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NITROGEN OXIDE TRACE GAS
TRANSPORT AND TRANSFORMATION:
Il. MODEL SIMULATIONS COMPARED WITH DATA

Rodney T. Venterea' and Dennis E. Rolston?

The development of process-based models describing N oxide trace
gas emissions from agricultural soils will assist in the assessment of pre-
sent sources, prediction of future trends, and development of mitigation
strategies. We compare the predictions of a transport and transformation
model with data from intact soil core experiments and then use the
model to evaluate the relative importance of individual processes after
application of anhydrous ammonia to moderately acidic soil. Soil-gas
concentrations of NO and N,O are adequately described using previously
obtained kinetic expressions. Net NO surface fluxes are shown to be the
result of high rates of subsurface gross NO production (>100 mg N m~2
h~1) balanced by gross consumption rates equivalent to 92-97% of gross
production. The overall temperature dependency of NO emissions is de-
scribed adequately as the net result of individual temperature-dependent
processes. Denitrification was estimated to contribute only 8-14% of the
total N,O source under primarily aerobic conditions, with the balance
caused by abiotic nitrous acid decomposition. The bulk soil reactivity of
NO, was estimated to be at least 500 times greater than the reactivity of
NO. The potential for nonbiological nitrate formation is examined, and
the effectiveness of pH control and subsurface fertilizer injection for min-
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THE development of process-based models de-
scribing nitrogen (N) oxide emissions from
soils has been identified as an important research
need. Improved models will help to reduce un-
certainties in global assessments of the importance
of soils as sources of N oxide gases and will assist
in the development of management strategies for
minimizing gaseous N losses from agricultural
systems (Mosier, et al., 1996; Matson, 1997). Sev-
eral models have been developed that predict N
oxide emissions from fertilized soils (Mosier, et
al., 1983; Galbally and Johansson, 1989; Li, et al.,
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1992; Parton, et al., 1996; Grant, et al., 1993a;
Riley and Matson, 2000; Venterea and Rolston,
2000b). Some of these models account for the
diftusive flux of gaseous N species through the
soil profile and predict surface efflux based on
gradients across the soil-atmosphere interface. Al-
though several existing models have been com-
pared with field emissions data (Galbally and Jo-
hansson, 1989; Grant, et al., 1993b; Riley and
Matson, 2000; Venterea and Rolston, 2000b),
there have been few attempts to compare mea-
sured soil-gas concentrations with model predic-
tions. Rudolph and Conrad (1996) and Rudolph
et al. (1996) compared predictions of a steady-
state diffusion-reaction model with soil-gas NO
concentration profiles measured at 20-mm inter-
vals in a 0.4-m-long column containing sieved
and repacked acidic forest soil. Zero-order, spa-
tially uniform NO production and first-order
NO consumption kinetics were assumed, with
parameters obtained from separate experiments
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with the same soil. Hosen et al., (2000) compared
steady-state models describing NO and N,O dif-
fusion, production, and consumption with con-
centration profiles measured at 50-mm intervals
in experimental lysimeter plots over a depth of
0.3 m. Zero-order, spatially uniform production
was assumed over a finite production zone with
Michaelis-Menten consumption kinetics occur-
ring throughout the profile. Kinetic parameter
values were obtained by fitting model output to
observed depth profiles. In these modeling exer-
cises, the kinetic expressions were not proposed
to represent any specific microbial or chemical
process, nor were they assumed to have functional
dependence on soil variables such as inorganic N
levels, soil pH, water content, or aerobic status al-
though it is generally assumed that the underlying
processes will be influenced by these variables.

In the present study, we compare measured
soil-gas N oxide concentrations at 20-mm-depth
intervals in 0.10-m intact core experiments de-
scribed previously (Venterea and Rolston, 2002)
with those predicted by a model that accounts for
diffusive transport and kinetically controlled gas
production and transformation (Venterea and
Rolston, 2000b). Production of NO is assumed
to occur because of abiotic decomposition of ni-
trous acid (HNO,) (Venterea and Rolston, 2000a
and ¢) with spatially-variable production rates de-
termined from separately obtained kinetic coeffi-
cients and the distribution of soil pH and nitrite
(NO, ™) measured at 25-mm intervals in the same
cores. Consumption of NO is caused by a first-
order bulk soil consumption process and gas-
phase oxidation by oxygen (O,), which also re-
sults in the production of nitrogen dioxide (NO,)
gas. Production of N,O is caused by denitrifica-
tion, as a function of soil anaerobic fraction, and
also by HNO,-mediated production. The model
is used to analyze the relative importance of the
assumed production and consumption processes
under acidic conditions accompanied by NO,~
accumulation following anhydrous ammonia
(AA) application. Rates of gross NO production
are compared with previously estimated nitrifica-
tion rates. The overall temperature dependency
of net NO emissions is evaluated with respect
to activation energies of individual component
processes using previously obtained kinetic data.
The importance of reactions involving the trans-
formation of NO and NO, are evaluated. The
model is used to examine the effectiveness of pH
control and subsurface fertilizer injection for
minimizing gaseous losses, and limitations of the
current model are evaluated.

