
Atmospheric Environment 35 (2001) 115}124

Biogenic nitric oxide emissions from cropland soils
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Abstract

Emissions of nitric oxide (NO) were determined during late spring and summer 1995 and the spring of 1996 from four
agricultural soils on which four di!erent crops were grown. These agricultural soils were located at four di!erent sites
throughout North Carolina. Emission rates were calculated using a dynamic #ow-through chamber system coupled to
a mobile laboratory for in-situ analysis. Average NO #uxes during late spring 1995 were: 50.9$47.7 ng N m~2 s~1 from
soil planted with corn in the lower coastal plain. Average NO #uxes during summer 1995 were: 6.4$4.6 and
20.2$19.0 ng N m~2 s~1, respectively, from soils planted with corn and soybean in the coastal region; 4.2$1.7 ng
N m~2 s~1 from soils planted with tobacco in the piedmont region; and 8.5$4.9 ng N m~2 s~1 from soils planted with
corn in the upper piedmont region. Average NO #uxes for spring 1996 were: 66.7$60.7 ng N m~2 s~1 from soils planted
with wheat in the lower coastal plain; 9.5$2.9 ng N m~2 s~1 from soils planted with wheat in the coastal plain;
2.7$3.4 ng N m~2 s~1 from soils planted with wheat in the piedmont region; and 56.1$53.7 ng N m~2 s~1 from soils
planted with corn in the upper piedmont region. An apparent increase in NO #ux with soil temperature was present at all
of the locations. The composite data from all the research sites revealed a general positive trend of increasing NO #ux
with soil water content. In general, increases in total extractable nitrogen (TEN) appeared to be related to increased NO
emissions within each site, however a consistent trend was not evident across all sites. ( 2000 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

Ozone is produced in the troposphere through photo-
chemical processes involving oxides of nitrogen (NO

x
"

NO#NO
2
) and volatile organic compounds (VOCs).

Tropospheric ozone is an important photochemical air
pollutant which increases respiratory illness, damages
crops, and causes other environmental problems. Cur-
rently, the only known pathway for the production of
ozone is the photolysis of NO

2
(NO

2
PNO#O(3P)),

which further reacts with O
2

to produce ozone (O
3
) by

the reaction O(3P)#O
2
PO

3
. In a pseudo-photo-

stationary environment, the O
3

produced would react
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919-515-7802.
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with the NO that was generated via the photolysis of
NO

2
in the following reaction: NO#O

3
PNO

2
#O

2
.

Hence, there is no net production of O
3
. However, in the

real atmosphere, hydroxyl radicals combine with VOCs
to produce new radicals which preferentially react with
NO, allowing a net O

3
accumulation.

Recent estimates report that on a global scale biogenic
emissions of NO are comparable to anthropogenic sour-
ces (&20 Tg NO}N yr~1) (Li et al., 1999). Regions such
as the southeast US, which comprise approximately 40%
of the US non-attainment areas, are classi"ed as NO

x
limited and increased emissions of NO into the tropo-
sphere are likely to produce increased O

3
concentrations

(Fehsenfeld et al., 1993). Over 40% of the ozone non-
attainment areas of the US are in the southeast. There-
fore, in order to formulate more successful ozone control
strategies in the southeast US, the source strength of
ozone precursors (i.e., NO) and the parameters which
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control their release must be better understood. An esti-
mate of the global source of biogenic NO emissions
conducted by Davidson and Kingerlee (1997) reports
a slight improvement over estimates made by Galbally
and Roy (1978). In their paper, Davidson and Kingerlee
report that further improvements to their estimate will
most likely come from an increased biogenic NO dataset
and by gaining a greater understanding of the processes
which govern the release of NO from the soil. To these
ends, the objectives of this study were to increase the NO
dataset and to attempt to verify previously reported
relationships between NO and environmental variables
(i.e., soil temperature, soil water content, applied N ferti-
lizer).

2. Methods and materials

2.1. Field sites and sampling scheme

NO concentration measurements were made from four
di!erent agricultural soils (on which corn, soybean, to-
bacco and wheat were cultivated) during late spring and
summer 1995 and spring 1996 (refer to Tables 1 and 2 for
research sites, dates, soil parameters and NO #ux values).
All of the sites, except for Plymouth were operated by the
North Carolina State University in conjunction with the
North Carolina Agricultural Research Service. All of
the sites were managed using practices typical for their
respective crops and physiographic locations.

