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Measurement of Soil NO_ Emissions in Central Pennsylvania

/

E. I. WiLLiams,! I D. Parrisy,! M. P. Bunr,! anD F. C. FEHSENFELD!

Aeronomy Laboratory, National Oceanic and Atmospheric Administration, Boulder, Colorado

R. FaLr!

Department of Chemistry and Biochemistry, University of Colorado, Boulder

Soil emissions of NO and NO, were measured at forest and agricultural sites in Pennsylvania. The
strong dependence of NO emissions on soil temperature observed in earlier studies was also found in
these measurements. The large variation in the measured NO flux at these sites indicated that variables
other than soil temperature play an important role. In the present study the strong correlation between
the NO flux and the soil nitrate level suggests that the level of available nitrate in the soils may affect NO
emission. "In this connection it should be noted that the application of chemical pesticides. as well hs

. nitrate-containing fertilizer, may inHuence these Tesults. \In these studies, NO, accounted for a minor
fractisn (6%) of the nitrogen oxide emissions. Laboratory studies designed to investigate the influence of
certain environmental and experimental factors on NO emissions under controlled conditions were also
conducted. These results alse indicate that temperatute has a large effect on soit NO emissions, while
flush gas humidity and carbon dioxide level exert little, if any, effect.

INTRODUCTION

Nitrogen oxide {NO + NO, = NO,) emissions from soils
are recognized as being a significant source ol atmospheric
NQ, [Logan, 1983, and refcrences therein]. However, the
magnitude of this source is subject {o considerable uncer-
tainty. For example, Hahn and Crvizen [[982]1 estimate that
soils may represent between 0% and 29% of the total global
source. Stedman and Shetter [1983] indicate a soil source of
NO, that is beiweer 13% and 50% of the glopal total, while
Logan [1983] estimates that between 7% and 30% of the
global total NO, source arises from microbial activity in soils.

At the time that those estimates were published, only one
set of soil NO_ emissions data was in the literature [Galbally
and Roy, 1978]. Since then, several other studies have been
conducted {Johansson, 1984; Johansson and Granat, 1984;
Slemr and Seiler, 1984, Defany et al., 1986; Anderson and
Levine, 1987; Williams et al., 1987). These studies were con-
ducted at different regions arcund the globe and under a wide
variety of climatic and soil conditions. As a consequence, the
data exhibit considerable variability and do little to reduce
uncertainties in NO, soil source strength estimates.

In order to subsiantially improve the estimates it is neces-
sary to produce a data base that reveals factors, such as tem-
perature, soil type, soil moisture, pH, and soil nitrate and/or

field studies, as well as investigations under controllad labora-
tory conditions, are required.

During the summer of 1986 the soil emissions of NO and
MO, were measured at «wo sites ir central Pennsylvania. The
firs: site was in an uncultivated, ungrazed forest clearing. The
second site was in an agricultural area where the soils were
altered by the methods and treatments common to modern
agriculture. These results are compzred with an extensive data
set collected at a Colorado site [Williams et al., 19877 and are
discussed in terms of the chemical zna physical factors influ-
encing the suil at these sites. Laboratory experiments were
also conducted. These were pe.formed to investigate the influ-
ence of certain environmental variables, such as flush gas
moisture content, carbon dioxide levels, and temperature, on
NO emissions from a potting soil.

EXPERIMENTS AND RESULTS

)Field Measurements

The field measurements were carried out at two locations in
central Pennsylvania near State College. Both locations are
operated by Pennsylvania State University. )

Detailed descriptions of the measuring equipment and the
experimental arrangement have been given previously [Par-

ammonium, that influence soil emissions. The objective.is-to— ,ish or af, 1987] and will be outlined only briefly here. Nitric

generate algorithms. that-relate:NQO:emissions_to_these_factors
—-"-’_"-‘.-

i order to obiain estimates of NO.emission_as_a.function of
[:(_)_E_:é_[_l‘;jg__fl____g:_gd:gf:a_son.' In addition, a precise knowledge of the
;:lependence of NO emissions on these factors gives insights
into the biogenic mechanisms responsible for the NO gener-
ation. Because of the variability of these factors in nature and

the compiexity of the biogenic response to them, additional

'Also at Cooperative Institute for Research in Environmental Sci-
ences, University of Colorado, Boulder.
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oxide is measured via chemiluminescent reaction with ozone.
The instrument used in this work has a detection limit of 2
pptv {parts per trillion by volume) NO for an integration time
of 10 5. Nitrogen dioxide is measured by photolytic conversion
to NO followed by chemiluminescence detection. The detec-
tion limit for NO, is 10 pptv for a 10-s integration time.
Ancillary measurements included ambient air temperature,
ambient dew point, wind speed and direction, pressure, solar
radiation, precipitation, and ambient ozone (model 49,
Thermo Electron Corporation, Waltham, Massachusetts).
Measurements of soil emissions were performed via a
chamber method. Stainless steel frames (approximately 0.1 m?)
were driven into the ground to a depth of approximately 10
cm. A Tefon-lined chamber (approximately 27 L in volume)
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TABLE |. Soil Characteristics of the Pennsyltvania Field Sites

