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Empir id  model of global soil-biogenic NO, emissions 

; :. ..-:+r and H. Levy 11 , .,.-r..,-l 

Cecphysical Fluid D y d c s  Laboratory/NOAA. Princeton University. Princeton, New Jersey 

Abstract. We conslnIct a global, temperatUre and precipitation dependent, empirical model of 
soil-biogenic NO, emissions using 6-hour general circulation model forcing. New features of 
ais source relative to the latest published ones by Dignm et al. [I9921 and Muller [I9921 
include synoptic-scale modeling of “pulsing” (the emissions burst following the wetting of a 
dry soil), a biome dependent scheme to estimate canopy recapture of NO, and an explicit 
!incar dependence of emission on N fertilizer rate for agricultural soils. Our best estimate for 
:...:-::! :b>ve-canopy emissions is 5.5 Tg N (NO,) with a range of 3.3-7.7 Tg N. Globally, the 
suongcst emitters are agriculture, grasslands. and tropical rain forests. accounting for 41%. 
35%. and 16% of the annual budget, respectively. “Pu1sing”contributes 1.3 Tg N annually. In 
temperate regions. agriculture dominates emission, and in tropical regions, grassland 
dominates. Canopy recapture is significant, ConsUming. on average, possibly SO% of soil 
emissions. In temperate regions. periodic temperature changes associated with synoptic-scale 
disturbances can cause emission fluctuations of up to 20 ng N m-2 s-’, indicating a close 
correlation between emission and warm weather events favorable to O&mog formation. By  
Lhe year 2025, increasing use of nitrogen fertilizer may raise total annual emissions to 6.9 Tg N 
n.:.i! y-iculture accounting for more than 50% of the global source. Finally. biomass burning 

tlie’bum. 
. .. ~ ..;I up to an additional 0.6 Tg N globally by stimulating emissions for a short period after 

1. Introduction 
The oxides of nitrogen play a crucial role in tropospheric 

chemistry. NO, (NO + NO9 is directly linked Io the oxidizing 
cficiency of the troposphere by regulating the concentration of 
. ,̂ ,. ., .. 10,) and hydroxyl radicals (OH) [Levy, 1971: 

. ,;.!. :;,<$ ’ and Walker. 1973; Crufzen, 1974, 19791. 
Photooxidation of CHq and CO. in the presence of elevated 
NO, levels (>10-30 parts per trillion - by volume @pN)). is 
predicted to produce ozone, and subsequently, OH radicals 
[Fishmn cf al.. 1979: Chameider et al.. 1987; Lin ef or., 
19881. Elevated levels of these oxidants, as well as HNOj 
from the direct photochemical oxidation of NO, cause 
numerous environmental problems, including lake 
acidification. forest diebacks, crop damage, and human 
7s:3:li3icry distress [National Academy of Sciences, 1983, 
. .: ’.!, C:culy, we must understand the global budget of this 
imporlant trace gas 

Presently, there are six recognized sources of tropospheric 
NO,: fossil fuel combustion. soil-biogenic emission, biomass 
burning. lightning discharge, upper troposphere aircraft 
emission, and stratospheric injection. In order of importance. 
fossil fuel combustion emits >20 Tg N/yr [Logan, 1983; 
Hameed and Dignon, 1988; Levy and Maxim. 19891; soil- 
biogenic emissions and biomass burning contribute 4-u) Tg N/ 
?? ;!‘?o e! al., 1990; Dovidsan cr al., 1991; Levy e f  a!.. 19911; 
:&1~~2, allhough published estimates had ranged up to 100 
Ti3 N&. is now thought to contribute less than 10 Tg Ntyr 
[Penner er 01.. 1991: h r e n c e  e f  al., 19931 and Moxim er al. 
[I9941 have determined an upper l i t  of 6 Tg N h  and the 
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last two are small, contributing less than 1 Tg N/yr [Levy el 
al., 1980;-Kasibhafla e f  al., 1591; Kasibhafla. 19931. The 
fossil fuel source, which is both strong and loca l id ,  
dominates the NO, budget in industrialized areas [Logan. 
1983: Chameider et al., 19941. In m a l  areas, however, soil- 
biogenic emissions of NO, account for a larger fraction of the 
total NO, source and may even dominate in remote tropical 
and agricultural areas. Because of a growing awareness of the 
importance of soil-NO,, there is a wide array of published 
emission data from grasslands, woodlands, savannas, forests 
(coniferous. deciduous, droughtdeciduous. and !mpical rain). 
wetlands. and fertilized soils, taken in North and Soulh 
America, Africa, Europe, and Australia [see williams ef al.. 
1992a for an extensive discussion]. The only continent 
without published soil-NO, measurements is Asia, which 
unfortunately includes the vast and heavily fertilized 
croplands of China and the former USSR 

As pan of a continuing e f fd  at the Geophysical Fluid 
Dynamics Laboratory (GFDL) to understand, quanlify, and 
simulate the global NOx sou~ces, we develop an empirical 
model of soil-biogenic NO, emissions by relating emission to 
biome, soil temperalure, precipitation, and ferlilizer 
application. Developed with a global data set  t h s e  
relationships provide reasonable means to estimate emissions 
by filtering out data aberrations observed at individual sites. 
and subsequently , allow the reasonable prediction of 
emissions in regions with few or no data. We intend to use this 
source in future chemical transport experiments with the 
GFDL global chemisq transport model (Gcru) to examine 
therole of soil-NO, in atmospheric chemisq. 

2. Background 
Building a global soil-NO, source is in no way easy; 

emissions y e  highly variable, both temporally and spatially, 
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and depend upon a plethora of parameters, including soil 
temperature, soil moisture, soil nutrients, vegetation cover, 
N mineralization rates, nitrificatioddenitrification rates, and 
othm as yet unknown. Initially, to estimate global source 
strength researchers assumed data from one or two sites were 
representative of all land area, resulting in a range of 
1-2OTgNh [Galbelly and Roy, 1978; Siemr and Seiler. 
19W Davidson etal., 19911. As an improvement, researchers 
developed emission models by empirically relating emission 
to biome type, soil temperature, and precipitation Williams et 
a/., 1987. 1992b; Dignon et al., 1992; Muller, 19921. So far 
the strongest correlations observed are between flux, biome, 
and soil temperature in temperate climates [Williams and 
Fehenfeld, 1991; Valente and Thornton, 1993; Stocker et a/.,  
19931. From extensive field work in the United States, 
Williams andFehsenfeld [ 19911 drew two major conclusions: 
first, for any given temperature, temperate emissions are 
“stratified” across major biomes (that is, grassland emissions 
are generally an order of magnitude greater than those of 
forests, while those of heavily fertilized soils are an order of 
magnitude greater than those of grasslands); and second, NO 
emissions in a particular biome can be described with an 
exponential temperature dependence model: 

where T is soil temperature in degrees Celsius, A in ng 
Nm-’s-I is a biome fitting parameter, and k is a dependency 
coefficient which is relatively constant across biomes. They 
developed an emission algorithm by.averaging the k values 
from all their field studies and then substituting flux/ 
temperature data into (1) by biome and taking the average of 
the subsequent set ofA values as the “A factor” for that biome. 
For agriculture, Williams defined A factors for individual 
crops by experimentally determining A factors for soybeans 
(average fertilizer rate. 3 kg Nha) and com (121 kg N h ) .  
and then using linear interpolation to defmeA factors for other 
crops based on average fertilizer rate. They generated an 
inventory of US. soil emissions by applying monthly 
averaged temperature fields and a biom4crop classification 
map to the algorithm. Muller [ 19921 and Dignon et ul, [ 19921 
used the Williams algorithm on a global scale and estimated 
emissions of 5-7 Tg NM. 