The design of this experiment was to measure soil
emissions of NO at four di!erent locations in North
Carolina during two di!erent times of the year. Each
site was sampled twice, once in the late spring/summer
and again the following year in the spring. The measure-
ment locations at each site were essentially the same as
the previous season (within a distance of 5 m). The daily
sampling scheme consisted of measuring ambient NO
concentrations at ground level before entering the
dynamic #ow-through chamber and immediately after
exiting the chamber. A Toshiba laptop computer using
Labview software (National Instruments) was utilized as
the data acquisition system. The system produced 60
second rolling average concentrations, which were then
binned and averaged every 15 min. A daily experiment
consisted of placing the chamber on the stainless-steel
collar approximately 1 h prior to data acquisition. At
the conclusion of each daily experiment, the collar was
relocated to a random position within a 10 m radius of
the mobile laboratory, allowing a minimum of 12 h
for any e!ect on the soil, due to insertion of the collar,
to dissipate. The randomization of the collar and
chamber system placement resulted in it being located
both in and between the rows of the row crops (corn,
soybean, tobacco), however, plants were never inside the
enclosure.

2.2. Dynamic yow-through chamber and yux calculation

The technique used to measure NO emissions from
soils during this measurement campaign was the dy-
namic #ow-through chamber system in conjunction with
a Thermo Environmental Instruments Inc. (1992) chemi-
luminescence low level NO analyzer. This system is one
technique to arrive at gas #ux from the soil, although
several other techniques exist such as the gradient
method, static chambers, and eddy-correlation methods.
Each system has its own associated bene"ts and draw-
backs which are summarized by Meixner (1994). Several
"eld experiments have been conducted to examine di!er-
ences between #ux methodologies. Valente and Thorton
(1993) and Roelle et al. (1999) reported reasonable agree-
ment between static and dynamic chambers utilized for
NO #ux measurements at fertilized cotton and corn
crops respectively. Similarly, Parrish et al. (1987) re-
ported no systematic di!erences between a dynamic
chamber and micrometeorological techniques for experi-
ments conducted at nighttime. Li et al. (1999) also re-
ported that the intercomparison between a dynamic
chamber and eddy-correlation method produced similar
diurnal pro"les, although the chamber system consis-
tently resulted in higher #ux values than the #uxes cal-
culated at 5 m utilizing the eddy-correlation method.

The chamber used in this study was lined with 5 ml
#uorinated ethylene propylene (FEP) Te#on to minimize
losses occurring on the walls of the chamber. The translu-
cent chamber, 27 cm in diameter, and 42 cm high (vol-
ume-24.05 l) "ts inside of a stainless steel ring. Which is
driven into the ground to a depth of 10 cm. Ambient air,
which is used as the carrier gas is pumped through the
chamber at a constant #ow rate (4 lpm). The sample
exiting the chamber travels through Te#on tubing (1/4A
outside diameter, 1/8A inside diameter) to the detection
instruments. The entire system, from the inlet port on the
chamber, to the point where the stream is analyzed in the
instrument is comprised of Te#on, stainless steel, or gold
to minimize further chemical reactions within the sample.
The sample lines do not exceed 10 m. The NO detection
instruments drew 1 lpm, resulting in a sample residence
time of approximately 5 s.

Experiments were conducted to determine if the mix-
ing speed of the Te#on impeller altered soil NO #ux
values. Varying the speed between 20 and 100 revol-
utions per minute (rpm) did not produce any signi"cant
change in the calculated NO #ux. The impeller was set to
70 rpm for the remainder of the experiments. Outlets in
the chamber ensured that there were no substantial pres-
sure di!erences between the outside and inside of the
chamber. Research conducted on similar chambers using
a tilting water manometer indicated that pressure
di!erences were below detection limits (0.2 mm H

2
O)

(Johansson and Granat, 1984). A schematic of the dy-
namic #ow-through chamber and associated equations
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Table 2
Soil parameters and NO #ux for various argicultural soild on which di!erent crops were grown!