Rock Springs

Corn
Fieid

Wheat

Scotia Field

pH 5.9 (0.52)
Organic matter, % 2.4(1.0)
Texture sandy loam
Soil mixture. % 7.3(1.6)
Soil temperature, °C 27.5(2.8)
NO,™ N. ppm <0.1

NH,* N, ppm 16.7 (7.8)
NO,™ N, ppm 0.75 (0.56)

6.7 (0.2

24010
clay foam

9.8 (1.3)
27.1 {4.3)
<0.1

7.8 2.1

4.8 (1.3)

6.2 (0.5
2.00.10
clay loam

Values in parentheses are the standard deviations.

was placed over the {rame and held in place by means of a
grooved collar which mated to a lip on the frame. Zero air
flush gas flowed through the chamber, providing mixing
within the enclosure and eliminating complications arising
from ambient NO, and ozone. Measurements by Goldan et al.
[1987], using a similar chamber, indicated a negligible pres-
sure gradient ( < 0.01 torr) across the chamber wall. The flush
gas flow rate was nominally 4 L/min STP but was oc-
casionally varied for determination of possible uptake effects.
Also, the chamber has provision for the insertion of a gas line
which carries NO calibration gas. This standard addition ex-
periment also was performed in order to determine possible
uptake effects. The NO level in the chamber was monitored
until a steady state level was achi=ved (after about 20-30Q min}.
This steady state level was used to calculate the soil emission.
A correction for soil uptake of NO, which was not necessary
in previous studies [Williaris et al., 1987], was rzquircd here
and is discussed later. At the end of cach measurement, soil
temperature, both inside and outside of the frame, and the air
temperature inside the enclosure were recorded The soil tem-
perature was measured using a chromel-atumel thermocouple.
This thermocouple was shielded ard insertad approximately §
¢m into the soil. The estimated uncertainty in this temperature
was no greater than 1 K. During the period of the measure-
ment there was no significant change in the soil temperature.
Soil moisture levels were monitored by measurement of weight
loss of soil samples on drying. These values are reported as
percent dry weight. The analysis of the soil samples was done
by the Soil Testing Laboratory, Colorado State University,
Fort Collins.

In addition to the enclosure flux determinations, measure-
ments of soil NO emissions were also made via a gradient
technique. This method has been described elsewhere [Parrish
er al., 1987] and will only be outlined here. During nighttime
hours the major sink for NO in the atmosphere is reaction
with ambient ozone. If conditions can be selected such that a
spatially uniform soil NO source provides the only input to
atmospheric NO, then one can relate the decrease in NO with
height to that soil source and atmospheric sink. This relation-
ship can be obtained by making some reasonable assumptions
about the vertical mixing in the atmosphere where, during
nighttime hours when these measurements were made, there is
little convective turbulence,

The model that we employ assumes that this vertical mixing
can be described by an eddy diffusion parameter that increases
linearly with height. With the only atmospheric sink for NO
being reaction with ozone and the only source being the soil,
by knowing the vertical mixing behavior the model can pre-

WiILLIAMS ET AL.: SOIL NO, EMISSIONS IN PENNSYLVANIA

dict the nighttime gradient of NO. Standard gradient curves
are generated by the model for different regimes of source and
sink strengths. Then the measured NO gradient is compared
with these standard curves until a best fit is obtained. Adjust-
ment of the fit for differences in ozone levels and temperatures
and pressures that are measured simuitaneously with the NO
gradient allows the model to produce a value for the net NO
soil emission for those conditions.

This gradient method has been extensively intercompared
with our enclosure technique at a Colorade grassland site
[Parrish et al., 1987]. Excellent agresment between these two
independent methods was obtained over a three order of mag-
nitude range of soil NO emissions.

