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Field Measurements of NO and NO? Emissions 
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(Received: 1 December 1983: in revised io-: 23 July 1984) 

Abruacl. Field mcaiuiemcnfs of NO and NO, emission$ from  mil^ havc been pcrformrd in Finlhen 
near M a i m  (F.R.G.) and in Utrera near Seville (Spain). The applied method cmployed a flow box 
coupled with a chemilumincrcent NOx dezecloi allowlng the dersrminirion 01 minimum f lus  r a m  of 
2 ug N m-' h-' for NO and 3 ~g m-' h-' lor NO,. 

Thc NO and NO, flux rare$ were found $0 be rrrongly dcpendcnr on soil surface temperatures and 
showed rrrong daily vuittionf with maximum vnlues du"ng the  early afternoon md minimum uduci 
during the early morning. Beween the daily variation partcrnr of NO and NO,, rhere was a time lag 
of about 2 h which sccm to be due to the dffersnt physico<hemicaI properties of NO and NO,. The 
apparcnr 1ctivation energy of NO Cmiifion calculated from the Arrhcniurequation ranged bctwscn 44 
and 103 k1 per mole. The NO and NO, emision rater were positively correlated with sail moisture 
in the upper roil layet. 

The measurements carried out in August in Finlnen clearly indicate the crtablirhmcnt of NO and 
NO, equilibrium mixing ialios which appeared to be on the order of 20 ppbv for NO and 10 ppbv for 
NO,. The roil acted 81 P ncl rink for ambientair NO and NO, miring ratios higher than thc equilibrium 
VaIuc~ and a net source for NO and NO, miring rPlioIlowFr than the equilibrium valuer. This behiviour 
a well ZI the obervation of equilibrium mixing rarior clezrly mdicate that YO and NO, a r e f o ~ c d  
and destroyed concurrently in the mil. 

Average flux r a m  measured on bare unfertilized soill w e n  about 10 up N m-' h-' for NO, and 
8 vg N m-' h-' lor YO. The NO and NO, flux rater were significantly reduced on p l m i  covered roU 
plots. In some caiei, the flux m c s  of both gases became negative indicrfhg that the vcgsralion may 
act a P sink lor aunorphcric NO and NO,. 

Application of mineral fertilizers ineicucd the NO and NO, emission rates. Highest emission ntei 
were obsened for urea followed by NH,Q, ".NO, and NaNO,. The fcrtilbei 10s riles ranged 
from 0.1% far NaNO, Lo 5.4% for urea. Vegctation SDYCI substantially rcducsd the fertilizer loss rate. 

The [OW NO, emision fmm roil is estimated to be I 1  Tg N YP. This riqure is an upper limit and 
includes the emision of 7 Tg N yr.' from natural unfertilized roilr. 2 Tg N yr-' from fcrlilircd roils 
a well as 1 Tg N yrV' from animal excreta. Despite iu ~pe~ulat ive  character. this estimation indicates 
that NO, emission by roil is impartan: far tropospheric chemistry especially in remote areas where 
the NOx production by other IOUISCI is comparatively small. 

Key words. NO, NO,, rail. decomposition. production. global budget. mineral fertilizer. 

. .. . 

1. Introduction 

Nitrogen oxides  play a key role in the atmospheric,photochemistry (CruQen, 1981). 
Nitrogen monoxide and nitrogen dioxide act as catalysts in various react ion chains and 
thereby strongly influence the concen t r a t ion  and dis t r ibut ion of t ropospheric  0, and 
OH radicals. Consequently, they have a strong impac t  on the dis t r ibut ion and abundance 
of many carbon, sulphur and halogen compounds in t h e  atmosphere. Thus, knowledge of 
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2 F. SLEMR AND W. SEILER 

the atmospheric cycle of  nitrogen oxides is of  primary importance for an understanding 
of atmospheric chemistry. 

Nitrogen monoxide and nitrogen dioxide are emitted into the atmosphere by a number 
of anthropogenic processes. such as combustion o f  fossil fuels and biomass burning. In 
addition, NO and NO2 are formed by lightning, atmospheric conversion of ammonia, and 
by biological processes in soils. The global NOx source strength (NO, = N O  + NO2) has 
been estimated repeatedly by several authors with figures varying between 20 and 8 0  Tg 
N yr-' (Bottger er al., 1980; Ehhalt and Drummond. 1982; Hahn and Crutzen, 1982; 
Cruuen. 1983; Logan. 1983). In all these estimates. the source strength of  NO and NO: 
from soil is the most uncertain. 