Location Crop Soil temp
(3C)

TEN (mg N
(kg dry soil)~1)

% soil moisture NO
(ng Nm~2 s~1)

Plymouth Corn Avg 24.1 51 21.1 50.9
N"16 Std Dev 3.2 26.2 2.8 47.7
n"759 Min 16.4 24 17.7 4.2

Max 32.7 116 27.7 264.7
Kinston Corn Avg 25.6 9.8 12.4 6.4
N"5 Std Dev 2.6 1.7 1.4 4.6
n"203 Min 21.1 8 10.7 2.1

Max 32.6 12.1 14 37.2
Kinston Soybean Avg 25.8 14.2 12.8 20.2
N"4 Std Dev 3.2 3.4 0.8 19.0
n"276 Min 21.5 11 11.6 1.7

Max 31.9 19 13.4 96.8
Oxford Tobacco Avg 27.4 8 5.6 4.2
N"6 Std Dev 2.2 2.5 2.3 1.7
n"285 Min 23.5 6 2.7 1.0

Max 32.5 13 8.1 13.0
Reidsville Corn Avg 23.0 12.8 11.3 8.5
N"4 Std Dev 2.5 11.9 2.4 4.9
n"289 Min 19.7 4.0 10.0 1.4

Max 29.0 32.0 15.6 20.5
Plymouth Wheat Avg 14.3 9.4 22.7 66.7
N"4 Std Dev 3.2 4.4 1.2 60.7
n"229 Min 5.5 5.3 21.3 2.7

Max 19.2 13.9 23.8 175.6
Kinston Wheat Avg 17.1 3.2 9.4 9.5
N"4 Std Dev 2.9 0.8 2.5 2.9
n"166 Min 9.5 2.2 6.3 4.3

Max 21.5 4.0 11.7 19.9
Oxford Wheat Avg 15.4 1.8 6.9 2.7
N"4 Std Dev 2.4 0.5 1.3 3.4
n"187 Min 10.7 1.3 5.8 0

Max 19.3 2.4 8.7 25.5
Reidsville Corn Avg 19.1 19.7 21.7 56.1
N"4 Std Dev 4.9 13.0 2.4 53.7
n"161 Min 11 8.6 19.8 4.5

Max 28.4 36.5 24.9 191.9

!N is the number of sampling days; n the number of NO concentration measurements; and TEN the total extractable nitrogen.

for arriving at the NO #ux can be found in Roelle et al.
(1999).

2.3. Temperature and soil analysis

Soil temperature was recorded every 15 min using
a Fischer Scienti"c temperature probe inserted 5 m into
the soil, adjacent to the chamber. On average, the soil
temperature di!erence between the inside and outside of
the chamber was 0.23$13C (Sullivan et al., 1996; Roelle
et al., 1999). A soil sample (8.3 cm in diameter to a depth
of 20 cm) was taken from the center of the dynamic

#ow-through chamber footprint at the end of each
measurement period (1 sample per day) and analyzed for
percent soil moisture and total extractable nitrogen.

3. Results and discussion

3.1. Soil temperature

Fig. 1 is an hourly averaged diurnal pro"le of NO #ux
versus time of day for each site and crop type. This graph
has been split to re#ect two di!erent ranges in NO #ux so
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Fig. 1. Hourly averaged NO #ux (09:00}17:00) for each measurement site and crop type. Note the change in scale on the vertical
axes-graphs have been split so that diurnal trends would be easier to discern. The 1 & 2 attached to each site name indicates the season
the site was sampled, 1"late spring/summer 95; 2"spring 96.

that diurnal variations can be better discerned. In gen-
eral, both graphs reveal that maximum NO emissions
occur in the afternoon when soil temperatures are typi-
cally at a maximum and reduce to lower values in the late
afternoon hours when soil temperatures are typically
lower. The bottom graph also reveals that several sites
have a local maximum of NO emissions in the morning.
This morning peak has been observed by other re-
searchers (Johansson and Granat, 1984; Roelle, 1996),
however a solid understanding as to the cause of this
phenomenon has yet to be determined. It has been hy-
pothesized that this morning peak is a result of plant
roots which may exude organic substances in the morn-
ing hours which denitrifying bacteria can utilize to pro-
duce NO (Johansson and Granat, 1984). Aneja et al.
(1995) reported a negative correlation between NO #ux
and soil temperature, which was explained by a combina-
tion of moisture and heat stress on the soil microorgan-
isms in the top 20 cm of soil. This explanation is not
su$cient in this study, because although there was a brief
period when the correlation was negative, the greatest
values of NO #ux were in the afternoon, when soil tem-
peratures were at a maximum.