SOIL SCIENCE

MODELING APPROACH

The approach utilized here is based, in part,
on a more comprehensive model describing ni-
trification biomass and substrate kinetics, and N
oxide gas production, transport, and transforma-
tion under transient conditions (Venterea and
Rolston, 2000b). In the present case, steady-state
conditions are assumed based on evaluation of
the measured N oxide gas concentrations in in-
tact cores presented previously (Venterea and
Rolston, 2002). The observed rates of change of
measured NO and N,O concentrations at each
sampling depth, which are approximations of the
time derivatives in the transient transport equa-
tions (Venterea and Rolston, 2000b), were <2%
of either the diffusion or reaction terms in these
equations. An analysis based on that presented by
Whitaker (1988) indicated that the quasi-steady
state assumption was justified, particularly during
the intermediate sampling times. Therefore, the
system, comprised of three gas species (NO,
N,O, and NO,), was described by diftusion-
reaction equations in the form given by

d dC.
e <D:,i =) ¥> =PRE-SE O
where i is the component index (NO, i = 1;
N,O,i = 2;NO,,i = 3), C, is the gas-phase con-
centration (mg N m~3) of component i, P, is the
gross production rate (mg m~? soil h™'), S, is
the gross sink (consumption/transformation) rate
(mg m~? soil h™1), z is soil depth (m), and D is
the soil gas diffusion coefficient (m3 m~! soil
h™1). Values of the soil gas diffusion coefficient
were calculated using the Buckingham-Burdine-
Campbell (BBC) equation (Moldrup, et al.,
1999), with the Campbell soil-water retention
parameter (b) estimated using empirical func-
tions as described previously (Venterea and Rol-
ston, 2002). The sensitivity of simulation results
to different empirical b estimates was examined.
Regression functions describing water content
(6, m* H,O m™3 soil) and measured soil bulk
density values (p, kg m™3) previously obtained
were used to calculate total soil porosity (¢, m?
pores m~3 soil) and volumetric soil-air content
(€, m? gas m~ soil), which were then used to cal-
culate D_; as a continuous function of z using the
BBC model. The gross production and con-
sumption/transformation rates, P, and S,, respec-
tively, were based on previously developed ki-
netic models and data (Venterea and Rolston,
2000a, b, and ¢). Previously obtained regression
functions describing soil pH, NO,~ concentra-
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tions and water content as continuous functions
of depth corresponding to each set of soil-gas
concentration measurements were used as inputs
to the kinetic expressions (P; and S)) in Eq. (1).
This approach was compared with simulations
that assumed that NO, ™ and pH levels were uni-
form across each 25-mm depth and equal to lev-
els measured in homogenized samples from each
depth. Kinetic expressions for P, and S; are de-
scribed below for NO, N,O and NO,, and pa-
rameter values in the kinetic terms are listed in

Table 1.

Nitric Oxide
Gross production of NO is described by

b= kaNO HNO, (3) @)
where p is the soil bulk density (kg m™) and
kpwo is a kinetic parameter representing the
proportionality between the nitrous acid concen-
tration (HNO,, mg N kg™ 1) and gross NO pro-
duction as a result of abiotic HNO, decomposi-
tion (Venterea and Rolston, 2000a and c). For
each core and sampling time, HNO, concentra-
tion was calculated as a function of z using the
obtained regression functions for NO, ™ and soil
pH, together with the pKa (3.3) for HNO, (Ven-
terea and Rolston, 2002). Gross consumption of
NO is described by

S, = pkC, — €@ kO, ()C3 @)
where k, is the first-order NO consumption
rate coefficient (Remde, et al., 1989) represent-
ing the sum of all biological and chemical reac-
tions occurring in the soil solid and liquid
phases. The second term describes the chemical
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oxidation of NO by molecular oxygen (O,) in
the gas phase according to the elementary ter-
molecular reaction

2 NO + 0,— 2 NO, @)
with second-order dependency on NO (C,) and
first-order dependency on O, concentration. Ki-
netics for Reaction 4 are available in the atmo-
spheric chemistry literature (Atkinson, et al.,
1997). Air-filled porosity (€) and O, concentra-
tions are calculated as a function of z using pre-
vious results (Venterea and Rolston, 2002).