Scotia. The first site is approximately 4 mi (6.4 km) west of
State College. In the early 1960s a clearing within a mixed
coniferous-deciduous forest was established by removal of ap-
proximately 18-24 in (45-60 cm) of topsoil and vegetation.
Since then, low shrubs, grasses. and small trees have been
reestablished, but the area is still free of thick forest. A number
of soil samples were taken for analysis. These data, shown in
Tabie I, indicate that this sotl is a somewhat acidic and rea-
sonably well drained sandy loam that contains moderate
amounts of ammonium nitrogen but low levels of nitrate and
nitrite nitrogen.

At this site, six small areas were demarked for study by
insertion uf the enclosure frames into the ground. These
frames were placed cuch that bare ground. as well as small
amounts of vegeration, were tncluded for study. The total area
spanned by the six frames was approximately 25 m? At the
Scotia site and at the Rock Springs site {see below} most of the
rames were placad in the ground at least 24 hours prior to
starting measurements. This time period for equilibration of
the frame with the soil-plant system appeared to be adequate,
since over the measurement period no sysiematic trend could
be found in the data from any given rame.

Soil emissions were measured at the Scotia site from July 25
tc July 30, 1986. Table 2 presents a summary of the data
collected from each of the six frames. The NO flux ranged
from 0.18 ng N m? 57! to 4.10 ng N m~* s~!, while the
average NO soil emission for all 32 data points was 1.20 ng N
m~2 57! The flux of NO, averaged 0.077 ng N m~?s~". The
soil temperatures ranged from 23.2°C to 33.5°C. Soil moisture,
as noted in Table 1, averaged 7.3%.

Rock Springs. The second location, Rock Springs, is an
experimental farm that is managed by the Department of
Agriculture of the Pennsylvania State University. Soil emis-
sions were measured from two distinct sites. The first was a
field of corn planted using a typical no-till method. Aside from
the live corn stalks, the field was bare of other vegetation. This
field was fertilized in June 1986 with urea {15 kg ha~!) and
NH,NO, (15 kg ha™!). The second sampling site was a wheat
field that had been recently (within I week) harvested. In addi-
tion to the wheat stubble in that field, there were also small
grasses and weeds growing. This field had been last fertilized
in 1985, Analyses of soil parameters at these sites are also
shown in Table 1. The soil in both the wheat field and the
corn field is a clay loam and is slightly more alkaline and
moist than soil at the Scotia site. The average soil temperature
of the wheat field is comparable to that at the Scotia site but is
higher than that of the corn field because of shading by the
corn stalks, which were 6-8 feet (2-3 m) tall at this time. The
ammonium nitrogen in these two fields is comparable but is
lower than that at the Scotia site by about a factor of 2. The
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nitrate nitrogen levels, however, are much higher and con-
siderably more variable than those at the Scotia area. Maore-
over, the nitrate levels in the corn field are, on average, a
factor of 10 higher than those in the wheat field. Finally, the
corn field was subject 10 the application of a wide spectrum of
pesticides, including herbicides (Atrazine, Roundup, Bladex),
an insecticide (Furadan), and a germination inhibitor {Duai),

A map of the Rock Springs site is shown in Figure 1. At this
site, seven frames were placed in each of the two fields. In the
corn field, frames were placed in between corn rows as well as
in small open areas away from the corn plants. Since the
wheat ficld appeared 1o be somewhat uniform, the frames were
placed in rows without regard to any distinct forms of veg-
etation. The newly harvested wheat field also provided a very
uniform fetch of at least 100 m for 180° about the gradient
tower (see Figure 1). The NO gradient was measured at 50-
and 200-cm heights continuously from sunset to sunrise be-
tween August 6 and August 15 Occasionally, the enclosure
was used to simultaneously measure the NO flux frem a single
frame in the wheat field. Because of the close proximity and
consequent interference of the strong corn field NO source,
only three periods of light and steady wind from the south to
the west quadrant were amenable to calcuiation of the gradi-
ent fux from the wheat field by the gradient method. These
results are shown in Table 3.

Emissicns of NO from the wheat field were as low as those
from Scotia and the most uniform of all three sites. Table 2
summarizes the data [rom each of the seven frames that were
located in this field. The NG tiux ranped from 0.21 ng N m™?
s™'te 3.8 ng N m~% 5™%, and the average of the L19 data
points was 1.2 ng N m~2 s~ !. The average flux of NO, was
0071 ng N m™% 57}, The maximum znd minimum soil tem-
peratures at this site were 34.9°C and 17.2°C. Average soil
moisture was highest in the wheat field at 9.83%. Also shown in

TABLE 2. Summary of Data for all Pennsylvania Sites

g CORN FIELD J

- r____ﬁ__,,_
(
/N ~stOm
INETRUMENT
CORN TRAILER
FIELD |

~~180m okl o
B3
GRADIENT../ N i
TOWER I\__ENCLOSURE
FRAMES
~150m CORN
WHEAT FIELD FIELD

STATE HIGHWAY 45

Fig. 1. Schematic diagram of the Rock Springs site. The smali
crosses carrespond to the frames that were used to collect the
chamber fux daa,

Table 2 are nitrate and ammoanium nitrogen levels for four
individual frames. These samples were taken from within the
frame area at the end of the study. The uniformity of the fux
measurements is reflectad in the soil nitrogen levels.