It is generally found that in the range of temperatures
between 288 and 308 K, biochemical reactions will rise
exponentially with temperature (Warneck, 1988). Several
researchers have investigated this relationship, and in
fact have observed there to be an exponential dependence
of NO #ux on soil temperature (Williams and Fehsenfeld,
1991; Sullivan et al., 1996; Thornton et al., 1997; Roelle et
al., 1999). The research conducted during this experiment
revealed similar results, however, the exponential de-
pendence of NO #ux on soil temperature was not consis-
tent at all sites.

Plymouth, NC, during the late spring 1995 experiment
displayed some dependence of NO #ux on soil temper-
ature [log (NO #ux)"0.083(Soil ¹)!0.41; R2"0.27]
for the entire 16 day period. However, this research site
was characterized by an additional application of N ferti-
lizer midway through the experiment allowing the data
to be segregated into periods &before' and &after' fertiliza-
tion. For the period before the additional N fertilization,
there was virtually no relationship between temperature
and #ux [log (NO #ux)"0.023(Soil ¹)#0.89; R2"

0.10]. However, for the period after the additional N fert-
ilization (Excluding one day due to the remnants

P.A. Roelle et al. / Atmospheric Environment 35 (2001) 115}124 119



Fig. 2. Hourly averaged NO #ux plotted versus hourly averaged soil temperature (at 5 cm depth) for the composite data from the four
sites where the data was collected.

of Hurricane Allison #ooding the "eld), the relationship
increased [log (NO #ux)"0.23(Soil ¹)!3.823;
R2"0.58]. Additionally, there was some dependence of
NO #ux on soil temperature observed at a soybean crop
located in Kinston, NC during the summer 1995 research
period when one day was excluded due to heavy rains the
previous day (log (NO #ux)"0.45(Soil ¹)!11.33;
R2"0.35). There was also some dependence observed
at the tobacco crop in Oxford, NC [Log (NO
#ux)"0.09(Soil ¹)!2.00; R2"0.56]. At the remainder
of the research sites, this same exponential dependence
on soil temperature was di$cult to detect.

Fig. 2 is a composite of the data from each site with
hourly averaged soil temperature plotted versus hourly
averaged NO #ux. This graph and regression analysis
reveals a signi"cant improvement in R2 values for data
which was collected at Plymouth and Reidsville, which
were being cultivated with corn during approximately
86% of the measurement period. These results are more
in line with similar analyses conducted by Thornton et al.
(1997), who reported R2 values of 0.87 for a dataset
comprised of approximately 9900 observations, of which
94% were from soils where corn was being cultivated.
This deviation from the often-cited relationship between
NO #ux and soil temperature at Kinston and Oxford

suggests that factors other than soil temperature are
acting to control the #ux of NO. Researchers in Califor-
nia conducting extensive research on a very robust NO
data set report that depending on location and time,
other variables (i.e. crop type, soil type, water-"lled pore
space, N content) can have stronger in#uences than soil
temperature on NO #ux (Matson et al., 1997). Addition-
ally, Sullivan et al. (1996) reported that di!erences in
a crops growth stage and the age and amount of root
biomass further act to in#uence the NO #ux/temperature
dependence.

3.2. Total extractable nitrogen

Another variable, which has also been found to control
the NO #ux, is total extractable nitrogen (TEN)
(NH

4
#NO~

3
). Fig. 3 is a graph of the total average

NO #ux (stippled bar) (09 : 00}17 : 00) and TEN on the
secondary axis plotted for each research site. Three
sampling days were removed from this analysis, which
occurred during or immediately after rain events at
the site. This graph does reveal a trend of NO emissions
responding to increasing and decreasing amounts of
TEN, however a consistent relationship was unable to be
detected. Researchers conducting similar studies have
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Fig. 3. NO #ux between 09:00 and 17:00 (stippled bars) and total extractable N (on secondary axis) plotted for each site. The 1 and
2 attached to each site name indicates the season the site was sampled, 1"late spring/summer 95; 2"spring 96. Error bars represent
one standard deviation. One sampling day at Kinston1-Soybean, Plymouth2-Wheat, and Reidsville2-Corn, were not included in this
dataset due to rainshowers occurring at the site.