For global application, this approach has merit as well as 
deficiencies. Further research c o h  Ihe existence of an 
exponential temperature dependence but only in nonparched, 
noninundated soils. In very dry soils. the strong exponential 
temperature dependence becomes weaker and more linear (or 
disappears altogether) [Sfocker et a/.. 19931. and at any given 
temperature, emissions are 3-5 times less than in comparable 
moist soils [Johanrson and Sanhueza, 1988; Levine et ai., 
19931. In extremely wet or inundated soils, emissions drop 
owing to the suppression of nitrifying bacteria andlor the 
clogging of soil pores which ventilate NO to the atmosphere 
[e.g., Sanhueza era/. ,  19901. This moisture dependence can 
be reasonably neglected in temperate climates, but it must be 
considered in the tropics where the Intertropical Convergence 
Zone (lTCZ) migration produces large and prolonged 
fluctuations in soil moisture. There also appears to be an 
“optimal” temperature for biogenic processes above which 
the temperature dependence weakens or disappears. There 
have been no systematic repotts of temperature dependencies 
in the tropics. and it is theorized that this is because most 

measurements were taken above this optinid temperabe 
[Cardenas et a!., 19931. Kgure 7 of Valente and Thornton 
119931. which is a plot of NO emissions vmus  soil 
temperature in a temperate climate. supports this hypothesis 
The data points imply an optimal temperature of -3O’C (most 
tropical data sites had average soil temperatures over 30°) as 
they show a particularly strong exponential soil temperatme/ 
NO, flux dependence below 27OC but none at all between 300 
and 40°C. Applying (1) above 3OoC would systematically 
overestimate emissions, and given that some tropical 
environments have soil temperatures well over 45T, the error 
would be quite. large. 

There are four other well-documented phenomena which 
we will also consider in this study: “pulsing,” nitrogen 
fertilizer stimulation, biomass burning stimulation. and 
canopy reduction. Each is discussed briefly below. 

2.1. ‘Tulsing” 

If a very dry soil is wetted, a large burst, or “pulse,” occurs 
and then decays rapidly over a period of time following the 
wetting event mical ly ,  the pulse flux begins at 10-100 times 
the background level and decays over a period of a few days 
to a few weeks. depending upon the severity of the antecedent 
dry period and the amount of precipitation [Sfocker et ai., 
1993; Valente and Thornton, 1993; Wlliams et a/.,  1987; 
Williams and Fehsenfeld, 19911. It is thought to be caused by 
a release of built-up inorganic N trapped on the dry soil and a 
concurrent reactivation of water stressed bacteria which then 
metabolize the excess nitrogen [Davidson et ai., 1992a; 
Davidson et a/.,  19931. Pulsing occurs as part of a continuous 
cycle of wetting. drying, and nutrient accumulation, so its 
exact regional impact varies with local climatology. 
Presumably the strongest impact is in the tropics, where there 
are extended dry seasom followed by wet seasons. The 
simultaneous wetting of large tracts of dry soils may produce 
a brief “flux season”in which cumulative emissions are larger 
than those from the entire dry season. Davidson et a / .  119911 
conhrmed this in a Mexican pasture and drought-deciduous 
forest, where pulses at the beginning of the wet season 
accounted for 8 -2M ‘of the annual emissions. whereas dry 
season fluxes cumulatively accounted for only 410% of the 
annual budget. The first large-scale observations of dry-to-wet 
season pulsing were made recently in Africa, where 
researchers observed very strong emissions (20-40 ng Nlm’ s) 
from a 100-km’ area of savannas at the beginning of the wet 
season [Harris et ai., 19931. 

22. Nitrogen Fertilizer Stimulation 

It is well established that adding N fertilizers to soils 
increases biogenic NO, emission [e& Shepard e f  a/., 19911. 
A number of researchers found emission rates from fertilized 
soils rivaling those found ‘in urban areas from combustion 
1e.g.. Williams et a/ . ,  19881. The mechanisms attributed to this 
are enhanced biological nitrification and denitrification. 
depending on the form of the fertilizer (either ammonium or 
nitrate). Exactly which form is more stimulatory depends on 
the site, although evidence suggests that a mixed form, such 
as NH4N03, generates strongest emission [Sanhueza. 19921. 
Field response to fertilization is variable; some plots have 
enhanced emissions for prolonged periods. whereas others 
have sharper initial increases that decay overtime. In general, 
however, there appears to be a positive linear correlation 
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between fertilizer use and emission, and over the course of a 
gowing season, total emissions translate into 1-10% of added 
nitrogen fertilizer (see Table 1) [William ef al., 1992b; 
Shepard et al.. 1991; Cardenas el al., 1993; Mafson et a[., 
19931. This magnitude of loss indicates potentially seong 
cr.:issions in areas with heavy fertilizer use such BS the 
n o ~ i l ~ e r n  hemisphere ‘hleho-Agro-Plexes” (MAF’s) (Eastern 
North America (Z0-500N. 15O0-6o0W), EuropeRussia (36’- 
70W, 10°W-900E). and Eastan China and Japan (25°450N, 
100°-1460E)). highly compact regions of anthropogenic 
activity which account for 75% of the world’s hdushial and 
agricultural productivity [Chnmeides et al., 19941. Although 
NO, pollution in the MAPS is due mainly to fossil fuel 
combustion, it is possible that soil-NO, dominates over the 
rqions of intensive agriculture during the summer when soil 
.,,.:ssions , arealamaximum. 

23. Biomass Burning Stimulation 

Preliminary evidence suggests that biomass burning may 
enhance soil emissions by a factor of 5-10 for several weeks 
following the bum [Johansson et al., 1988 Anderson et al.. 
19881. Investigations of prebum and postbum soil nutrients 
revealed that blrming has a “fertilizing” effect by raising 
m o n i u m  levels [Lmine ef al., 19901. If emissions are 
:.?:?malic for all burning, they will be most affected in 
tropical savannas, because a majority of annual burning 
occurs there [Menauf et al.. 19911. Furthermore, in the 
tropics. burning stimulation can compound pulsing and 
seasonally skew strongest emissions to the transition period 
between dry and wet seasons. Each year, approximately 40% 
of the savannas are burned toward the end of the dry season to 
make way for new growth. while at the same time, the first 
rains of the wet season are stimulating bacterial activity and 
rcleasing nitrogen accumulated during the dry season. 
Xsasuremenls in Africa showed that dry savannas, which 
were burned and then wetted, had higher emissions than those 
which were just burned or wetted [Levine ef a!., 19931. 

2.4. Canopy Reduction 
Before escaping the plant canopy, some of the NO, is lost 

by a process we refer to as “canopy reduction” (CR). CR is a 

combination of losses resulting from diffusion of NO2 
through plant stomata and direct deposition of NO, onto and 
through the cuticle [Hanson and Lindberg, 19911. During the 
daytime the former effect is dominant. but during the night, 
when the stomata are closed, the latter effect is amplified, 
because NO2 is more abundant at night and because canopy 
residence times are generally longer in the more stable 
nighttime [Jacob and Bakwin, 19911. By either mechanism, 
the loss rate of NO (which is actually the dominant 
component of soil-NO, emission) is much smaller than Nq, 
so one might suspect that net CR is small. However, a 
significant portion of the NO is converted (by reaction with 
03) within the canopy into NO,, leading to an estimated 75% 
removal efficiency in tropical rain forests [Jacob and Wofsy, 
19931. 

A soil-NO, source which is fit from field &la must include 
a parameterization for CR, because the most frequently used 
data collection techniques, the gradient and chamber methods 
[e.&, Parrish ef at., 19871, measure emissions only from the. 
soil surface. In the gradient technique, the NO flux is 
measured by sampling the. concenhation of NO and 4 at 
different levels above the soil and then, assuming the only 
sink for NO is the conversion to N q  by 03, integrating that 
rate equation through height and solving for the initial 
condition (the soil flux). Although lhis method is accurate for 
determining the initial output of NO at the soil surface, it i s  
inappropriate for estimating flux escape from the canopy 
because the fate of the ensuing NO, remains unknown. It is 
reasonable to assume that at least a portion of it will be 
deposited on the. plant canopy, and thus contribute to a 
reduction in the net flux. The chamber (or enclosure.) methods 
pose a similar problem In most cases, an opaque chamber is 
initially flushed with zero air to clean out any ambient NO, 
and ozone, and then the NO flux is assumed to be proportional 
to the rate of buildup within the chamber. This rate is 
observed to be closely linear, because the concentrations of 
NO2 and 03 within the chamber drop to near zero after 
1-2 min owing to rapid deposition and because the opaque 
walls prevent further photochemical activity [e&, William ef 
al., 19871. The absence of an NO to N q  mechanism within 
the chamber removes a potential sink for emitted NO, the 
NO2 deposition on the canopy. Since this would occur (quite 
rapidly) outside the chamber, measuremenls made with this 
technique can only be considered net NO emission from the 
soil, and not an actual input of NO, to the almosphere above 
the canopy. 