In contrast, NO emissions from the corn ficld were, on
average, much greater and showed much larger spatial and

. temporal variability. These data, atsociated with the seven

frames located in the corn field, are shown in Table 2. The
maximum flux measured at this site was 338 ng N m~? s,
the minimum flux was 1.6 ng N m~2 57, and the average of
the 89 data points was 94 ng N m~2 s™*. in contrast to the

wheat field data the frame-to-frame averages in the corn field -

differed by as much us a factor of 50. The average NG, emis-
sion was 3.2 ng N m™* s™'. The average soil moisture was
8.7%. Table 2 also shows soil nitzogen levels from Ave sepa-
rate frames. In this instance the soil ammonium levels were

NO\?]U"_’:- NG. Fluxe N A ) relatively constant, while the soil nitrate levels varied widely.
g m P Nitrate, MMOMUM.  This variation is reflected as well in the soil NO emissions.
Frame 5 ngNm s ppm ppm
Scotia Laboratory Studi
t 0.56(0.18)  0.031 0.8¢ 174 averatory Studies
2 1.4 (0.43) 0.072 A series of laboratory tests were conducted in order to iden-
3 g-l (I.4)] 0._(‘)115 tify the role played by various environmental and experi-
; 03,5, 23023 0.14 mental factors in controlling NO emissions from soils. These
6 0.76 (0.58) - studies utilized an environmental chamber (Percival, model
nes W . [-35LLX) that is capable of controiling light intensity and
, 0.86 (0 4‘§;’d‘ Sgr;ggs(o.l)’;;‘)" F “’f‘; s temperature. This chamber has been used in a similar appli-
2 0.67 (0:26) 0:032 (0.033) 6 10 cation to study the emission of sulfur species from biogenic
3 1.7 (0.62) 0.15 (0.24) sources [Fall et al, 1988], The experimental arrangement used
; }.3 gg'ig; ggzg Egggg; 4 & for these studies is shown in Figure 2 and was designed to
4 (0.6 . .
6 1.4 (0.50) 0.044 (0.046) 3 8
7 15 (1.1) 0.088 (0.068) -~ ,
y TABLE 3. Results of Gradient Flux Measurements
Rack Springs Corn Fiel
1 178 (83) 4.4 (3.7) 50 7 Soil
2 26 (14) .7(2.5) 6 6 Time, Temperature, Flux. ng |N
3 99 (47 0.75 (0.84) 165 [6 EST R [
4 9.4 (2.2) 0.23 (0.12) \7 6
5 133 (42) 0.46 176 22 Aug. 6 0245-0345 19 1.09
6 212 (6% 27 Aug. 14 2200-2300 19 133
7 4.5(2.5) L1 Aug. 15 0030-0130 8 0.84
B

*Average value (standard deviation),
tSite-wide average.

The average of the wheat field enclosure measurements for
19°-24°C i50.92 = 0.52 ng Nm™*s™".

[———————————————
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CONTAINING
SOIL SAMPLE
BUBBLER

Fig. 2. Laboratory system used to assess the effects of various
environmenial factors on NO emissions from a potting soil. The en-
vironmenta! chamber is capable of controlling iemperature and light-
ing.

simulate the enclosure method used to collect the field data.
Samples of a potting soil (Baccto, Michigan Peat Company,
Houston, Texas) were placed in aluminum pans of approxi-
mately 3 inches (7.5 cm) depth. The pan was placed in the
environmental chamber, and adequate time was given for the
soii to equilibrate with the internal conditions of the chamber.
The enclosure used to measure the NO emissions was then
placed on the soil sample {no frame had been installed), and
the NO flux was determined. The NO detector used in this
work was a commercial NO analyzer (modei 14B/E, Thermo
Electron Corporation. Waltham, Massachusetts) that was
modified using the approach ot Delany et al. [1982].

The results from the chamber tests can be summarized as

[follews:

. Emissions of NO were measured at different tempsr-
atures. These data are shown in Figure 3. When plotted as log
(Rux) versus temperature, an excetlent correlation (r? = 0.9996)
is obtained.