reported on the e!ects of organic and inorganic nitrogen
content in soils on NO emissions and in general have
found that soils with higher N content produce higher
NO emissions (Davidson, 1991a, b; Cardenas et al., 1993;
Potter et al., 1996; Sullivan et al., 1996; Roelle et al.,
1999). If the research conducted in spring 1995 at
Plymouth, NC is taken as an example, it is evident that
TEN alone is not controlling the release of NO from the
soil. At this site, a small increase in TEN was associated
with a much larger increase in NO emissions. A plausible
explanation as to the lack of a consistent relationship in
our data between TEN and NO emissions could be the
result of our soil sampling method. One method of N fer-
tilizer application is to use applicator nozzles which drag
across the soil surface (2 cm wide strip of concentrated
liquid fertilizer). This application method was used on the
corn crop at the Plymouth site. Upon drying, there is no
way to discern where exactly this fertilizer band is in the
interrow (1 m width). It is possible that the fertilized strip
was in the chamber footprint (diameter 27 cm) but our
soil core sample (diameter 8.3 cm) missed the band. Fur-
ther, it is possible that a soil sample, which occurred
immediately following fertilization, collected the fer-
tilized strip which had yet to penetrate the soil surface.

Statistical analysis of the data in Fig. 3 reveals a noisy
data set with an R-squared value of only 0.15. However,

this relationship does improve and becomes highly signif-
icant (p(0.0001) when those #ux values greater than
100 ng N m~2 s~1 are removed from the regression. The
justi"cation for removing 3 (from Spring 95 data set) of
the 5 data points greater than 100 ng N m~2 s~1 is that
the data was collected immediately (within 2 weeks) after
fertilization. In contrast, at all the remaining measure-
ment sites, there was no data collected within at least one
month of fertilization. These results suggest that TEN
can be used e!ectively in NO #ux models, although
further research will be needed to determine under what
physiological and environmental conditions this rela-
tionship can be best applied. Sullivan et al. (1996), during
a "eld study with an equivalent experimental design,
experienced similar results and reported that the di!er-
ences in a plants physiological growth stages, during
which nitrogen demands of the plants will vary, confound
the relationship between NO #ux and TEN.

3.3. Soil moisture

The role of soil moisture on NO #ux has been exam-
ined by several researchers (Cardenas et al., 1993; Valente
and Thorton, 1993; Ormeci et al., 1999). Typically, each
soil type will have a range of soil moisture which opti-
mizes NO #ux. For example, Cardenas et al. (1993)
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Fig. 4. Average NO #ux (09:00}17:00) vs. % soil moisture. Percent soil moisture was determined from a soil sample taken from the
center of the chamber footprint at the end of each measurement period. Data have been segregated into sites.

reported that the optimum range of soil water content for
sandy loam soils was between 9 and 18%. Moisture
values above a soils optimum zone will generally de-
crease NO #ux due to pore spaces "lling with water and
inhibiting gas transport. Moisture values below a soils
optimum zone will generally lead to decreased NO emis-
sions as a result of moisture stress to the soil microbes.
Fig. 4 is a graph of the daily averaged (09:00}17:00)
NO #ux values versus % soil moisture for the four
research sites where the experiments were conducted.
These results partially support Cardenas et al.'s (1993)
research in that NO #ux tends to respond positively to
increased moisture, and then begins to decrease again at
moisture levels greater than 20%. However, it is also
evident that with R-squared values of 0.2, this variable
alone cannot adequately predict NO emissions from bio-
genic processes. Using the same rationale as in Fig. 3, the
data points greater than 100 ng N m~2 s~1 were re-
moved from the data set and then reanalyzed.
However, unlike Fig. 3, this approach only resulted in
a slightly better model prediction (R2"0.3).