Table 1. N Fertilizer Loss Rates as NO, 

Reference Period 9i loss 

Williams et al. [1992b]* 4 weeks 2Xt 
Hutchinson andBrams [1992) 9 weeks 3.2 

Valente and Thomton [1993] 15 weeks 2.5’ 
Shcpard et ai. 119911 26 weeks 11.0 

Slemr and Seiler [1991] 3 weeks 0.060.21 
Andenon andLevine [I9871 52 weeks 0.8 
Johansson et al. [1988] 30 hours 0.5 

Slemr and Seiler [1984] 4 weeks 2.7 

* Obtained by integrating Wdliams algorithms using FA0 

Net emissions from field divided by applied feuzer .  
fertilizer data for the United States. 

3. Approach 

In this paper we present an empirical global source based 
on Williams’s temperature dependence approach but with 
modifications and additions to account for all aforementioned 
phenomena Main features include separate exponential 
temperahue dependence for wet soils and linear dependence 
for dry soils. an optimal temperature above which flux 
becomes temperature independent, scalar adjustments to 
account for both ‘‘pulsing’’ and canopy reduction, synoptic- 
scale temperature and precipitation forcing, an explicit linear 
dependence of emission on fertilizer rate, and finally. a crude 
scheme lo simulate biomass burning stimulation of emissions. 
Because of the empirical nature of the source, we only intend 
it as a “best estimate” based on available data. No doubt there 
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will be discrepancies between this work and future soil-NO, 
measurements, since we rely on extrapolation of a complex 
process with a limited number of parameters. 

Albeit not an exact representation of soil-NO, emission, 
there are several uses for this source. By capturing well- 
established emission differences between biomes, 
photochemical eanspurt models can access the potentially 
strong impact of, say, fertilized soils relative to lower-emitting 
grasslands and forests. Chmeides c f  ol. [1994] used a version 
of this source in a model with simple nitrogen chemistry, in 
conjunction with an empirical estimation of 0 3  pollution 
[Trainer ef  a/.. 19931. to predict the role of N f e r t i l i i  in 
crop damage by 0% With synoptic-scale climate forcing, we 
can investigate a possible correlation between emission and 
events favorable for smog/% formation. such as wann 
summertime high-pressure system. The "pulsing" scheme 
and moisture-variable temperaturedependent emission 
should capture the. important role of soil moisture in tropical 
soil-NO, emissions. For example, previous inventories that 
excluded the effects of soil moisture were unable to account 
for the large differences between dry and wet season 
emissions and the pulsing that occurs at the transition (dry to 
wet). In a nonquantitative application. we can identify regions 
w h m  further field research would be fruitful, Le.. regions that 
may have high emissions but lack field data to back up that 
conclusion We address many of the above points in case 
studies described later. 

4. Source Construction 
We start by identifying global biomes that either are 

expansive 01 have enough supporting emission data to 
warrant separate classification These include water, ice, 
desnt, tundra. grassland, scrubland, woodland, deciduous 
forests, coniferous forests, droughtdeciduous forests, rain 
forests. and agricultural lands. Of these, water, ice, desert, and 
scrubland are assumed to have no emission The remaining 
biomes are mapped out on a 1' X 1" grid using a simplified 
version of the 36-type NASNGoddard Institute for Space 
Studies (GISS) Global Vegetation Index [Mofhews, 1983; 
M o t h s ,  19851. Table 2 identifies which NASNGISS 
classifications we group under each biome. Agriculture was 
presented as an overlying grid with cultivation percentages 

Table 2. Mathews Categories Grouped Under Each Biome 

Biome Malhews Index 

Water 
Ice 
Desut 
Scrubland 
Tundra 
Grassland 
Woodland 
Deciduous forest 
Coniferous forest 
Drought deciduous forest 
Rain forest 

V 
U 
H.IJ,K.L 
M,T 
N,O.P.Q.RS 
CP.EF.G 
A.B 
4.5.6.8 
9 
1.2.3.7 

defined far each grid box. We scaled these percentages 
the agricultural area in each counby would reflect m- 
from the Food and Agricultural Organization of the u~trd 
Nations (FAO). This reduced the NASNGISS gla 
agricultural area from 1.75 x lot3 to 1.41 x lOI3 rn2 

The empirical relationships used to compute ... emision . oI of the form 

Flux = f M d  (soil temperature. AWld (biome)) 

xP(precipitation) xCR(LAI,SAI) R, 

where f,,&oil temperature. A,,,,&iome) is SOW h h a  
either constant, linear, or exponential and A,/d@iome) j, , 
coefficient used to distinguish between biome% & 
subscript wld stands for the soil moisture state, either-wet- 
"dry" (see section 21 for our definition of the two 
moisture states). P(precipitation) is a scalar factor used to 
adjust the flux in the event of a pulse (see section 2.1). .nd 
CR(L4I. SAI) is a scalar reduction factor that accowb for 
uptake of NO, by the plant canopy (see section 24). 

We calculate emissions every 6 hours for 1 year. wins 
temperature and precipitation fields from a parent gcncrd 
circulation model (GCM) [Monobe et ol.. 19741. We requim 
GCM data because synoptic-scale observed temperalum ud 
precipitation data not readily available and this limo 
resolution is required to drive our pulsing scheme, estimrtc 
soil moistures. and reduce the systematic underestimation 
caused by applying long-term averaged data to a nonlinear 
temperalure/NO, flux relationship. Although the GCM doa  
not have diurnal insolation and cannot realistically simulate 
atmospheric fluctuations with time scales less than 6 houo o( 
spatial scales less than 300 km. it does generate synoptic-wrlc 
features of the Earth's climate such as transient midlatiluda 
cyclones [Monobe ondHollowoy, 19751. It is also reliable fa 
simulating the migration of the lTCZ [Manabe er 01.. 19741.1 
particularly valuable feature because we hnd that associated 
long-term wetting and drying in the tropics is the major 
source of pulsing emissions. 
Our emission model requires soil temperatures not readily 

obtainable from the GCM. 'Ihe ''surface temperatures"Carried 
in the GCM do not include biome paramet&Zation 
therefore cannot account for the large effect vegetation h a  on 
soil temperature. Instead, we convert the lowest model I C V ~  
air temperatures to soil temperatures as foIlows: In wet soib 
we use the empirical relationships derived by WiNiwrr t' oL 
[1992b], and in dry soils we add S°C to the modd 
temperature, based on observations of Johansson et 
[1988]. Although some may argue that adding O d Y  5" Io e 
soils is overly conservative, we will show later that 
regardless of the temperature. are relatively insignificant 
the global budget. Below, we present the derivation Of 

component in (2). 

4.1. Pulsing. P(Preeipitation) 

After every &hour interval, we define the grid box ma 
moisture as either "wet" or "dry" to determine whether ornoc 
to allow pulsing at the next time step. we c o n s i b  a 4 
"dry." in the sense that it will pulse when wetted i f i tmeiM w 
less than 1 

parameterizes the meteorological conditions muired lo 

of precipitation in the previous 2 WE% precipitation Tate, typical of tropical dry seasom. impUCiW 
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pulsing (i.e., some combination of dryness and nutrient 
builiup). For the lack of better data, we use this “dry” 
critaion year-round and over the whole globe, conceding that 
it definitely varies with climate (particularly with soil 
temperature). Also, implying a spatially independent rate of 
nutrient buildup rate ignores the fact that soils in close 
proximity to indushial centm receive more N deposition than 
those in remote locations [Levy and Moxim, 19891. A more 
sophisticated method might be. to use a GCM “bucket” 
hydrology to determine when a soil is dry and then defrne a 
regional time period required for sufficient nutrient buildup to 
cause a pulse. Unfortunately, not enough observations arc 
available to defure pulsing in such a framework Our “dry 
season rate” method is simple, but at least we h o w  for sure 
that this time scale and prccipilation rate, based on the 
numerous observations of pulses followhg dry seasons, are 
conducive to pulsing. 