2. The influence of humidity was investigated by placing a
bubbler containing deionized water in line with the flush gas.
The emission of NO was measured with dry air and with
water-satucated air. At 4 L/nin STP, the level was 81.1 ng N
m~2 s™! for dry air and 103 ng N m~2? s~ ! for moist air, a
difference in flux of 27%.

3. The effect of carbon dioxide was investigated by using

1000 IE I | T I ] ] A
E Q Rock Springs (Corn Figldy
— = gggz::c:nrings (Wheat Fieiq)
'n 100k ascotia | ’ ) x
(‘;I g X Patting Sont o X K
X
e T | .
z 0 | | | 3y
| = | —4 7
g _ d_“T_“ | | 4t |
oo b T S
5 2 o E
2 L | :
L. i | ]
o 01 .
z ]
0.01 ' | : I : I )
0 10 20 30 40

SOIL TEMPERATURE. °C

Fig. 3. The flux of NO versus soil temperature. The vertical lines
represent the standard deviations of the average NO flux measured
over the soil temperature range spanned by the horizontal bars.
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zero air with (~400 ppm) and without CO,. The average
value of three runs with CQ, was 177+ 53 ng Nm~% g7
and the three-run average without CO; was 170 £ 7.9 ng N
m~?% s~!. TInterestingly, the level of CO, in gas exiting the
chamber was roughly the same { ~ 350 ppm) regardless of the
CO, level of the flush gas entering the chamber.

D1sCUSSION

Field Studies

Enclosure measurements. The flux of NO from soils de-
pends strongly on_temperature. This has been previously
note ohansson and Granat, 1984, Johansson, 1984, Slemr
and Seiler, 1984; Williams et al., 1987, Anderson and Levine,
1987]. The relationship that we have observed is shown in the
data presented in Figure 3. This plot contains the measure-
ments that were made at a grassland site in Colorado [Wil-
liams et al., 1987], the results from the Pennsylvania sites, and
the data from the laboratory study. Although the magnitude
of the emissions from the different locations varies consider-
ably, the dependence of the emission on soil temperature at all
locations is similar. This suggests that the biogenic mecha-
nisms responsible for the emissions are common to all lo-
cations. The species diversity of nitrifying and denitrifying
bacteria has been studied [Focht and Verstraete, 1977, and
references therein], and these organisms have been found in a
wide variety of envirorments. The biochemical pathways of
nitrification and denitrification have similarly been investi-
gated [Focht and Verstraete, 1977; Chalamet, 1985], and
common features among many organisms have beer noted.
For example, while the cptimum temperature for denitrifica-
tion may vary [rom one area to another, the rate of denitrifica-
tion increases by appioximatelv a factor of 2 for every 10°C
increase in temperature [Haynes and Sheriock, 1986]. This is
consistent with the temperature relationships that are shewn
in Figure 3. It is then not unexpected ihat similar buhavior is
observed in the emission of NO, with respect to temperature,
at widely different localions.

The most obvious factor that may account for the difference
observed in the magnitude of NO flux recorded at these lo-
cations, as well as the degree of variability in emissions be-
tween frames within a single location, lies in the level and
variability of the nitrogen content of the soils. The two largest
components of inorganic (hence readily available) soil nitrogen
are nitrate and ammonium. Figure 4 shows the relationship
between flux and soil nitrate. At the Rock Springs site, soil
samples were taken from selected frames. For the two field
studies at this site the nitrate concentration from a soil sample
in each frame is plotted versus the average NO flux emitted by
the soil enclosed by the frame for a temperature range be-
tween 20°C and 30°C. In the case of the Scotia and Boulder
sites the nitrate levels were recorded from several soil samples
taken at the site. The average of these nitrate concentrations is
plotted versus the average NO flux exmitted at the site for soil
temperatures between 20°C and 30°C. The 26°C data point
from the laboratory study is also shown. The correlation be-
tween NO emission and soil nitrate is clearly evident in these
data. There was no obvious correlation between NO emission
and soil ammonium levels (data not shown).