The effects of soil temperature on net NO
flux were modeled using published activation en-
ergy (E,) values for kPNO (Venterea and Rolston,
2000c) and k, (Atkinson, et al., 1997) in Arrhenius
expressions (Pauling, 1970) describing the indi-
vidual temperature responses of HNO,-mediated
NO production and gas-phase NO oxidation,
respectively, and a semiempirical model (Bird, et
al., 1960) was used to describe the temperature
dependency of NO gas diffusivity. Since activa-
tion energy data for bulk soil NO consumption
in this soil are not available, Q,, factors of 1.75,
2.0 and 2.25 were applied to the best-fit k.
value found in the present model comparisons.
The overall temperature dependency of pre-
dicted net NO emissions from the intact soil
cores was evaluated at these different Q,, factors
and then compared with field data collected
during the experiment described previously
(Venterea and Rolston, 2000c). These data rep-
resent field NO fluxes and corresponding soil
temperatures (averaged over the 0-0.10-m
depth) measured at four locations within the
field on a single day at 06:00 and 10:00 AM, and
4:00 PM local time.

TABLE 1

Kinetic parameters used in model simulations

Parameter

Value

k”No’ NO production rate coefficientt
k,NO consumption rate coefficient’

k,, NO gas-phase oxidation coefficient!
k”NZ o N,O production rate coefficient¥
P, denitrified N,O production rate?

k., NO, consumption rate coefficientt

3.4 X 103 g NO-N kg HNO,-N~1 h~!
2.0 X 1072 m3 gas kg soil=! h™!

1.37 X 107 kg N~" m? gas ppm O, ' h™!
1849 ¢ N,O-N kg HNO,-N~1 h~!

£ (P) pg N,O-N kg soil ' h™!

>10 m? gas kg soil ! h™!

TFrom linear analysis of kinetic data in Venterea and Rolston (2000b).

SFrom optimization of model output vs. data (Fig. 1).
YAtkinson, et al. (1997).
¥From optimization of model output vs. data (Fig. 2).

#Linear interpolation of data in Table 2, as function of anaerobic fraction (P).

¥Minimum estimated value based on stimulation results (Fig. 3).
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Nitrous Oxide

Most other models of denitrification-driven
trace gas emissions would predict negligible N,O
production under conditions of water-filled por-
osity = 40% (Cores A and B) or =50% (Core C)
and anaerobic fractions (P) of =102 m? anaero-
bic fraction m™3 soil in soils of medium texture
(e.g., Li, et al., 1992; Parton, et al., 1996; Riley and
Matson, 2000). One objective of the present eval-
uation was to estimate the relative contribution of
denitrification, however small, to the intact core
data using kinetic data measured in separate soil
samples from the same field having similar water
content and NO; ™ levels, as described previously
(Venterea and Rolston, 2000c¢). These data showed
a small but increasing rate of N,O production with
increasing water-filled porosity over the range of
20 to 60% in the absence of nitrification or
HNO,-mediated production in a composite con-
taining 110 mg NO, -N kg~! soil at pH 5.0.
Therefore, two sources of N,O production were
considered as given by

Py = p [Py (@ (2) + ki

L HNOR)L.  (5)
The denitrification-driven N,O production rate
(P,) was represented either as a function of water-
filled porosity or @, in the latter case by linear
interpolation of data shown in Table 2, with
nearly identical results. The second term in Eq.
(5) is the N,O production rate attributable to
abiotic HNO, decomposition, analogous to NO
production, as previously described and measured
(Venterea and Rolston, 2000c). Because of the
extremely low anaerobic fractions and the lack of
kinetic data for N,O transformation under such
conditions, it was assumed that N,O reduction to
dinitrogen (N,) was negligible and, therefore, no
N, O sink term was considered.