I t  is known from laboratory experiments that 'NO and NO2 are formed by biological 
processes. Nitrogen monoxide has been proved to be an obligatory intermediate in the 
denirrification process (John and Hollocher. 1977; Firestone eral., 1979). More recently, 
Lipschulu er a/. (1981) reported that NO is also produced by soil nitrifying tiacteria 
(Nirrosoms europaea) and McKenney er a/ .  (1982) found the NO production from 
anaerobic denitrification in soil to be significant. In addition to the biological NO and 
NO? formation. both gases may also be produced by the chemical decomposition of 
nitrite (Nelson and Bremner. 1970; Smith and Chalk. 1979. 1980a. 1980b) which is 
k?!c-!! 1'1 be 12 %::.%c<k:: G ;  & f i i i ~ i i h & ~  and nitnircatron [Yayne, 1981; Bremner 
and Blackmer, 1981). Although all these measurements have been performed in the 
laboratory and may not be applicable to natural conditions. they clearly indicate that 
soil may provide a significant source of  the global NO and NO: budget. 

Field measurements of  the NOx emission processes are very rare. The first data were 
published by Makarov (1969) who found a mean NO2 emission rate of  0.01 g N m - l  
week-' from a nonfertilized soil over the entire vegetation period. In addition, his experi- 
ments with mineral fertilizers showed that 0.2% of the applied nitrogen was lost as NO, 
to the atmosphere demonstrating that the increased application of mineral fertilizer may 
have an effect on the atmospheric NO, budget. Kim (1973) found NO2 emission rates 
of about 0.02 g N m-' week" on the forest soil in July 1971. In contrast, the NO, 
emissions measured in May and June were below the detection limit of his technique. 
The possible emission of NO could not be obselved since both authors used wet chemical 
absorption techniques insensitive to NO (Cheng and Bremner. 1965). The only data on 
NO emission were reported by Calbally a i d  Roy (1978) who found values on the order 
of 0.1 g N m-' yr-' from nonfettilized grazed and ungrazed grassland. All these data 
clearly show that NOx is actually formed in soils under natural conditions and is emitted 
into the atmosphere. However, the present data base on the NOx flux rates at the soil/ 
atmosphere interface is too limited to derive a reliable cstimate of the global NOx emis- 
sions from soils. 

To provide a better data base. we have performed field measurements of the NOz 
flux from fertilized and unfenilized- roils into the atmosphere. Measurements were 
carried out on two different types of roils in two different climatic zones. NO and NO, 
fluxes obtained on bare and plant covered soils are reported and discussed. The data 
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FIELD MEASUREMENTS OF NO AND NO, EMISSIONS 3 

show that the production of NO, in soils plays an important role in the atmospheric 
NO, cycle. 

2. Methodology 

Measurements of the NO and NO, flux rates at the soil/atmosphere interface have been 
performed using the flow box method described in detail by Slemr e r a l .  (1984). Figure 
I shows the schematic of the experimental set-up consisting of  the flow box, a pump and 
the NOx detector. The flow box (length = 40 cm. widlh = 22.5 cm. height = 20 cm) was 
set on a stainless steel frame which was inserted 20 cm deep into the soil t o  prevent 
exchange of the enclosed and free atmosphere. The interception between the box and 
the frame was sealed with boiled distilled water. The pump provided a constant flow of 
ambient air through the box with flow rates of up to 45 1 (STP) min-'. Pressure dif- 
ferences between the box and the atmosphere causing a convective flux of  NO and NO2 
from the soil into the box were avoided by supplying the box with a large inlet opening 
( i d .  = 50 mm). The opening was shielded by a glass plate fixed about 20 mm in front of 
the inlet to minimize the influence of changing wind speed and direction on the pressure 
'inside the box and consequently a convective NO and NO1 flux at the soillatmosphere 
interface. 

T h e  flux P of NO or NO. at the soillaunoiphere interface expressed in 118 N m-' h-' 
was determined from the mass balance of  the box by 

