-.:t
:I:
:z

~ 0.4

Acidification in Tropical Countries

350

50

1.6

1.6

oct. Dee. Feb. Apr. Jun. Aug.

Figure 3.7 Rainfall and mean monthly wet depositions of ammonium and nitrate
ion at Addis Ababa, Ethiopia (A) and Katherine, Australia (0) (drawn from data in
Richard, 1964; Wetselaar and Hutton, 1963)

3.5.1 Closure

A key question concerns closure in the nitrogen cycle. Over what area,
if a seasonal time average is taken, do emissions from the surface balance
depositions from the atmosphere? This question has been partially answered
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for the wet season in the tropics. An air parcel will encounter rain nearly
daily. Given that HN03, N°3" and NH: are efficiently scavenged by rain,
the residence time for NOx/HN03 species and for NH3/NH: species must be
about 1 to 2 days. At typical wind speeds of 7 m/sec, these nitrogen species
are returned to the ground within about 1,000 km from where they were
emitted.

In the dry season, dry deposition is the key process. The atmosphere in
the dry tropics is well mixed by daytime convective mixing up to a height of
about 3 km, this being the inversion height, H. The horizontal wind velocity,
U, is typically 7 m/sec. The dry deposition or uptake velocity, V D, given in
Table 3.2, is approximately 10-2 m/sec for N02 and HN03. Thus using a
box model of uptake, the distance, X, traveled by an air parcel during which
time the NOx/HN03 species are 60% depleted is given by

X = UH/VD

Substituting the values given above gives a horizontal scale of around 2,000
km. Thus closure for regional nitrogen budgets in the tropics probably varies
from spatial scales of 1,000 km in the wet season to 2,000 km in the dry
season.

3.5.2 Regional Budgets

Simple regional budgets of NOx have been prepared for four areas of the
tropics to illustrate the relative sizes of the various sources, sinks, and pro-
cesses discussed earlier. The areas chosen were Australia, Southeast Asia,
Central Africa, and India, and the budgets presented here are intended to
complement the full case studies presented elsewhere in this volume.

The deposition of N°3" and NH: in rainwater from each region was esti-
mated from published data. The references for the rainfall data are included
in the reference list and preceded by an asterisk. We selected only data for
which event sampling of the rainwater was conducted and a currently ac-
cepted analytical procedure was employed. The event sampling technique
was chosen because in this procedure rainwater is collected on a storm-
by-storm basis. We presume, in the absence of more detailed descriptions
in the published papers, that this sampling technique prevents two basic
problems during rainwater collection. The first is that the empty sampler
is not exposed to aerosol and dust during dry periods, and the second is
that a rainwater sample is not left exposed for long periods after collection
when biological activity would alter the concentration of dissolved nitrogen
species. The selected wet deposition data are shown in Figures 3.8 and 3.9.

From the data presented in Tables 3.12a and 3.12b anthropogenic ac-
tivities clearly account for much of the production of NOx and ammonia
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emissions in the four tropical regions. This is certainly the case for NOx in
India and Southeast Asia, where more than half of the estimated NOx pro-
duction is from fossil fuel burning. Conversely the production of NOx from
fossil fuel in tropical Australia and central Africa is very low. Biomass burn-
ing appears to produce the majority of the estimated NOx emissions in these
regions. Fires in tropical Australia are of two main types: controlled burns,
initiated mainly by pastoralists and fire authorities; and wildfires from light-
ning strikes (Ayers and Gillett, 1988). Due to lack of data, the areas burned
by each type of fire cannot be estimated, and lacking any other information
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Figure 3.8 Bar chart of wet deposition of nitrate ion in four tropical areas (refer-
ences to data used are indicated in the reference list with an asterisk)
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we assume that the situation for biomass burning in Central Africa is similar
to that in tropical Australia. Estimating the proportion of NOx produced as
a result of human activities is, therefore, difficult.

All the estimated ammonia emitted is produced from animal and human
excretion and fertilizer volatilization. This gives a lower limit to the esti-
mated NH3 emissions since, due to the lack of measurements, no estimate
of ammonia emission from biomass burning has been made. Consequently
all estimated ammonia has an anthropogenic source.

Tables 3.l2a and 3.l2b present estimates of the wet deposition of NOx and
ammonia for the four regions. Assuming that the budgets for each region
are closed, the source can then be compared with the sink in each case.

In central Africa the sources and sinks for NOx are in close agreement
(Table 3.l2a), indicating that the unknown terms of dry deposition and soil
emissions probably balance. The deposition fluxes of NOx in Australia and
Southeast Asia are about double that of the source flux, suggesting that soil
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Table 3.12a Regional average nitrogen oxide balances (g N/m2/year)

Tropical
Australia

NOx source
Fuel <0.01

Lightning 0.02

Soil emission * ?

Biomass burning

Total

0.10

0.12+?

NOx sink

Wet deposition 0.15

Dry deposition

Total

0.1

0.25

Central
Africa

0.03

0.02

?

0.10

0.15+?

0.15

?

0.15+?

Southeast
Asia

0.13

0.02

?

0.10

0.25 +?

0.45

?

0.45+?

India

0.23

0.02

?

?

0.25 +?

0.57t

?

0.57 +?

* The only measurement of soil emission (Kaplan et ai., 1987) gives 0.3 g N/m2/year for
tropical forest.

t Based on the mean value. For India the average deposition is much larger than the
median; see Figure 3.8.