Nitrogen Dioxide
The production of NO, occurs according to
Eq. (4) and is, therefore, represented by an ex-
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pression identical to the gas-phase NO sink term
in Eq. (3) given by

P, =€ (2) k, O, (2) C2. )

Although transformations of NO, in soil and
aqueous systems are known to occur (Reuss and
Smith, 1965), the kinetics of the underlying reac-
tions are not available. Here, first-order transfor-
mation is assumed, analogous to that for NO,
given by

S;=pk C, (7)

Numerical Methods

The three differential equations represented by
Eq. (1) with the above kinetic terms were solved
numerically using finite difference algorithms
with 1-mm spatial discretization and Newton-
Raphson iteration with convergence criteria of
107> mg N m 3. Predicted surface fluxes were cal-
culated using Fick’s equation and the gradient ob-
tained from predicted concentrations at z = 0 and
z = 1 mm. Algorithms were validated by verifying
the equivalence of predicted fluxes with spatially
integrated gross production and consumption rates
within 2% deviation. Zero flux (Neumann type)
boundary conditions (BCs) were applied at the
lower boundary, and measured concentrations
were used for upper (Dirichlet) BCs. For each sim-
ulation, the NO solution was first obtained and
then applied in the NO, solutions. The model was
applied to intermediate sampling times for Cores
A, B, and C since the assumption of steady-state
conditions was found to be most valid for these
data. Additional analysis was done to evaluate gross
production rates (P;; mg N m~2 h™!) integrated
over the entire length (L = 0.10 m) of the core,
defined by

o=

P =

3

P(z) dz. (8)

Integrals were calculated numerically using the
model algorithms. It follows from Eq. (1) and (8)

TABLE 2

Kinetic data for denitrification-derived N,O productiont

Water-filled porosity
m? H,O m™? pores

Anaerobic fractionf (®)
m?3 anaerobic soil m™3 soil

N,O production rate (P)
pg N kg™ !soil h™!

0.20 2.85 X 107131 0.51
0.40 6.38 X 10716 1.46
0.60 2.10 X 1073 5.26

TWater-filled porosity and P, data are from Venterea and Rolston (2000b).
¥Calculated using method and parameters in Venterea and Rolston (2002).
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that the difference between P;; and the predicted
surface flux is equal to the integrated consump-
tion rate, S;,, defined analogously according to
Eq. (8). Individual production and consumption
terms in Eqs. (2—7) were also integrated over the
core so that the relative importance of individual
processes could be evaluated.

Soil pH and Fertilizer Depth Effects

Additional simulations were performed to
examine the potential for mitigating NO and
N,O fluxes by (a) increasing the soil pH and (b)
increasing the depth of fertilizer application. The
soil pH values input to the model were increased
above measured values at each soil depth over the
range of 0 to 1 pH unit, corresponding to de-
creases in HNO, concentrations of 0 to 10-fold.
In separate simulations, the depth of the fertilizer
zone was increased over the range of 0 to 30 mm,
by assuming a corresponding increase in thick-
ness of an unfertilized soil layer above the 0.10 m
deep fertilized zone. Within the upper layer,
NO, ™ levels were assumed to be <0.01 mg N
kg™! so that HNO,-mediated production was
negligible, whereas all other processes were as-
sumed to proceed.

RESULTS

Numerical solutions of Eq. (1) for each species
yielded steady-state concentration profiles and gas
fluxes that were compared with measured data.

Nitric Oxide Soil-Gas Profiles and Fluxes

Repeated simulations were done using Eq.
(1) (i = 1) with varying k_ values within the range
of measured values reported previously (0.013—
0.044 m?3 gas kg soil h™ 1) (Venterea and Rolston,
2000c¢). The degree of deviation from measured
NO soil-gas concentrations was evaluated by the
root-mean-square error (RMSE) index (Mol-
drup, et al., 1997). The best-fit k, value was found
to be 0.020 m? gas kg soil h™!, with a minimal
RMSE of 21 mg N m ™3 (34% of mean concen-
tration) over all three cores. Predicted versus ob-
served NO concentration profiles and individual
RMSE values are shown in Fig. 1. The magni-
tude and spatial patterns in NO concentrations
are predicted fairly well using a single k, value
near the middle of the range of measured values,
providing some validation to the modeling ap-
proach. Sensitivity analysis indicated that varying
k. over the range of measured values had a sig-
nificant impact on predicted surface fluxes (Table
3). Integrated gross NO production rates calcu-
lated by the model were ~10-50 times greater
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than predicted fluxes, and integrated gross con-
sumption rates were equivalent to 92-97% of
gross production (with k. = 0.020). This demon-
strates the importance of gross consumption, to-
gether with production, in controlling net NO
surface fluxes. Oxidation of NO by O, in the
gas-phase accounted for a small fraction (1.6—
2.7%) of total integrated consumption. The
model did not predict concentration profiles ac-
curately in the upper 20 mm (Fig. 1), and, there-
fore, the predicted surface fluxes deviated by fac-
tors of 0.25 to 0.62 (underestimated) compared
with measured fluxes.