CALIBR4lION 
MlXlURE 

AMBIENI  NEEDLE 

I - I .Sl lmin 
GLASSBOX &=b SHIELDING 

Lsllmin 

W 

WATER 

U 

THREE W4Y SOLENOID . FRAME -&- VALVE 

Fig. 1.  Schematic of the srpc"mcntal s i - u p  vied for the measursmenu of the NO and NO, nux 
rater at the soll/armosphcrc interface. 
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where Vis  the mass flow rate of ambient air t h r o u a  the box in I (ST-') h-'.A is the soil 
surface area enclosed by the box (about 0.075 m2),  N is the atomic weight of nitrogen. 
M is the molar volume, m, is the NO or NO, mixing ratio (ppbv) at the inlet of the box 
(ambient air) and rn, is the NO or NO2 mixing ratio (ppbv) at the outlet of the box. 
The NO and NO, mixing ratios at the inlet and outlet of the box were measured with 
a commercial chemiluminescent detector (Thermo-Electron 14 B) modified according 
to  Delany er 01. (1982). The detection limit of the NO, detector was 100 p p ~  and the 
accuracy at typical mixing ratios of NO and NO: of less than a few ppbv were in the 
range of 14%. NO, was determined by conversion of NOx into NO by a molybdenum 
converter heated to  400'C and subtracting the original NO signal of the air stream. Since 
the molybdenum convener reduces not only NO2 but also "0,. PAN. N201,  alkyl 
nitrites and alkyl nitrates (winer eral . ,  1974; Delany er af.. 1983). the difference between 
the NOx and NO signals may not only be due to NO2 but may also include other nitrogen 
compounds. There is evidence that the nitrogen compounds listed do not contribute 
significantly to  the total odd nitrogen in soil air so that the difference between NO, 
and NO may be almost exclusively due to NO,. Therefore. we will denote the measured 
difference between NOx and NO as NO,. The NOx detecror was repeatedly calibrated 
using a standard of 1 ppmv in NZ provided by Messer Criesheim (Frankfurt. Germany). 

The NO, instrument was installed in a small trailer located next to the experirntntd 
iiein ana connected with the box Using Teflon-rubes (about 5 m long, inside diameter 
= 4 mm). Absorption or desorption processes in the tube were not obsemed. The lower 
detection limit of the NO and NO, flux rates were determined to  be 2 pg m-' h-' and 
3 pg m-' h-', respectively. The whole system was operated automatically providing 
a data point for the NO and NO? flux rates once every 6 min. 

The soil moisture was determined by a standard gravimetric method on samples taken 
from the uppermost j crn soil layer. T h e  values are $veri in percent of wet weight. Soil 
surface temperatures were measured at a depth of 10 mrn using mercury thermometers 
or thermocouples. In Utrera. the method recommended by Taylor and Jackson (1965) 
was applied for t he  measurement of the soil temperature. This method uses a thermo. 
couple attached to the 100 x 100 mm large. 1.5 mm thick copper plate covered by a soil 
layer of 10 mm. Soil moisture and temperature were both measured in a separate plot 
which was treated the same way as the plotsrneasured. 

Nitrous oxide fluxes were measured concurrently by an automatically operating 
semicontinuous closed-static method described by Conrad er al. (1983). The soil was 
covered for at most I h and subsequently exposed to natural conditions for several hours 
before beginning a new experiment. 

Each experimental station consisted of  several plots. The frames surrounding the plots 
were insened into the soil about a week before starting the experiment and remained in 
the soil during the whole measuring period. Prior t o  fertilization, *e NO and NO2 
fluxes were determined on all plots, and only plots showing comparable fluxes were 
taken for funher  measurements. Each plot was covered by the glass box only during the 
measurement period requued (12 min) in order to obtain two consecutive data points 
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FIELD MEASUREMENTS OF NO AND NO, EMISSIONS 5 

for the NO and NO, flux rates. During the rest of the time. the plots remained uncovered 
and exposed to natural environmental conditions. 

For determination of the fenilizer loss rates. the plots were treated with fertilizer 
dissolved in 0.5 I distilled water. The control plots were also irrigated with the same 
amount of distilled water. The amount of mineral fertilizer applied corresponded to an 
application rare of 100 kg N ha.'. The fenilizer loss rates were calculated by 

L=- pF-pc x loo(%) 
R 

where PF and Pc are the flux rates obsemed at the fertilized and control plot. respective- 
ly, integrated over the entire measuring period and R is the amount of fertilizer nitrogen. 

3. Field Stations 

The measurements were performed in Finthen near Mainz in July and August 1982 and 
at the BASF experimental station in Utrera near Seville. Spain in September and October 
1982. Relevant details on the soils studied are listed in Table I. 