In our model, a pulse will occur if a dry grid box receives 
sufficient rainfall. To parameterize the required rainfall, as 
well as the pulse’s magnitude and duratios we rcly on 
qualitative fitting to experimentally documented pulses. 
During a pulse in the Venezuelan savanna (after a 2 3 s m  
rainfall), the soil moisture dropped from a relatively high 15% 
to 2% after 17 rainlers days, and this drying period correlated 
well with the length of the pulse [Johansson and Sanhueza, 
19881. The pulse from a lessor amount of water, 1.2 c q  
applied to a dry savanna soil lasted less than 1 week, 
decreasing exponentially [Johansson ef 01.. 19881. Even a tiny 
amount of rain, 0.03 c q  applied to a dry grassland soil caused 
an immediate fivefold to tenfold jump in emission, which then 
decayed rapidly over 2 days [Williams ef at., 19871. On the 
basis of these and other similar obmations reported in the 
literature, we developed a simple four-step pulse scheme 
based on daily cumulative precipitation 

Rain Rate, &day Pulse Description 

< 0.1 
0.1 c rain c 0.5 

05 c rain c 1.5 

1.5 <rain 

no pulse (assume evaporation) 
“sprinkle,” a 3day  pulse starting X 5 
with exponential decay 
“shower,” I-week pulse starting at X 10 
with exponential decay 
“heavy rain,” 2-week pulse starting at 
x 15 with exponential decay 

We chose exponential decay because pulsing is correlated 
with soil dryiig [Sanhueta. 1992; Stocker et al., 19931, and 
under ideal situations (i.e.. constant sun, IemperatUIe, and 
relative humidity), soil moisture would decrease. 
exponentially (A. Broccoli, private ConUnuniCatiOn. 1994). 
Fitting exponential curves to these parametm, we get 
P(precipitation): 

No pulse 

P(precipitation) = 1.0 (3) 

“Sprinkle” 

-0.8aCId.Y‘’lX~ ( 1 < ( < 3 )  (4) P(precipitation) = 11.19xe i 

“Shower” 

( l<r<7)  (5) -0.384 [day-’] X I  P (precipitation) = 14.68 x e 

“Heavy rain” 

P (precipitation) = 18A6 x e -0.m8 WY-’I x 1 ( < < 14) (Q 

where f is days, with the pulse beginning at f = 1 and Counting 
up through its duration. These h c t i o n s  provide scalar factors 
(between 1 and 15) which are applied directly in (2). ’Ibere 
can be. no pulse initiation in a “wet” soil but if thc pulse- 
causing rain is substantial enough to change the moisture state 
from dry to wet, or if the moistme state changes amidst a 
pulse, then the pulse will still occur (or continue) and decay 
uninterrupted 8s described by (4). (5).  or (6). 

4.2. Temperature Dependencies, f,,,,&oiI Temperafun, 
A,,,&fiome)J 

As discussed in section 2, the soil temperahrre/flux 
dependence diminishes from exponential to linear with 
decreasing soil moistwe. Because of a dearth of data. we are 
unable to explicitly include soil moisture in a soil 
ternperaturehlux relationship: however, we can fit a separate 
exponential form for ”wet” soils and h e a r  form for “Qy” 
soils. We must point out that the “’wet” category includes 
inundated soils and that we neglect the possibility that 
saturation decreases emissions (except for a simple implicit 
treatment in tropical rain forests and rice fields to be described 
later) because this state is presently too difficult to resolve on 
a global scale. ’Ihis omission might cause a slight 
overestimate of emissions, but the error should be minimal 
because high evaporation rates in non-rain forest tropical 
biomes (i.e., most error would be during the tropical savanna 
wet season) routinely drop soil moistures to as low as 2%. 
even during the wet season [Johansson and Sanhueza. 19881. 

4.2.1. Wet solls. We dehefdsoi l  temperahue.A&iome)) 
for three soil temperature intervals. cold-linear (O-lO°C), 
exponential (>10-30°C). and optimal (>3OoC). as 

028xA,(biome) x T  (7a) 

21.97 xA,(biorne) i7cj 

where &(biome) is the “wet” biome coefficient analogous to 
the A in (1) and T is soil temperature in degrees Celsius. 
Following an approach similar to the one used by W i l l i a m  et 
01. [1992b] to develop their US. inventory, we assume 
emissions from wet soils (as opposed to all soils in the 
Williams inventory) between 10’ and 30°C am charartaized 
by (1) and that k is constant globally. The weigbkd average k 
(0.103 f 0.04 one sigma) of the data in Table 3, which shows 
all reported exponential temperature dependencies, yields a 
general dependence. The range of 10-30 comsponds to the 
range at which all dependencies in Table 3 were consistent. 
For temperatures between 0’ and 10°C. we daived a simple 
“cold-linear’‘ relationship between the flux computed by the 
exponential at 10’ and zero flux at 0°C. For temperatures 
above 30”. we defined a temperature independent “optimal” 
flux a the flux computed by the exponential at 30” (in Vc), 
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Table 3. Exponential Temperature Dependencies of Moist 
Soils From Various Biomes 

Site Number of Points T OC, Dependence 

Winter wheat‘ 66 0.11 f 0.01 
Grassland (NO$ 12 0.10 f 0.02 
Deciduous foresf 98 0.076 
Com field’ 144 0.130 
PSShlrrC 122 0.189 
Grasslandd 46 0.068 f 0.02 
Grasslandd 43 0.056 f 0.03 
Deciduous f o r d  32 0.040 f 0.05 
Deciduous forese 52 0.130 f 0.13 
Coastal marined 30 0.052 f 0.04 
Gxn fieldd 89 0.066 f 0.05 
Wheat fieldd 119 0.073 f 0.01 

Weighted average 0.103 f 0.04 

The T dependence is the slope of the In (flux) versus soil 
temperature. 

‘Data from Anderson and Levine [19871 computed by 
Stocker et al. [19931. 

Stocker et al. [19931. 
Valente and Thomton [19931. 
Williams et al. [1992bl. 

21.97 is merely the exponential term with 30‘C substituted in 
for temperature). Below 0’. we assume emissions are zero 
because they are insignificant for the purposes of this global 
source. 

Afiiome) coefficients are calculated for each biome 
(except for rain forests and agricultural soils) by applying 
available mean soil temperature and NO, flux data to (7a-c) 
and taking the mean of the subsequent set of In (AJbiome)) 
values. We use logarithmic averaging to reduce the effect of 
exwme values. AI1 of the wet soil data, as well as the 
calculations of A,,,(biome) values, are presented in Table 4. 

For agricultural soils, we make AJagriculhm) linearly 
depend on N fertilizer rate and constrain it to force n 2 5 %  
loss of applied N fertilizer annually per grid box: 

where the “intercept” is A&assland) and the slope S (ng N/ 
mZs/kgN/ha&onth)iscalculatedforeachgridbox to force a 
2.5% loss of fertilizer. We choose 2.5% because available 
estimates (shown in Table 1) cluster around this percentage. 
The mohtbly fertilizer rates were derived by using FA0 
statistics of percountry annual fertilizer use, and assuming 
that all fertilizer is broadcast uniformly during the growing 
season (defined as May-August for the northem temperate 
zone (above 30’“). November-Fehary for the soulhem 
temperate zone @elow 303) .  and year-round for the tropics 
(3OoN-3O0S)). We assume that fertilization elevates soil 
nifrogen to constant levels during the growing season, and 
that during the off-season, no residual fertilizer remains, so 
&at soils emit as grassland While not physically me, this 

assumption is reasonable because Off-season Croplands have 
been shown to emit on the same order of magnitude 
grassland (see William ctal. [1992bl fora complete emission 
summary of “not recently fertilized” cr~plands). We treat 
crop types the same with the exception of rice. which emib 
much less NO, than other crops because of soil inundation 
[Galbally et al., 19871. On the basis of research by Colbolly l l  
al. (19871, we reduced the fertilizer loss rate and 
background emission rate for rice by a factor of 30 and define 
agriculture in the region 0°-35’N and 80°-1400E to be all rice, 
and in the region 0”-35’N and 60°-800E to be one-half rice. 
The former box covers the main rice-producing areas 
southeast Asia and Japan, and the latter box covers the m i x d  
growing region of central and eastern India [Times Atlas ofthe 
World, 19671. 

4.2.2. Dry soils. In cby soils the soil temperahrrelh’0, flux 
correlation is weak, if it exists at all. Three of the four 
researchers who found one [Johanrson e t  01.. 1988; Anderson 
and Levine, 1987; Stocker et al., 19931 reported a weak 
positive linear correlation, while the fourth [Cardenas et d., 
19931 reported a stronger negative correlation This 
variability prevents any statistically significant general 
correlation from being obtained. Therefore we define only 
two temperature regimes forfATAAbiome)): cold-linear (0”- 
3 0 T )  and optimal (>3OoC): 

Ad(biome) x T  (93  
fd(T,A,(biome)) [GI = [ 30 

Ad(biome) (9b) m2s 

AAbiome) is the “optimal” flux, or the average of all fluxes 
recorded over 3OoC, and T is soil temperature in degrees 
Celsius. The “cold-linear’’ formulation is analogous to wet 
soils, except that the upper l i t  extends to the optimal 
temperature, lhus cutting out the exponential dependence. The 
slightly positive linear relationship in the Oo-3O0 range. while 
not explicitly fit to real data, is at least consistent with thee of 
the four researchers reporting a temperature dependence in 
dry soils. 