Table 3.12b Regional average NH3 balances (g N/m2/year)

Tropical
Australia

NH3 source
Fertilisers <0.01

Soil/vegetation ?

Biomass and fossil
fuel combustion

?

Animal and human
excreta

0.01

Total 0.02+?

NH3 sink

Wet deposition 0.16

Surface exchange

Total

?

0.16 0.50+?

Central
Africa

<0.01

?

?

0.05

0.06+?

0.50

?

0.50+?

Southeast
Asia

0.08

?

?

0.12

0.20+?

0.50

?

0.50+?

India

0.05

?

?

0040

0.45+?

0.50

?
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emissions of NOx in these regions are substantial. The NOx source in India
is smaller than the sink; biomass burning and soil emission could not be
quantified in this study. The atmospheric NOx cycling in Southeast Asia
and India is substantially affected by human activities, while that in Africa
and Australia is closer to the unperturbed case.

In tropical Australia and central Africa the ammonia sink is much larger
than the source, implying that some ammonia source exists that has not
been estimated (Table 3.12b). Two possibilities are ammonia emissions from
biomass burning or soil/vegetation emissions. A better balance between am-
monia sources and wet deposition seems to exist in Southeast Asia and India.
This could mean, particularly in India, that the surface uptake of gaseous
ammonia is large, since all possible ammonia sources have not been quan-
tified. Human activities, including animal husbandry and use of fertilizers,
have affected NH3 cycling particularly in Southeast Asia and India.

The ratio [NO)"]: [NHt] is a measure of the acidity or alkalinity of
precipitation contributed by nitrogen cycling. The possible changes of the
[NO)"]: [NHt] ratio due to changed human activities has been examined
using data from Barney (1981). This extensive review suggests that average
annual growth rates for the tropical regions during the latter part of this
century are likely to be:

Human population
Animal population
Fertilizer usage
Fuel usage

2.0%
1.5%
5.0%
4.0%

We estimated the NOx and NH3 sources in the year 2000 using the above
growth rates and the source distributions of Tables 3.12a and 3.12b, and
calculated the fractional change in the ratios of NOx to NH3 source between
1982 and 2000. The observed [NO)"] and [NHtJ ratio is then increased by
this fractional change to give an estimate of the [NO)"] : [NHt] ratio in the
year 2000.

As the rate of increase in biomass burning could not be determined, the
increase in NOx emissions from this source was not considered in the es-
timate. The major sources considered are a fuel source of NOx, and an
animal and human excreta source of ammonia. The rate of increase in fuel

use exceeds that of human and animal populations, implying that the ratio of
[NO)"] : [NHtJ will increase from 1982 to 2000. Table 3.13 shows that rain-
water acidification in each region is probably increasing. Tropical Australia
and India appear to be more significantly affected since the ratio increases
from less than 1 in the year 1982 to greater than 1 in the year 2000. By then
the~e two region~ might have insufficient ammonia to completely neutralize
all the nitric acid produced, but the effects of change must be seen in a
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wider contextandallowancemadefor other acidicandalkalinesubstances
in precipitation. This is beyond the scope of this chapter.

Table 3.13 Observed molar ratios of INO;-]: [NH:] in rainwater and estimated
values for the year 2000. The median year and the range of years over which the
measurements were made are indicated

3.6 CONCLUSIONS

This review of nitrogen cycling shows that considerable information is avail-
able about the processes, reservoirs, and rates of transformation of nitrogen
compounds in the tropical atmosphere. However, a lack of measurements
made in the same region at the same time with sufficient density to formulate
precise regional balances precludes the testing of hypotheses.

Major uncertainties in our knowledge include: the rate of release of NO
from soils; the production of NH3 in biomass burning; and the concentra-
tions of all gaseous and aerosol species in the tropical continental atmo-
sphere.

Furthermore, only a few measurements of the rates of other processes
exist and supplementary measurements are needed for precise regional bal-
ances. The study of regional NOx budgets presented here indicates a growing
potential for acidification of the atmosphere in the tropics due to projected
growth in human activities.
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Tropical Central Southeast
Australia Africa Asia India

1968 1969 1970 1978

(1959-1973) (1954-1981) (1953-1980) (1904-1981)

Observed molar ratios

Mean 0.82 0.41 0.63 0.99

Maximum 2.11 0.99 1.12 5.97

Minimum 0.35 0.19 0.26 0.07

Estimatedmolar ratiosin the year 2000

Mean 1.24 0.62 0.75 1.39
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APPENDIX: FORMULA USED IN REGIONAL
BUDGET CALCULATIONS

A: Emission Rates

(1) Biomass burning

Emission = 104 x Biomass burnt X Fuel N x Conversion Efficiency
(g N/year) (g/year) (%) (%)

(2) Fuel Combustion

Emission = 103 X fuel burnt x emission factor

(g N/year) (tons/year) (kg/ton)
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(3) Soil Emission:Fertilizer

Emission = 102 X fertilizer used x loss factor
(g N/year) (g N/year) (%)

(4) Soil Emission: NH3 volatilization from excreta

Emission = 102 x population x excretion rate X loss factor
(g N/year) (no.) (g N/year/pop. unit) (%)

B: Conversion of Emissions to Regional Fluxes

Flux
(g N m2/year)

emission/regional areas
(g N/year) (m2)