Nitrous Oxide Soil Gas Profiles and Fluxes

Simulations performed assuming denitrifica-
tion to be the only source of N,O production
(kpn,o-0) predict N,O soil-gas concentrations
and fluxes much lower than observed (Fig. 2 and
Table 4). Considering HNO,-mediated produc-
tion kinetics, the model predicts concentration
profiles similar to those observed and also predicts
that denitrification will account for only 8 to 14%
of the total production when HNO,-mediated
production is considered. In most cases, predicted
fluxes corresponding to each profile agreed fairly
well with measured fluxes (Table 4). The kpy;,,
values were optimized to each individual core and
input data set, with a minimal RMSE of 3.1 mg
N m™3 (17% of mean concentration) over all
three cores (individual RMSE values are shown in
Fig. 2). The best-fit kpy,, values obtained (1849
g N,O-N kg HNO,-N~! h™1) are similar to the
range of values (20—44) measured previously in
composite soil samples taken from the same field
(Venterea and Rolston, 2000c). The higher kpy,,
values required to match the Core C data could
indicate that the slightly higher anaerobic mi-
crosite fractions in Core C (~107? m3 anaerobic
soil m™3 soil), compared with Cores A and B
(=10719), contributed to additional sources of
N, O, including the biological reduction of abiot-
ically produced NO (Venterea and Rolston,
2000c¢), which were not accounted for in the pre-
sent model. In order for denitrification alone to
account for the observed data, the production pa-
rameter (P,) would need to be increased 10 to 20
times above the values shown in Table 2. It should
also be noted that the P, values assumed by the
model (Table 2) are significantly higher than val-
ues obtained with another soil composite from
the site (Venterea and Rolston, 2000¢) and are also
more than 30% higher than N,O production rates
measured in silt loam soil at similar water contents
under bulk aerobic conditions in previous studies
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Fig. 1. NO soil-gas concentration data (symbols) and
model predictions (lines) using NO consumption coef-
ficient (k.) = 0.020 for all cases. Root-mean-square er-
rors (RMSE, mg N m~2 h—1) of the predictions for each
core are shown (values in parentheses are RMSE as per-
centage of mean observed concentration).



VoL. 167 ~No. 1

N OXIDE TRANSPORT AND TRANSFORMATION: MODELING 55

TABLE 3

Nitric oxide predicted and measured fluxes and integrated production rates

mg Nm~2h!

Predicted NO fluxt

k.= 0.013 k= 0.020 k.= 0.044 Measured NO flux P
Core A-Day 10 12.9 5.5 (6.7) 4.5 23.4 107
Core A-Day 16 13.6 5.4 (7.0) 3.5 23.5 174
Core B-Day 10 14.9 9.7 (11.4) 3.0 21.9 133
Core B-Day 17 11.9 8.1 (6.6) 3.6 18.9 116
Core C-Day 15 24.3 16.3 (16.9) 6.0 14.9 224
Core C-Day 25 11.9 7.9 (19.3) 3.2 12.7 150

TSimulated NO flux at varying values of k, NO consumption rate coefficient, m® gas kg soil ! h™'. Values in parentheses for

k.= 0.020 are simulated fluxes assuming uniform NO,~ and pH levels across each 25 mm-depth.

fIntegrated gross production rate (P, ). P minus predicted flux is integrated gross consumption rate (S;)).

(Goodroad and Keeney, 1983). Thus, the present
modeling approach may be conservative with re-
spect to the relative importance of sources other
than denitrification.