Computation of the A&iome)s (se? Table 5 )  is difficult 
because there are only scattered NO, measurements from dry 
grasslands (and one from a droughtdeciduous forest). For 
natural biomes without dry data, we use wet emission data 
divided by h e ,  assuming a moisture dependence consistent 
with that observed in grasslands. For dry agriculture, we use 
(7a-c) because emission response to fertilizer in dry soils has 
not yet been examined and it is very possible that the 
grassland moisture dependence is not valid in this Complex 
system. If agriculture follows the pattern observed in 
grassland and has lower “dry” emissions, OUT 
parameterization might be considered high during 
periods. However, since we set annual emission as a 
percentage of theyearly applied fertilizer, this will act only to 
smooth out emisions over the year and not actually cause an 
overall increase. Furlhermore, it is probable that much of the 
fertilized dry agricultural land would be irrigated. thus 
reducing the mor. 

4.1.3. Troplcal evergreen raln forests. Tropical rain 
forests are unique because researchers report no correlation 
between temperature and emission, even at temperaNres Well 
below 30°C [Kaplan et al.. 19881. Therefore we set fwid(SOi l  
temperature. A,,Abiome)) constant with respect to Soil 
moisture condition: 8.6 ng N/mz s for dry soils and 2.6 ng NI 
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Table 4. Wet Soil Biome Data 

Mean Nos. Flux. Mean Soil Biome 
(ng s) Temperature, 'C In (&(biome)) &,(biome) (Reference) Site 

Grassland/savanna 
Wdliams et al. [I9871 Colorado 
Wdliams et al. [1991] Colorado 
Wdliams et al. 119871 Colorado 
Anderson et al. [1987] Vi in i a  
Delaneyet al. I19861 Colorado 
Stocker et al. [1993] Colorado 
GalbaUy and Roy I19781 Aushalia 
Johansson and Sanhueza Venezuela - I 

[1988I Venezuela - II 
Sanhuna et al. [1990] Venezuela 
Davidson et al. [1991] Mexim 

upland 
Edplain  

Cardenas et al. I19931 Venezuela 
(D. Serca. unpublished Ivory Coast 

(D. Serca. unpublished South Africa 

Mean 

data, 1994) 

data, 1994) 

Coniferous and deciduous 
forests 

Williams and Tennessee 

Wdliams et al. I19881 Pennsylvania 
Thomton and Valente North Carolina 

Thomton and Valente Mississippi 

Johansson et al. [1984] Sweden 
Johansson et al. [I9841 Sweden 
Mean 

Fehxnfeld 119911 

119921 

[I9921 

Drought deciduous forest 
Davidson et al. [I9911 Mexim 
Sanhuezael al. [I9901 Venezuela 
Mean 

Tundra 
Bukwin et al. [1992] Alaska 

Woodland' 

055 
10.00 
4.92 
3.47 
9.00 
7.60(NOY) 
331 

56 
10 
0.64 

28.6 
25.6 
4.93 
0.45 

5.10 

... 

0.31 

1.20 
0.13 

0.05 

0.35 
0.23 
... 

2.02 
055 

0.04 

8.20 
27.2 
23.7 
26.2 
26.5' 
27.0 
19.8 

>30 
>30 

26.8 

30.0 
30.0 

>30 
>30 

>30 

... 

20.0 

28.4' 
24.5' 

22.5' 

15.01 
15.0' 
... 

30.0' 
26.8 

3.0' 

-1.427 
-0.444 
-0.799 
-1.402 
-0.479 
-0.700 
4.805 
0.811 

-0.787 
-3.207 

0.263 
0.152 

-1.752 
-3.889 

-1.461 

-1.022 

-3.231 

-2.743 
4.564 

-5.448 

-2.685 
-3.105 
-3.531 

-2.301 
-3.336 
-2.283 

-3.528 

036 

0.03 

0.06 

0.05 

0.17 

* Site lacked mean temperature data so we used GCM data. 
t No field data. &(woodland) is average of grassland and mnifaous/deciduous forests. 

, 
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Table 5. Biome Data for Dty Biomes 

Mean Flux Mean Soil &(biome) 
Biome Site (ng N/m2 s) Temperature. OC (Mean Over 30°) 

Grasslandkavanna 
Johansson et al. [1988] 
Williams et al. [19871 
Cardenas et al. [19931 
Davidson et al. [19911 
Levine et al. [19931 
Stocker at al. (19931 
Rondon et al. (19931 
(D. Serca. unpublished data. 

(D. Serca. unpublished data, 

Mean 

1994) 

1994) 

Venezuela 
Colorado 
Venezuela 
Mexico 
South Africa 
Colorado 
Venezuela 
Ivory coast 

South Africa 

8.00 
1.22 
3.68 
0.09 
1.50’ 
4.20 (NO,) 
1.30 
0.10 

3.80 

2.65 

>30 
>30 
>30 
>30 
>30 

>30 
>30 

>30 

30.0 

2.65 

Drought deciduous forest 0.40 >30 0.40 

Coniferous and deciduous forestt 0.22 

Tundrat 0.37 

Woodlandt 1.44 

mean of reported 1-2 ng Ntm’ s range. 
t Computed as the optimal flux in wet soils divided by Uuee. 

m2 s for wet soils. mese values reflect the average rain forest 
emissions recorded during the wet and dry season in 
Venezuela [Bakwin el al., 1990 Kup/un el a/., 19881 and 
Africa (D. Serca, unpublished data, 1994). The apparent 
inversion with other biomes (that is. greater emissions in the 
dry season as opposed to the wet season) can be explained by 
the almost constant soil inundation during the wet season 
[Bokwin el a/. .  1990). The dry season is drier, but still 
somewhat rainy, and it is probable that the soil moisture only 
drops to levels considered optimal for NO, emission, 
somewhere between 10% and 18% [Curdenas el a/., 19931. If 
we used our traditional scheme to deline soil moisture state in 
rain forests (dehned in section 4.1). we would miss most of 
the dry season. Therefore we force the model to emit at the 
dry soil rate for the five contiguous driest months. regardless 
of the actual model soil moisture state. However, the soil still 
must meet the requirements dehed  in section 4.1 in order to 
pulse. 

5. Canopy Reduction, CR(ZAZ, SAZ) 
Jacob and Bakwin [1991] developed a CR scheme for a 

Brazilian rain forest site as a function of five key variables: 
surface 03. NO soil emission, leaf resistance to deposition. 
canopy residence time. and leaf area index (LAD. Surface 03 
and NO emission determine Lhe intercanopy NOZ/NO, ratio, 
and the other three determine the efficacy of the canopy for 
NOz uptake. This scheme is not yet practical for global 
inventories because it relies on experimental measurements of 
vertical hansfer rates and NO, deposition velocities. 
Estimating vertical transport with model data (i.e.. using an 

eddy diffusion coefficient as the product of the lowest-level 
model winds and surface roughness) is possible, but the 
interaction of the resulting “surface” turbulence and 
intercanopy turbulence is too complex to parameterize 
accurately. The only reliable parameters available globally, 
which are linked to CR, are leaf and stomatal areas. If we 
explicitly ignore N%INO~ ratio. canopy residence time, and 
stomatal resistance, we can model the canopy as a simple 
“gray absorber” of N% dependent only on LAI and the 
product of LAI and ratio of stomatal area to leaf area (product 
deiined as the stomatal area index (SAD). LA1 and SA1 are 
alternative diagnostics of CR because it is reasonable to 
assume the amount of NO, lost in a canopy is roughly 
dependent on the total leaf (cuticle) and stomatal area. 
Choosing the exact model form of this dependence is difficult 
for simplicity, we use an exponential decay model, assuming 
that stomata and cuticle absorb a constant fraction of N% 
they encounter and are distributed uniformly throughout 
canopy. Then, considering an idealized case of only cuticle 
absorption at night and stomatal absorption during the day, we 
define the daily averaged flux escape efficiency, or 
CRF(LAI, SAI) as 