3.4. NO response to soil parameters

Chameides et al. (1988, 1994) have reported on the
importance of including both anthropogenic and bio-
genic NO emissions when attempting to predict the

concentrations of tropospheric ozone. One of the
methods used in air quality models for estimating soil
NO emissions is the Biogenic Emissions Inventory Sys-
tem (BEIS2) model. This model utilizes soil temperature
data and an emission factor which is based on crop type,
the type and amount of fertilizer applied, and other
chemicals applied to the soil (Birth and Geron, 1995).
The NO #ux is then calculated by:

NO #ux (ng N m~2 s~1)"A EXP(0.71H¹
4
)

where A is the experimentally derived coe$cient which is
dependent on the land use category and ¹

4
is the soil

temperature (Williams et al., 1992).
This temperature dependence model has been ques-

tioned by several researchers who have found that tem-
perature alone does not adequately explain the #ux of
NO in their measurements (Matson et al., 1997; Roelle et
al., 1999; Li et al., 1999). In fact, Matson et al. (1997)
reported that for most crops in their research, percent
water-"lled pore space (WFPS) was equally as important
as temperature in predicting NO emissions.

Table 3 lists Williams' values for A as well as those
calculated for this study. The range of soil temperatures
(¹

4
) with the corresponding #uxes produced using the

BEIS2 model versus the actual data measured during
this study is also on this table. There was reasonable
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Table 3
NO emissions for this study and the results using the BEIS2 model for the corresponding range of soil temperatures observed during the
study

Crop type Emission factor (A)
(this study)
(ng N m~2 s~1)

Williams' emission
factor (A)
(ng N m~2 s~1)

¹
40*-

range (3C) NO #ux
(using BEIS2)
(ng N m~2 s~1)

NO #ux
(this study)
(ng N m~2 s~1)

Range: 2}265
Corn 7 9 11}32.7 20}92 Average: 30

Range: 2}97
Soybean 3 0.2 21.5}31.9 1}2 Average: 30

Range: 1}13
Tobacco 0.6 4 23.5}32.5 21}40 Average: 4

Range: 0}176
Wheat 11 3 5.5}21.5 4}14 Average: 26

agreement between A factors for the corn crop, where
Williams' A value is 9 ng N m~2 s~1 and the A value
from this study is 7 ng N m~2 s~1. However, the remain-
ing crops, (soybean, tobacco, and wheat) varied from
Williams' model by factors of 15, 6.7, and 3.7, respec-
tively. Research conducted in the San Joaquin Valley
in California produced even larger deviations from
Williams' model, where these researchers calculated
A values for corn between 0.0001 and 0.0005 ng N m~2 s~1

(Matson et al., 1997). As the table indicates, using the
BEIS2 model to estimate NO emissions can produce
values di!erent by up to an order of magnitude than
the NO emissions that were calculated during this study.

4. Conclusion and recommendations

NO emissions and soil properties were studied from
several croplands in order to gain a better understanding
of the chemical and physical properties of soil which
in#uence NO #ux, and to provide much needed data to
the biogenic NO emission dataset. Utilizing a dynamic
#ow-through chamber, the #ux of NO from soil was
determined for four di!erent regions and crop types
during both spring and summer. NO #ux was generally
found to follow a diurnal pro"le with maximum emis-
sions coinciding with maximum soil temperatures. Addi-
tionally, several sites displayed a morning peak in NO
emissions, which is occasionally observed by some re-
searchers but has yet to be explained. The exponential
dependence of NO #ux on soil temperature existed at all
sites, but to di!erent levels of signi"cance. It was also
observed that NO #ux did respond to varying amounts
of both total extractable nitrogen (TEN) in the soil and
soil moisture content.

Although relationships between soil parameters (soil
moisture, TEN, soil temperature) were evident, no one
variable or combination of variables has yet been found
to adequately model the #ux of NO from agricultural

soils. Parkin (1993) addressed the di$culty in modeling
a system with such high variability, yet stressed the
importance of continued research, as improved estimates
will only be achieved as we gain a greater understanding
of the processes causing the variability. The data from
this observationally based study raise concerns about the
current practice of basing emission estimates solely on
temperature and land cover type. Errors in soil emission
estimates caused by ignoring the in#uence of parameters
such as soil moisture and TEN, which was pointed out
in the comparison of BEIS2 model estimates to actual
calculated #uxes, may also hinder the ability of ozone
models to simulate VOC/NO

x
emission control scenarios.

With the addition of this data set reported here, and with
data such as reported by Thornton et al. (1997), the
scienti"c community should combine other observa-
tional data to build a model which includes a broader set
of environmental parameters (i.e., %WFPS, TEN, soil
type), which will likely lead to better estimates of NO
emissions from agricultural soils.
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