The predictions of NO and N,O flux were,
in some cases, improved by assuming uniform
distributions of NO,™ and soil pH across each
25-mm depth instead of continuous polynomial
functions, although this was neither significant
nor consistent (Tables 3—4). This assumption also
did not significantly alter the resulting concentra-
tion profiles over the entire core depth (not
shown) or change the best-fit k. or kpi\,zo values
by more than 5%. Varying the b value in the BBC
soil gas diffusion coefficient model over the range
estimated by three different empirical relation-
ships (Venterea and Rolston, 2002) had only
minimal effects on the deviation of observed ver-
sus predicted fluxes or on any of the simulation
results. Predicted fluxes were changed by 3.2 to
6.5%, and the RMSEs obtained in arriving at
best-fit values of k_and kpy,, were changed by
<<0.1 and 4%, respectively, by varying b over the
range of 5.0 to 6.2. The results shown in Figs. 1-2
are based on b values calculated from Eq. (12) in
Moldrup et al. (1996) under the assumption that
it is more accurate than other available estimates
based on its consideration of bulk density as well
as soil texture.

Nitrogen Dioxide

Using the steady-state solution for NO with
the input data for Core B, Day 10, and varying
k, values, the model predicts steady-state NO,
fluxes and soil-gas concentrations shown in Fig. 3
(results using input data from other sampling
dates were similar). Thus, while the gas-phase re-
action is not predicted to have a great eftect on

NO consumption and surface fluxes under these
conditions, this process would be expected to re-
sult in significant levels of NO,. Since the mea-
sured NO, soil-gas concentrations and fluxes
were below detectable levels in all cases (<2 mg
N m™3 and <0.1 mg N m~2 h™!, respectively
(Venterea and Rolston, 2002)), this implies a
minimum value for the NO, gross transforma-
tion rate coefficient (k) of 10 m? gas kg soil !
h™!. Thus, the overall reactivity of NO, within
the soil matrix seems to be more than 500 times
that of NO, based on the k/k, ratio.

Temperature Effects on NO Flux

Assuming Q) factors of 1.75, 2.0, and 2.25
for the bulk soil NO consumption process de-
scribed by the k, parameter, the model predicts an
increase in net NO emissions with increasing soil
temperature (Fig. 4a). Higher Q,, factors resulted
in greater NO consumption with increased tem-
perature but were not sufficient to balance fully
the increased HNO,-mediated NO production
and gaseous diffusion rates. Overall apparent E,
values relating net NO emissions to soil tempera-
tures were calculated, as is commonly done in NO
field emissions studies (e.g., Williams, et al., 1987,
Skiba, et al., 1992). Overall E, values predicted by
the model (Fig. 4a) and calculated from field data
(Fig. 4b) were similar. These results indicate that
the overall E_ values observed in the field (21 - 41
kJ mol™!) can be explained in mechanistic terms
as the net result of individual processes, each hav-
ing different temperature sensitivities. Thus, the
overall temperature sensitivity of net emissions is
somewhat less than that which would be pre-
dicted based solely on the activation energy for
HNO,-mediated NO production (67 kJ mol™)
in this soil (Venterea and Rolston, 2000c).
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Fig. 2. NoO soil-gas concentration data (symbols) and model predictions (lines) using varying values of N,O pro-
duction rate coefficient (Kpngo)- ROOt-mean-square errors (RMSE, mg N m~2 h~1) of the predictions for each core
are shown (values in parentheses are RMSE as percentage of mean observed concentration).
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TABLE 4

Nitrous oxide predicted and measured fluxes and integrated production ratest

mg Nm~2h~!

Integrated production rates and predicted flux due to

Denitrification Denitrification + HNO, decomposition® Measured flux
Core A-Day 10 0.09 1.3 (1.3) 1.4
Core A-Day 16 0.09 1.1 (1.1) 1.1
Core B-Day 10 0.10 0.80 (0.82) 0.81
Core B-Day 17 0.10 0.71 (0.68) 1.8
Core C-Day 15 0.18 2.9 (2.5) 2.3
Core C-Day 25 0.18 2.0 (2.6) 2.0

TFor steady-state system with no sinks, predicted surface flux is equivalent to integrated production rate.
#Values in parentheses are simulated fluxes assuming uniform NO, ™ and pH levels across each 25 mm-depth.