( ; (k ,xSA!)  - ( t ,xLAO I =  + e  
Fhom.cuap), = Fhom-roil x 2 

F i m - w i l  xCRF(LALSA0 (10) 

where k, and k, are some “stomata” and “cuticle” absorptivity 
constants and the term (e” “-)/2 is applied lo 
(2) as CR(L4I. S A 0  (heretofore referred to as the canopy 
reduction factor or CRF). The constants ks [8.75 m2hn2] and 

’At + 
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I kc 10.24 m2/m2] are computed with Jacob and Wofsy 119Wl 
rain forest CR data and average LAIs and SAIs reported by 
Barbour et a!. I19871 and Lutrher [1991]. respectively: night, 
85% removal, 8 LA1 [mzhnzl; day, 65% removal, 0.12 SAI 
[m2/m2], CRFs for all the biomes are presented in Table 6, as 
well as the seasonal period in which they are applied. 
‘p,~ reader should be aware that this “gray absorber” model 

is not physically based. The rate of N% consumption is 
controlled by interstornatal kinetics. which in Nm is 
controlled by stomatal resistance to deposition, N W O X  
partitioning, and vertical transfer rates. We do have an 
implicit dependence on canopy residence time, and hence 
vertical transfer rate, through our use of LAI because it can be 
argued that the two are closely dependent (D.J. Jacob, private 
communication, 1994). By using Jacob and Wofsy’s data to fit 
fir absorptivity constants, we implicitly assume an effective 
;.:L‘z/NOx ratio, stomatal resistance, and cuticle resistance for 
dl biomes equal to those measured during the NASA 
ahnospheric boundary layer experimfflt 2B in Brazil. An 
effective rain forest N Y O x  ratio for all biomes will likely 
underestimate CR in the more polluted nortbern hemisphere, 
where higher 0, levels will cause a higher N%/NO, ralio. An 
“effective” value will also lead to erron, because there is a 
nonlinear relationship between intercanopy N%/NOx ratio 
and soil-NO, emission. For example, during pulsing events 
:h: N02/NO, ratio would drop due to titration of 03, and net 
x i p e  from the canopy would increase [Jacob and Bakwin, 
19911. We have not accounted for these effects and consider 

I 

them sources of uncertainty. 

6.1. Cases la ,  lb,  and IC: Abave-Canopy Emksian 

Case l a  is OUT best estimate of present soil N0,emission as 
a source for tropospheric chemistry modeling. We will discuss 
the results by biome and elaborate on the importance of 
agriculture by presenting a regional breakdown of fertilizer 
use. fertilizer-induced emissions, and total emissions. We will 
also discuss the importance of this source relative to all other 
known NO, sources Cases l b  and l c  are preindustrial and 
future (year 21325) scenarios. The preindustrial case is 
computed by replacing agriculture with the NASNGISS 
preindustrial land types, and the future case is computed by 
raising fertilizer rates to projections of lmrhof and Tirpak 
[1990]. 

63.  Case 2: Soil Sutface Emission 

We run the present-day model without canopy reduction. 
This will provide q estimate of ‘taw” soil production and 
demonstrate the source’s sensitivity to canopy reduction We 
will use this case. to make comparisons withregiooal emission 
estimates made around the world and plot time series of 
individual grid boxes to illustrate the impact of synoptic scale 
forcing. 

63.  Case 3: Biomass Burnin8 Experiment 

We decided not to include biomass burning stimulation in 
ow primary emission function (2) bgause t h m  are not 
enough data to make a reliable parameterization As a case 
study, however, we make a crude approximation for burning 
effects in tropical grasslands and woodlands bv i n ~ ~ a s i n ~  
emissions a &tor Or 3 for the dry to wet season transitional 
period, defined as the last season month and the first wet 
season month in each grid box. We used a factor of 3, as 

6. Experiments and Sensitivity Studies 
We performed five case studies to address the issues posed 

in section 3. 

Table 6. Canopy Reduction Factors 

LAT SAfJ CRF Seasonal Period 
Biome (mZ m-’) m-2) (% Loss=l - CRF) Applied 

Temperate (3W-poleward) 
Tundra 2 0.010 0.77 year round 
Grassland 3.6 0.018 0.64 year round 
Woodland 4 0.020 0.61 falUwinter 
Coniferous forests 12 0.036 0.39 year round 
Deciduous forests 5 0.025 0.55 fdUwinter 
Agricultural plants 4 0.032 0.57 growing season 

(incremental? 
Tropical (3WN-300s) 

Grassland (savanna) 4 0.020 0.61 year round 
Woodland 4 0.040 0.54 year round 
Droughtdeciduous forest 5 0.075 0.41 wet season 
Rain forest 8 0.120 0.25 year round 
Agricultural plants‘ 4 0.032 0.57 year round 

’Barbour et al. 119871. 

’ IQ temperate agriculture. the first growing season month gets no CRF, the second gets li3 CRF. the third gets 
Complted by multiplying the stomate/leaf ratios presented by Larcher 119911 by the LAIS. 

2i3 CRF, and the fourth gets 1 CRF. In the tropics. In CRF is applied year round. 
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Table 7. Emissions Breakdown by Case in Tg N/yr 

Case l a  Case l b  Case IC Case 2 Case 3 

Tempcrate (30°-poleward) 
Tundra 0.02 0.02 0.02 0.02 0.02 

Grassland 0.34 0.49 0.34 0.52 0.33 
Woodland 0.05 0.06 0.05 0.09 0.05 
Forests 

Conifers 
Deciduous 

0.01 0.02 0.01 0.03 0.01 
0.03 0.04 0.03 0.04 0.03 

Agriculhue 1.33 ... 2.17 1.82 1.33 

Tropical (30°N-300S) 
Grassland 1.60 1.72 1.60 2.50 2.14 
Woodland 0.22 0.24 0.22 0.39 0.29 

Forests ___J 

Drought deciduous 0.06 0.08 0.06 0.11 0.06 
Rain forest 0.85 0.91 0.85 3.40 0.85 

Agriculture 0.92 ... 1.52 1.16 0.92 

TOTAL 5.45 3.59 6.88 10.20 6.07 

- 

opposed lo 5 or 10 as observed by Johnnsson ef ol. 119881, 
because less than 50% of savanna land is burned annually and 
the 2-month period may overestimate the duration of 
increased emissions. 

7. Results 
We present biome-by-biome and total emission results for 

all five cases in Table 7 and summarize results by case below. 
For analysis purposes we consider two global domains, 
tropical (3O0N-3OoS) and temperate (30°-poleward) 

7.1. Above Canopy Emission 
In reasonable agreement with the earlier global annual 

sources of 4.7 Tg N by Muller [ 19921 and -5 Tg N by Dignon 
et a/. [1992]. our model predick that annual abovecanopy 
soil emissions (case la. Figure la) are 5.5 Tg N, with 1.8 and 
3.7 coming from temperate and tropical regions. respectively. 
Globally, OUT strongest contributors are agricullun. 
grasslands. and tropical rain forests, accounting'for 41%. 

35%. and 16% of annual emissions. respectively. Although 
our pattern of annual emissions (see Figure la) is in 
qualitative agreement with (hat of Muller [ 19921, it is quite 
different from thal.of Dignon et al. (19921, which did not 
include emissions induced by fertilizer application, did not 
consider canopy recapture. and was dominated by emissions 
from tropical rain forests. Pulse fluxes, which we define as all 
fluxes occurring during a pulse, contribute -1.3 Tg N, or 24% 
of the annual sou~ce. This is consistent with observations in 
Mexico that pulse fluxes make up 10-22% of annual 
emissions [Duvidson, 1992bI. 