Other investigators have noted that addition of nitrate_fert-
ilizers to soil can_stimulate NO emissions. Johansson and
Granat [1984] noted that addition_of calcium-Mo-agri—

rand iqion ol
cultural soils increased NO™ fluxes threefold. Similar stimu-
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Fig. 4. The flux of NO versus the nitrate content of soil. Symbols
shown in the legend also correspond 1o those in Figure 3. At the
Rock Springs site, soil samples were taken from within individual
frames. At the Scotia and Boulder sites, samples of soil were taken,
and a site-wide average was computed. The NO flux is an average
over a temperature range of 20°-30°C.

lations have been reported for forest coils treated with nitrate
nitrogen [Johansson, 1984, I_(_ggl_q_r_t__ et al., 1988]. In contrast,
there are réports that show Hitle correlation of NO fluxes with
soil niteate levels [Slemr and Seiler, 1984 Anderson and Levine,
1987]. Clearly, more information is needed on the dynamics of
nitrogen cycling in soil population: of denitrifying and ni-
trifying bacteria, the major biological sources cof soil NO
fluxes. Since denitrifiers (and possibly nitrifiers) can also act as
a sink for NG [Knowles, 1982], the models for the reguiation
of net NO fluxes fiom soil will need to corsider (1} the popu-
lation dynamics of these groups of bacteria. (2) the role or

-heterotrophic nitrification and aerovic denitrification [Know-

les, 19827, (3) the availabie inorganic and organic nitrogen
species, and (4) the physical vaviables {e.g., temperatvre and
soil moisture) that influence soil emissions. Finally, while
pesticides were applied to the corn field, no tests (such as
pesticide amendments to the soil) were performed to deter-
mine the zffects of these compounds on emission of NO. Infor-
mation does exist regarding pesticide effects on soil biolegical
activity [Somerville and Greaves, 1987], but the complexities
involved in such systems are substantial. More research is
needed in this area.

Although the soil moisture levels encountered during this
study were always adequate to support NO emission, no
simple relationship between emission of NO and soil moisture
could be discerned from the data. Laboratory studies by An-
derson and Levine [1986] indicated that NO emission should
take place over a wide range of soil moisture conditions, pro-
vided that the biogenic entities responsible for the emissions
are not stressed by lack of water and that the soils are not
water saturated. Field studies [ Williams et al, 1987; Anderson
and Levine, 1987 Slemr and Seiler, 1984] have noted that NO
emissions are suppressed in dry soils; however, subsequent
irrigation produces very large increases in flux. It is likely that
these observations are related to the principal nitrogen trans-
formation processes that occur in soils, that is, nitrification
and denitrification. While both processes contribute to the
emission of NO from soils [Focht and Verstraete, 1977], they
pccur optimaily under widely different conditions (soil ni-
trogen Content, aerobic versus anaerobic regimes, pH, e¢tc.),
and it is probable that the soil moisture level is an important
(possibly controlling) facter in determining which process is

dominant. For example, under dry conditions the soil becomes
aerated, which promotes nitrification, while denitrification
cccurs primarily under anaerobic conditions. In any case, the
relationship between emission of NO and soil moisture is
complex and warrants further study.

In the present studies, NO, levels in the enclosures were
alse measured. In an earlier study [Williams et al,, 19877 it
was noted that NO, was emitted and also rapidly removed by
the soil-vegetation system contained by these enclosures. The
net recovery of NO, from the enclosure depended strongly on
factors such as the wetness of the vegetation. Calibrated flows
of NQ, that passed through the enclosure indicated that there
was only a small loss of NO, to the walls, A similar situation
was noted with regard to the NO, measurements made in
Pennsylvania, although systematic experiments of uptake of
NO, (similar to those for NO, see below) were not conducted.
Measurements made at the wheat field before and after re-
moving vegetalion from within a frame indicated that the re-
moval caused large increases in NO, levels. In one case a
factor of 8 was noted, and in a second case the emissions of
NOQ, were a factor of 56 higher. For the corn field, which was
already free of vegetation except for the cornstaiks, the NO,
levels were quite varied. Although they were much higher in
magnitude { x 100) than the wheat field NQ, levels, as a per-
centage of NO emissions they were lower (4% as opposed to
6%). Only a few NO, measurements were mad. at Scotia, and
these results were similar to those of the wheat field. Overall,
at the Pennsylvania sites the soil emissions of NO, averaged
about 6% of the NO emissions.

Gradient measurements. Because chamber measurements
were not made concurrently with the few gradient flux data
noints that were measured, direct comparison of measured
NO fluxes betweeu the gradient and the chamber technigues is
not possibie. What has been done is to compars the average of
the pradient flux determinations to the average ol all wheat
field enciosure measurements for the temperature range of in-
terest. Based on this analysis, the average gradient flux is
about 28% greater than the average chamber flux (see Table
3). However, it is possible that, even with this carefully selected
set of gradient flux determinations, there is still some inter-
ference in these measurements by NO from the corn field.
Nevertheless, the agreement is quite good and provides inde-
pendent confirmation of the measured NO emission rates.