Soil pH and Injection Depth Effects

Increasing soil pH by 1 unit above measured
values reduced the predicted fluxes of NO and
N,O by 100% and 78%, respectively (Fig. 5). The
NO flux had higher sensitivity because HNO,
decomposition is the primary source mechanism
assumed for NO, whereas some N,O is assumed
to originate from denitrification as well. Increas-
ing the depth of the layer above the fertilized
zone as little as 30 mm resulted in a 97% reduc-
tion in predicted NO flux (Fig.5), due to the rapid
NO transformation kinetics that are assumed to
prevail in unfertilized soil. Since no sink term is as-
sumed for N,O, the increased depth had negligi-
ble effects on predicted N,O flux. These results
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Fig. 3. Predicted soil-gas concentrations and fluxes of
NO, at varying values of NO, transformation coefficient
(k). Predicted flux at each k; value is shown in paren-
theses (mg N m~2 h—1). Input data from Core B, Day 10.
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Fig. 4. (a) Predicted temperature dependency of NO
flux assuming varying Q,, factors applied to NO con-
sumption coefficient (k.) using input data from Core B,
Day 10, and (b) Measured NO fluxes vs average soil tem-
peratures over 0-10 cm depth. E, values are overall ap-
parent activation energy of net NO emissions.
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Fig. 5. Effects of increased pH and increased fertilizer
depth on NO and N,O fluxes. Input data from Core B,
Day 10.

imply that practical fertilizer management strate-
gies may be very effective in minimizing N ox-
ide gaseous losses.

DISCUSSION

An interesting result of the integrated NO
production analysis (Table 3) is that predicted
gross production rates are 3 to 7 times higher
than estimated net nitrification rates occurring in
the cores (Venterea and Rolston, 2002). This re-
sult implies that there is significant recycling of
NO back into the NO, ™ pool as the NO diftuses
through the profile and is subject to various
transformations (Fig. 6). The NO,™ produced
is then available for repeated transformation to
NO. This is somewhat analogous to photochem-
ical atmospheric reactions, whereby NO and

-3 -2 -1 0

+1
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NO, can be recycled repeatedly between respec-
tive pools, depending on levels of O and various
organic radical species (Crutzen, 1981). In soil
and aqueous systems, it is known that NO trans-
formation can result directly in NO, ™ as a result
of chemical (Pires, et al., 1994) and/or biological
oxidation processes (Freitag and Bock, 1990).
The rapid transformation of NO, produced in
the gas-phase suggested by the present modeling
results would also be expected to result in NO,~
in the soil matrix as a result of NO, dissolution
and subsequent chemical reactions (Reuss and
Smith, 1965; Van Cleemput and Baert, 1984).
These results, and the temperature-sensitivity
analysis, provide further evidence of the impor-
tance of NO consumption processes in control-
ling net surface emissions. However, minimal data
exist regarding the spatial and temporal dynamics
of NO consumption kinetics, and there is limited
understanding of biogeochemical controls over
this process. For example, in multiple measure-
ments of k. values made during soil incubation
experiments with three agricultural soils similar
in origin and composition to the present soil,
high variabilities (CV = 50-70%) were noted, as
was little correlation (2 < 0.18) with measured
physical and chemical soil variables (Venterea and
Rolston, 2000a).

The present analysis also implies that a sig-
nificant fraction of the NO;~ produced may in
fact have been the result of processes other than
Nitrobacter oxidation of NO, ™. Biological oxida-
tion of NO (Koschorreck, et al., 1996) and
chemical oxidation of NO, can result directly in
NO,~ (Pauling, 1970). In addition, one of the
proposed reactions for the aqueous dispropor-
tionation of HNO, itself results in NO;™ in a
molar ratio of 2:1 with NO (Van Cleemput and
Baert, 1976) as given by

+2 +3 +4 +5

Nitrosomonas

_ Nitrobacter

» NO

NH,*

% vy
/< ~ -7 -
/ Y - i
N e
-

NO3-

// _ ’:_,y N02

-

N,0 < NG< HNO,

Fig. 6. N transformation pathways during nitrification under acidic conditions with NO,~ accumulation. Dashed
lines indicate potential NO and NO, consumption pathways, including those described by Egs. (4) and (11). Num-
bers across top refer to oxidation state of N in various forms shown below.
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3 HNO, = 2 NO + HNO; + H,O. )

Whereas another proposed abiotic reaction does
not produce NO, ™~ directly, as given by