Of the 1.8 Tg N from temperate zones, agriculture accounts 
for 72%, or 1.3 Tg N. Looking at Table 8. which has a 
breakdown of emission and ferlilizer use by region, we find 
that 85% of lbis occm in the compact northem hemisphere 
Metro-Agro-Plexes (MAPS) (1.15 Tg N). "Fertilizer- 
induced" emission equals, as it should, -1.8% of applied 
fertilizer (25% minus canopy reduction). with the exception 
of China and Japan, in which it is less because much of the 
fertilizer is applied to rice in the south. As seen in Figure la, 
there is a dramatic emission increase in China from the rice 

Table 8. Fertilizer Use and Above-Canopy Emissions by Region in tg N/yr 

Fertiliier Fertilizer-Induced Total Agricultural Total 
Region Usage Emissions Emissions Emissions 

EuropelRussia MAP 22.90 0.42 0.60 0,74 
China and Japan MAP 19.40 0.20 0.22 0.31 
North America MAP 11.33 0.21 0.35 0.48 
India 10.28 0.11 0.29 0.39 
Mica  2.37 0.04 0.34 1.62 
South America 1.44 0.03 0.13 0.90 
Australia 0.47 0.03 0.11 0.32 
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fields below 35’N to the millet and wheat fields above 35‘”. 
Based on our fertilizer rate data for China, 190 kg N h a  year, 
our model predicts that soils above 35’N emit -45 ng N h 2  s 
during the growing season, a level among the highest 
recorded in the world. Similarly high emissions are also 
predicted from Europe, where heavy fertilizer use is common 
Natural biomes 30°-poleward are less important grasslands 
contribute 0.34 Tg N, whereas forests and tundra combined 
contribute a modest 0.04 Tg N, despite their huge landmass. It 
is interesting to note that the overall importance of the MAPS 
are enhanced because 50% of temperate grasslands lie within 
them. Summing the “total emissions” column in Table 8 
results in a net MAP emission of 1.51 Tg N, or 84% of all 
temperate emissions (both hemispheres). In the tropics (3.65 
Tg N), emissions are strong because year-round warmth 
stimulates vast savannas and rain forests, as well as scattered 
but not insignificant agriculture. Not surprisingly, our model 
generates three quarters of global pulsing emissions here, 
suggesting that tropical lTCZ migration allows a greater 
amount of land to dry out thoroughly before welling than do 
midlatitudes transient disturbances. The most impottant 
tropical biome is savanna grassIan4 which accounts for 
1.6 Tg N. or 44% of all tropical soil-biogenic NO, Of that, 
more than half comes from the large belt of African savannas 
between Oo-20W. the single largest continental-scale 
contributor in the world. Tropical agriculture is less 
important, responsible for only 25% (as opposed to 75% of 
temperate emissions), and in actuality is much less important 
from an anthropogenic point of view. W ~ t h  the exception of 
India, fertilizer use in the 30°N-300S zone (looking back at 
Table 8) is so low that most “agriculture” simply emits l i e  
natural grasslands. The last important tropical source is rain 
forests, contributing 23% despite a high rate of canopy 
reduction Our conclusion that tropical rain forests do not 
dominate the above-canopy soil-NO, budget differs from that 
of Dignon ef ai. [1992], because their calculations do not 
include canopy uptake of NO, 

Reindustrial emissions (Case Ib. Figure lb) are confined 
mainly to the tropics. The global integral, 3.6 Tg N. is actually 
less than would be derived if all fettilizer was removed in the 
present scenario, because in the process of agricultural 
development, lowemitting forests were converted into 
higheremitting grasslands and pastures. One interesting note: 
The rice development of southeast Asia actually decreased 
emissions slightly from preindustrial times. By 2025 (Figure 
IC), increasing use of nitrogen fertilizers may almost double 
preindustrial emissions to 6.9 Tg N. Developing areas such as 
India and Africa will experience the largest increases, BS seen 
in the figure. 

The present contribution of soil-NO, to the total NO, 
budget can be quite significant To show this. we plot the 
annual and summer ratios of the case 1 soil-biogenic source to 
the total NO, source [Moxirn er ol., 1994; Galloway e l  a/. ,  
19941 in Figure 2. The total source includes fossil-fuel 
combustion, biomass burning, biogenic emissions, lightning. 
stratospheric injection. and aircraft injection, and is computed 
as a total column sum. Annually, our model predicts that the 
biogenic source dominates in remote and agricultural regions. 
The k e e  regions where the soil component is the largest 
(between 60% and 75%). i.e., western Iran, Australia, and 
Mongolia, correspond to remote grasslands which are neither 
cultivated nor densely populated. The reason for the high 

, 

.. . 

percentages is not so much large biogenic emissions butrather 
minuteness of the other sources. particularly the fossil-fuel 
combustion source. The most important features of Hgure 2 
are the maximums which appear in the Metro-Ago-Plexes of 
the northern hemisphere, especially in the midwest United 
States and southern Russia, where soil emissions annually 
contribute up to 50% of the NO, source. In China, the soil- 
NO, contribution in the northern grain regions is slightly less 
than the other MAPS because the high population density of 
the regions drives up the fossil fuel combustion component 
Regarding only July, when conditions are best for ozone 
formation in the northem hemisphere, soil contributions in 
remote regions of the MAPS reach 75%. indicating a possible 
connection between fertilizing and local owne pollution 
(discussed more thoroughly by Chameides ef al. 119941). In 
the tropics, the influence of the lTCZ is especially evident in 
Africa. The potent wet season savannas in the northem 
hemisphere account for over 75% of that region’s total NO, 
source, whereas the lower-emitting dry season savannas in the 
southern hemisphere account for only 15%. This large 
difference is enhanced by the inverse seasonality of the 
biomass burning NO, source (direct NO, emissions from fie, 
not to be confused with burning stimulation of biogenic 
emissions), which is strongest during the dry season, when the 
biogenic source is weak. 

72.  Soil SurfaceEmission 
In case 2 (Figure 3) we omitted canopy reduction, thus 

computing an estimate of “raw” soil production. Our below- 
canopy global SOUTCC jumps from 5.5 to 10.2 Tg N. indicating 
that. on average, CR consumes -50% of annual soil-NO, 
emissions. Our calculation of 10.2 Tg N (-9 Tg N if the direct 
impact of fertilizer application is excluded) is significantly 
larger than the earlier estimate of 6.6 Tg N by Muller [1992] 
for total below-canopy emission and the earlier estimate of -5 
Tg N by Dignon ef a/ .  [1992] for natural belowvcanopy 
emission. In terms of ‘taw” surface emission, rain forests are 
now the dominant source globally, emitting 3.4 Tg N. 
followed by grasslands and agriculture, each emitling 3 Tg N. 
As seen by comparing Figures l a  and 3, most canopy 
reduction occurs in the rain forests of South America and 
Africa. Remembering that most field measurement techniques 
exclude canopy reduction. we are able to make comparisons 
of our below-canopy source with other inventories and 
experimentally determined budgets around the globe (See 
Table 9). Our model, with a raw U.S. emission of 0.37 Tg N. 
is in good agreement with Williams e l  a/.$ [1992b] U.S. 
calculation of 0.31 Tg N. We get similarly good results in 
comparison with several agricultural fields in the United 
States and from a coun-ide budget prepared for the United 
Kingdom as seen in Table 9. Our worst comparison is in the 
Venezuelan savanna, where we estimate emission rates to be 
0.175 g/m*jyear, only M)% of what was estimated by 
Johansson et a/.  [ 19881. However, this comparison is not bad, 
because our parametrization was fit to extremely variable 
savanna measurements (looking back at Tables 4 and 5 ,  we 
see Johansson cf ol.3 [I9881 site had clearly the largest 
emissions measured from savannas to date). Overall. we 
should expect some agreement with field budgets, because we 
fit our model with the very same data, but the generally good 
comparisons (within 40%) indicate that ow biome 
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scheme is appropriate at this resolution and that 
the model climatology is reasonably accurate. 

hf igure 4, we plotted several grid boxes of the case 2 data 
as time series to better illustrate the source's temporal 
=solution. Figure 4a is in southern Africa (Namibia), where 
the SAFARI-92 expedition was held to study trace gas 
&siions and atmospheric chemistry. Researchers there 
;hxvvsd elevated biogenic NO, emissions (2040 ng N/mz s) 
from a several-hundred-squa- lom meter section of the 
Namibian Savanna after a light rainfall at the end of the dry 
searon [Ham> ef a/., 19931. when similar savannas in South 
Africa were not pulsing, researchers measured fluxes of 
5-12ng Nhn2 s from wet soils and 1-2 ng Nhnz SI from dry 
soils [Levine cf al.. 19931. Our model is able to reproduce 
thcse observed emission trends quite well. Looking at 
Figure 4a, we see that peak emissions of 30-50 ng N/m2 s 

occur during the larger pulses, whereas emissions from wet 
and dry soils fluctuate between 5-8 Ng n/mz s and 2-3 ng N/ 
m s, respectively. Furthennore. several large pulses occur, as 
they should, at the end of the dry season (October-November). 
Figure 4b is a grid box in the agricultural belt of the midwest 
United States and shows a clear seasonality of emissions as 
well as rather drastic synoptic scale fluctuations resulting 
from passing midlatitude disturbances. The annual time series 
is in good agreement with Williams et a/. [1988] and Valente 
and Thornton 119931, reaching a peak of 21 ng Nkn2 s in the 
summer and then dropping off rapidly with the onset of fall 
and winter, The daily fluctuations of up to 20 ng Nhn2 s are a 
result of our temperature dependence function (e 0.103.T) 

which implies a threefold increase in emission with every 10" 
increase in soil temperature. As demonstrated by the figure. 
strongest emissions in temperate climates are likely 
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Figure 2. Ratio of soil NO, emissions to the total NO, source. The three MI-MAPS are clearly demarcated, 
are the potent savannas in the bopics. 
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Flgure 3. Resent 'Yaw" soil NO, emissions directly from the soil surface (mmole N/m2 yr). Notice the 
dominance of the Brazilian and African rain forests when canopy reduction is not considered. 