Deposition measurements. The method by which the NO
emission {as determined by the enclosure) is calculated as-
sumes no less of NO due to uptake by the soil [Parrish et al.,
1987}. The validity of this assumption is evaluated by tests
and checks which are used to determine whether any uptake
of NO occurs in the chamber during measurements, If signifi-
cant loss of NO occurs, then the emission rate is determined
by inclusion of an uptake component in the calculation (see
the appendix, equation (1)). This emission rate, then, reflects
the gross rate of NO release from the soil. The uptake compo-
nent is estimated by determining the variation of NO emission
with chamber flush gas flow rate or by performing a standard
addition of MO to the chamber and measuring the amount
recovered. The procedures for caleulation of this loss term via
these two approaches are shown in the appendix.

We assume here that the deposition of NO occurs via a
single-step process that can be described by a surface resist-
ance and that the inverse of this term is an upper bound to the
deposition velocity. However, because it is unlikely that
mixing in the chamber is similar to mixing in the atmosphere,

—
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TABLE 4. Calculated Deposition Velocities

NO
Seil Flow, Standard
Temperature, L/min NO,,, Addition. Recovered
Frame °C (STP) ppbv* ppbv NO, ppbv r7Y cmfs
Wheut Field Flow Variation Experiments
Aug. 6 wil 3.93 091 0.089
Aug. 6 Wi 26.9 9.67 0.54
Aug. 6 w2 393 0.59 0.048
Aug. 6 w2 9.67  0.31
Aug. 7 w6 393 2.55 0.0057
Aug. 7 W6 9.67 1.08
Aug. 7 W7 3.93 0.94 0.098
Aug. 7 W7 967 0.57
Average 0.060 (£0.042)
Corn Field Flow Variation Experiments
Aug. 5 Ca 253 393 126 0.073
Aug. 5 C4 967 7.7
Aug. 3 Cs 28.8 393 32 0.00014
Aug. 5 Cs 27.3 9.67 131
Average 0.037 (x£0.052)
Wheat Field Standard Addition Experiments
Aug. 8 Wi 23.1 393 3.17 2.67 0.014
Aug. 8 Wl 28.7 3.93 3.7 1.09 0.15
Aug. 8 W2 284 393 3.7 .94 4.050
Aug. 13 W2 231 3.93 3.17 1.77 0.062
Auvg. 8 W3 27.8 3.93 3.7 1.93 0.050
Aug. I3 W3 0.6 393 307 1.76 0.063
Aug. 7 Wé 1.93 6.56 4.94 0.013
Aug. 7 W6 3.93 . 1.86 0.G0%%
Aug. 6 W6 29.6 i 3.22 218 0.037
Aug. 7 W 9.67 1.31 1.04 0.051
Aug. 7 W7 323 1.93 6.56 263 0.057
Aug. 7 w7 393 3.2 i.87 0.057
Aug. 7 W7 $.67 1.31 0.84 0.11
Average 0.055(=0.039)

*Equilibrium mixing ratic of NO at the end of the
volume.

the surface resistance values reported here are applicable only
for the experimental conditions under which they were deter-
mined [Galbally and Roy, 1980]. Nevertheless, it is interesting
to compare the value determined in this work {Table 4) to
those reported in the literature. Laboratory measurements by
Judeikes and Wren [1978] showed NO deposition velocities of
0.19, 0.13, and 0.21 cm/s over sandy loam, adobe c¢lay, and
cement, respectively. Granat and Johansson [1983] measured
NO deposition to spruce and pine trees in winter, as well as to
snow (melting to — 14°C). These resuits indicated deposition
velocities of no more than 0.03 cmy/s, Gravenhorst and Bétiger
[1983] report a deposition velocity of 0.02 + 0.015 cm/s for
NO over soil. The average of the inverse surface resistance
values reported in this work is 0.055-0.060 cm/s for the wheat
field and 0.037 cm/s for the corn field. These values are in the
range of those measured previously.

Because it was not possible to obtain NO uptake measure-
ments for all conditions and for all of the study areas in the
wheat and corn fields, the soil NO emission data reported here
have been corrected for an average uptake. These corrections
are 73% for the wheat field data and 46% for the corn Reld
data and are comparable to the variability observed in the
emissions measured from the individual frames {see Table 2).
That these average corrections are reasconable can be seen by
comparison of data from the enclosure and gradient methods,
where the disagreement between these two independent tech-

enclosure flux measurement in parts per biilion by

niques is not more than 30%. Unforiunately, no uptake
measurements were conducted at the Scotia site, so these data
are presented in their uncorrected form.