2 HNO, = NO + NO, + H,0,  (10)
the above reaction would subsequently be ex-
pected to result in NO,~ formation because of

the chemical reaction (Van Cleemput and Baert,
1984) given by

2 NO, + H,0 = HNO, + HNO,.  (11)
The process of NO recycling through the NO,~
pool in acidic soil has been discussed previously
with respect to the predominance of various
processes occurring in closed incubation systems
(Van Cleemput and Baert, 1984). The potential
for nonbiological reactions contributing to NO;~
production in acid soils was first proposed by
Reuss and Smith (1965) who studied the process
in closed incubation systems with sterile soils. The
present results indicate that recycling of NO and
nonbiological NO;~ production may have been
important in a biologically active system open to
diffusive transport. Each time a molecule of NO
passes through the sequence of potential pathways
(Fig. 6), it may be partitioned into various end
products including NO,~, NO;~, NO, or N,O.
Thus, these processes will influence the ratio of
NO transformation products significantly and
thereby impact N availability to plants and NO,~
leaching to groundwater. The gaseous diffusion of
NO would be expected to play an important role
in controlling the spatial distribution of end-
products. Models such as the one described here
may be useful in examining interactions between
these processes when combined with additional
kinetic information. For example, while the pre-
sent simulations indicate that a 30-mm unfertil-
ized layer may be effective in reducing NO fluxes
(Fig. 5), the model does not consider the genera-
tion of NO,™ within the layer by the processes
described above, which would tend to counter-
act the effectiveness of the strategy for minimiz-
ing NO emissions.

Results in Fig. 1 and Table 3 point out an im-
portant limitation of the current model of NO
emissions. The overall best-fit k_ value does not
predict concentration profiles in the upper 20 mm
adequately, and, therefore, the model generally un-
derpredicted NO surface fluxes. Model assump-
tions regarding the distribution of pH and NO,~
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over the upper 5-20 mm, which together drive
HNO,-mediated production, as well as the as-
sumed spatially and temporally invariable k, value,
may be responsible for much of this deviation.
This points out the importance of both physical
and biogeochemical processes occurring within
very close proximity to the soil-atmosphere inter-
face in determining surface trace gas fluxes. The
generally closer agreement between predicted and
observed N,O fluxes is likely caused by the more
linear prevailing soil-gas N,O concentration gra-
dients and less uncertainty regarding spatial uni-
formity of assumed parameters.

The N,O results provide strong evidence for
the importance of HNO, decomposition as an
important source of N,O emissions following AA
applications. While this abiotic mechanism of
N,O production has been addressed in earlier
studies (Stevenson and Swaby, 1964; Bremner, et
al., 1981), more recent considerations have down-
played the likelihood of HNO, contributing sig-
nificantly to field emissions (Bremner, 1997). The
present results are consistent with recent mecha-
nistic studies (Thorn and Mikita, 2000) that have
found direct spectroscopic evidence for chemical
pathways mediating N,O formation via reaction
of HNO, with phenolic soil organic matter con-
stituents, and, therefore, suggest that abiotic reduc-
tion of HNO, may be a much more important
source of N,O than generally assumed. Further
work is required to understand better how soil or-
ganic matter may influence N,O production ki-
netics. For example, results of Thorn and Mikita
(2000) suggest that differences in best-fit (kpy;,c)
values found between cores and sampling times in
the present analysis (Fig. 2) may be attributable to
variability in the concentration and/or composi-
tion of organic matter mediating the reactions
with HNO,.

CONCLUSIONS

The analysis presented here demonstrates
how diffusion-reaction models can be imple-
mented and evaluated by comparing predictions
to experimental data. Model predictions agreed
fairly well with observed NO and N,O soil-gas
concentration profiles, allowing for several com-
parisons between individual processes and specu-
lation regarding additional processes potentially
important at the field scale. Some practical impli-
cations seem to follow. It is reasonable to assume,
given what is known about the long-term acidi-
fying effects of repeated application of AA and N
fertilizers in general (Bouman, et al., 1995; Barak,
et al., 1997), and the prevalence of AA use world-
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wide, that conditions found in the present exper-
iments may have broad applicability. Thus, the
potential for high losses of N,O following AA
application indicated here and in previous studies
and summaries (Bremner, et al., 1981; Eich-
ner, 1990) may be worth consideration by global
emission assessment methodologies that presently
do not consider such sources specifically (Mosier,
et al., 1998). The relative ease and economic fea-
sibility of pH modification and its effectiveness in
reducing NO and N,O fluxes suggested by the
present analysis may warrant recommendations
for this practice as a means of mitigating N oxide
trace gas losses from agricultural systems.
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