associated with a cycle of warm summertime weather events 
(typically, stagnant high-pressure systems). which are 
themselves highly conducive to O+mog formation. This 
correlation promotes high reaction efficiency of net emitted 
NO,. and photochemical models using a biogenic NO, source 
with only monthly-averaged temperature data will probably 
underestimate the impact of episodic NO, emission on 
photochemical activity. Source sensitivity, computed as the 
percent difference between emissions computed with &hour 
forcing and monthly averaged forcing, is about 6% globally 
and 13% in the more dynamic temperate zones. 

7 3 .  Biomass Burning Stimulation 

We estimate that b iomss  burning stimulation may increase 
tropical savanna and woodland emissions annually by 
-0.6 Tg N. In the tropics, we attempted to quantify the net 
burning stimulation and pulsing effect by summing pulse 
fluxes that occurred during the to wet season transition 
and adding them to the burning-induced fluxes. We were 
unable, however, to get an accurate pulse flux estimate, 
because the transition point varied dramatically between 
boxes and there was no systematic way to capture i t  

Table 9. Comparison of Simulated Soil Surface Emission and Field Data 

Experimental Simulated 
Emission Rate, Emission Rate, 

Site Period g N m-l g N n i Z  
Texas grass '(fertilized with 52kg Niha) 9 weeks 0.069-0.237 0.135 

Iowab summer 0.145 0.134 

South Dakotab summer 0.077 0.098 

Venezuelan savanna' annual 0.300 0.175 
Mexican droughtdeciduous foresp annual 0.072 0.045 
Vuginia cropland' annual 0.208 0.234 
U.K.f annual 0.08-0.18 0.165 

(summer) 

(June-August) 

(June-August) 

'Hutchinson and Brams 119921. 
bwilliams et al. [1992bl -taken from their Table 5.  
'Johansson et al. [1988]. 
%avidson et al. [1991] - experimental rate is average of two sites. 
'Anderson andLevine 119871. 
'Sldbaet al. [19921. 
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Flgure 4. T i e  series plots of soil NOx emissions for individual grid boxes. (a)northern Nambia: A is air 
temperature in degrees Celsius, E is soil NO, flux (ng Njm’ 9). C is precipitation in centimeters. and D 
represents the soil moisture state [up for “wet.” down for “dry”]. (b) midwestern U.S.: A is air temperature 
+ 15 in degrees Celsius, and E is the soil NO, flux (ng N/m* s). 

However, on the basis of the work ofDuvidson el a/. 119911 in 
Mexico, we can estimate that half of all savanna and 
woodland pulse emissions (-0.4 Tg N) occur somewhere 
during the 2-month wet/+ season transition described for 
biomass burning. Therefore aggregate burning stimulation 
and pulsing effects would produce. -1.0 Tg N, or 40% of 

annual tropical grassland and woodland emissions, during the 
relatively short dry to wet season transitional period We must 
note that this estimate does not include enhanced emissions 
from forests that were burned to create agricultural land 
Keller el a/. [1993] showed that these so-called “slash and 
burn” areas have elevated emissions for several years 
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following burning, regardless of whether or not they are 
fertilized. If their results are conlinned by further research it 
is possible that we somewhat underestimate the tropical 
emission budget, because a sizable portion of the rain forests 
are converted to agriculture each year. 

8. Uncertainties and Errors 
The empirical nature of this source and the relatively 

limited quantity of data necessitate that the reader view the 
source with a certain level of caution Assessing an exact 
“confidence” to our numbers is nearly impossible, since, no 
doubt, they will be modified as new data become available. 
However, within the constraints of existing data, and as a soil- 
NO, source for the ament  atmospheric chemistry modeling 
initiatives, this is a useful “best guess.” That it reproduces 
local emission budgets within 50% is promising. 

Considering the preindustrial and no-canopy reduction 
cases as limits, we present an annual soil NO, emission range 
of 3.33-10.2 Tg N-N (NO,)/year. Within this range, the 
biggest biome-related uncertainties are associated with 
agriculture and tropical grasslands. The extreme spatial 
variability of tropical grassland data, coupled with the 
biome’s large areal extent, makes the only 10 or so global data 
sites vastly inadequate for making a reliable parameterization 
This biome requires many more data and another parameter, 
such as soil nutrients, to better resolve the spatial variability. 
Agricultural soils have less experimental variability, but field 
data are limited mainly to North America The lack of data 
from other regions is a severe constraint on assessing the 
confidence of our overall agricultural emission estimate, 
because they account for 70% of all agricultural emissions. 
Furthermore, OUI agricultural modeling does not resolve 
different cropping practices. Some crops receive much more 
fertilizer than others (for example, in the United States, corn 
receives 10 times as much fertilizer as wheat) [WiNiam et ol., 
1992b], and sometimes fertilization does not coincide with the 
growing season Some fields are fertilized after harvesting, 
and still others are fertilized on an irregular, nonannual cycle. 

Scheme-related uncertainties, such as those from pulsing 
and canopy reduction. were discussed following the 
derivation of each scheme. For quantitative uncertainty 
analysis, there are no data with which to compare our canopy 
reduction results, but we do get good agreement between our 
“pulse” flux estimate and the one available measurement in 
Mexico, as mentioned in section 7. Although no conclusions 
about uncertainty can be made with just one result, it is at 
least encouraging. We must add that this study does not 
include the possibility of pulsing in arid sclubland/deserl 
regions, since we set them to always have zero emission. 
These areas, which on average have very mall fluxes, might 
provide significant short-term pulses when wetted 

9. Conclusion 
This is the first global soil-NO, source to resolve emission 

on a synoptic scale and include schemes to simulate pulsing, 
biomass burning stimulation. canopy reduction, and 
exhalation of NO, from nitrogen fertilized soils. Although 
considerable uncertainties exist, individual site comparisons 
with experimentally derived budgets generally agree within 
50% or better, which is reasonable for this resolution. Key 
results include the following: 

1. Agriculture, specifically the northern hemisphere Metro- 

Agro-Plexes, dominates soil emission in temperate regions 
(30°-poleward), whereas grasslands dominate in tropical 
regions (M0N-300S). 

2 Anthropogenic land use is having a significant impact on 
global soil-NO, emission, and it is likely that this trend will 
continue, given the expected inaease in nitrogen fertilizer 
use. Resent NO, contribution from fertilizers is -2 Tg N 

3. Annually, soil emissions can account for 50% of the total 
NO, budget in the tropics and remote agricultme regions in 
the northern hemisphere. In July, these percentages rise to 
more than 75%. 

4. Stimulation of dry soils by rain, or “pulsing,” contributes 
-1.3 Tg N annually. 

5. Our simplified canopy reduction scheme indicates that, 
on average, -50% of soil NO, emitted at the surface may be 
deposited on plant and soil surfaces while in transit through 
the plant canopy. In particular, the impact of emissions From 
tropical rain forests is sharply reduced from 35% of the ‘taw” 
global surface source to 16% of the aboveanopy global 
source. 

6. Tropical biomass burning may stimulate an additional 
0.6 Tg N (NOx) emission annually. 

7. There are three regions where field research would be 
most useful: the north African savannas, the agricultural fields 
of Europe, and northern China. These regions collectively 
represent 4% of the total biogenic NO, and yet have few or 
no data 
This source will be used in future experiments at GFDL and 

is available to the general scientific community on a 1’ x lo 
grid. 
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