With measurements of both NO emission and NO uptake,
the net NO emission from a site ¢can be estimated. However,
because the reaction of NO and ambient O, is fast, a fraction
of the emitted NO s converted within minutes to NO,. While
we have an estimate of NO, emission at these sites, we have
no quantitative measure of NO, uptake, and without this in-
formation we cannot make any estimate of net NO, flux. We
intend to address this point in future work.

Laboratory Studies

A systematic influence on soil NO emission is seen from the
variation of soil temperature (cf. Figure 3). In laboratory stud-
ies, as well as in the field measurements, the flux of NO is
highly correlated with soil temperature. The dependence of
NO emissions on temperature obtained from measurements
made on potting soil in the laboratory is very similar to those
relationships recorded from natural soil samples. This is illus-
trated in Figure 3 and adds further evidence in support of a
common biogenic mechanism,

The NO emission from the laboratory soil sample was
large. Likewise, the nitrate level in the sample was substantial
and fits well with the trends of NO emission versus soil nitrate
level shown in Figure 4.

e A i b oy S R e < o = oy
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The effect of flush gas water vapor leve! on NO flux was
small (27%), and there was no significant variation in NO
level with variation of the CO, level in the Rlush gas. Thus it is
reasonably clear that for NO flux measurements in the feld
that use enclosures and artificial air mixtures as Aush gases,
neither the moisture content nor the CO, level of the flush gas
will significantly bias the data,

CONCLUSIONS

From the data that we have coliected at the sites in Penn-
sylvania and Colorado, as well as from the laboratory studies,
only a few parameters have been identified that have a large
impact on the emission of NO from soil. The similarity seen in
the relationship between soil temperature and NO emission
for the various data sets is remarkable in light of the diverse
nature of the soils over which the emissions were measured.
The correlation between soil nitrate and NO emission is im-
portant, for this relationship may provide insight into the pro-
cesses which occur in the soil that are responsible for the
production of NO. Our data indicate that soil nitrate may be
a significant factor with respect to NO emission, but a larger
data base is necessary in order to confirm this. Yet another
factor which affects soil NO flux is soil moisture. From the
data that we have collected there is, as yet, no clearly defined,
simple relationship between these two parameters. Another
potential influence on.seil NO.flux.is.the-application.ol-pesti-
cides and other chemicals to agricultural soils. Large areas in
the Urited States and other areas of the globe are subject to
the use of fertilizers and biocides. These practices may have a
great impact on soil NO sources, especialily in rural areas.

APPENDIX: METHODS FOR CALCULATION GF SURFACE
RESISTANCE

Scandard Addition Method

In order to calculate a loss term from a standard addition of
NO to the chamber, the following must be assumed: (1) the
chamber atmosphere is well mixed, (2) the only loss is uptake
of NO by soil, and (3} the soil emission is constant over the
course of the measurement. Then for a flux measurement the
NO concentration in the chamber is described by

dNO) _E ©Q " oy 2
i =7 g NOYy — = (NO) - = (NO)

where E is the emission from the soil to the chamber, r is the
surface Tesistance,  is the volume flow rate of the flush gas, 4
is the chamber height, ¥ is the chamber volume, and (NO},, is
the nitric oxide leve! in the flush gas. If the flush gas is zero
air, (NQ);y is zero and at steady state:

0=E~r" (NO), — % NO),, )

where A4 is the area of the enclosed soil surface and (NO), is
the measured NO level in the chamber at steady state. For a
flux determination with a standard addition of NO to the
flush gas, the NO concentration in the chamber is described
by

dNO) _E @ . :
=ity (NO), — h [(NO}* + (NO),]

- % [(NO)Y* + (NO),,]
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where (NO);y equals (NO),, which is the (known) standard gas
concentration added, and (NO)! is the increase in the mea-
sured NO level in the chamber when the standard addition is
made. At steady state,

g

0= E + = (NO), — " '[(NO), + (NO),]

Loyt + oy @

Subtracting (1) from (2} yields

2

_g — 1__ % 1
0 == (NO), ~ r"(NO),* - = (NO),

Therefore

- 1
po1 Q[{NOL (No)u] (3)

T a (NO)_ !

In practice, once a flux measurement has reached a steady
state point, the NO calibration standard is added, and a new
steady state level is reached. Once r~' is evaluated, (1) yields
the emission rate E.

Flow Variation Method

By using equation {1) for two different flow rates and com-
bining them to eliminate E (assumed constant), one derives the
foilowing equation for the surface resistance:

-1 RO = 0,N0)
ALNO),* ~ (NOL,”]

(%
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