Table 1. Characwirticr of roil 

Location Soil type pH (0.1 C C O ,  ore. C Size frastionr (0) 
N KCI) ( $ 6 ~ 1 )  (Saw0 

Clay Silt Sand 
( 2  urn1 (2-20 urn1 (20-tWOum) 

Finthen. IOCSI 1.4 2.0 0.8 20 21 59 

Utrcn .  l o m y  sand 7.4 0.5 7 4 89 
SCVil lC 

Main2 
- 

In Finthen. the experiments were carried out on a meadow which had never been used 
for agricultural purposes and had always remained unfertilized. The grass was CUI twice 
a year. For measurements on bare soil, part of the meadow was ploughed one week 
before starting the experiments. The ploughing depth was about 30 cm. Measurements 
were performed on seven piots with two plots in the meadow and f i ve  in the ploughed 
area. One of the plots in the meadow was fertilized with W C I  whereas the other re- 
mained undisturbed. acting as control. Two of the five plots with bare soil remained 
unfertilized, the others were fertilized with NaN03. NH4N03 and NH.CI, respectively. 
Measurements were performed discontinuously between 8 a m .  and 6. p m .  During this 
period. 1 to  3 individual flux rates per plot and day were obtained. The experimental 
field in Utrera consisted of nine plots. six of which were used for measurements of NO, 
fluxes and the rest for measurements of the N1O emission rates. AU plots were without 
vegetation cover. From t h e  six plots used for the NOx measurements, one remained 

E-7 
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unfertilized, two were fertilized with ".NO, and three were fertilized with NaNO,, 
NH,CI and urea. respectively. The N20measurementswerecarried out on one unfertilized 
plot and on two plots fertilized with "*NO3 and urea, respectively. Au plots were 
fertilized on  9 September and irrigated on 16 and 20 September (precipitation rate of 7 
mm each), on  24 September (3.5 mm) and on 1 October (10 mm). In addition. l O m m  
of rain fell on 25 Seprember. The NO and NOx flux rates were determined 5 IO 8 times 
per day and plot. The frequency of the measurements on urea treated plots was doubled 
to ensure more derailed information on the NO, flux rate. The data were obtained be. 
tween 6 a.m. and 11 p.m. thus covering two-thirds of the day and including the periods 
with minimum and maximum daily temperatures of  surface soil. 

The experimental station in Utrera is used in conjunction with agricultural experi- 
ments with fertilizers and insecticides and the history of each field has been carefully 
recorded for many years. The field selected for our experiments was used for cultivation 
of field beans in 1980 and for soy beans in 1981. The soy beans were ploughed under in 
September 1981. Since that time, the field has not been used for cultivation purposes. 
The field was harrowed on 2 September 1982, one week before starring our experiments. 
In the course of the last two years. the field was fertilized several times: on  11 November 
!!%O -!!iC. ZL k; >! K'; car X Aprii i451 with 75 kg N ha-'; on 4 June 1981 with 
65 kg N ha.' (all applied as NHnNO,) and on 8 November 1981 with 120 kg P ha-'. 
and 240 kg N ha-'. Insecticides have not been applied since lune  1981, 

4. Results 

Table II summarizes the NOINO: flux rates measured a t  16 individual plots located with- 
in the experimental field in Utrera covering an area of 10 m 2 .  Data show significant 

Table 11. NO and NO, flux mlcs  from different plots in Utrem on 7 Srplnnbsr 1982 

Plot number Local time Soil tempcrrrurc NO flux NO, flux 
( T I  (us N h-')  (rg N m-' h" ) 

11.50 35.4 10 4 I 
2 12.02 36.4 a 

13.04 45.1 30 28 
14.10 50.5 3 44 
14.22 50.5 44 61 

52.0 3 7 1  811 

7 

9 
a 

10 14.34 
11 15.20 
12 15.32 
13 15.44 
14 
15 
16 

53.2 732 1397 
53.2 27 23 
53.4 21 23 

15.56 53.4 16 15 
16.08 53.2 t 2  37 
16.20 53.2 14 4 
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FIELD MEASUREMENTS OF NO AND NO, EMISSIONS 7 

spatial variation of the NO/NO, flux rates with values of 8.732 pg NO-N m-' h-' and 
4-1397 pg NO:-% m-' h-'. Measurements were carried out on a single day at different 
times so that part of the variations may be due to  changes of soil temperature or soil 
moisture. etc. which have a significant influence on the absolute figure of  the individual 
NOINO, flux rates. The extremely high NO/N02 fluxes from plot No. 10 and 1 1 ,  how- 
ever, indicate that 'hot spots' with higher production of NO and NO2 and thus high flux 
rates of NO and NO, from the soil into the atmosphere may exist. The observed spatial 
variation of NO and NOz flux.rates may be explained by the soil inhomogeneity, e.g.. 
of the distribution of organic soil matter. 

In addition, the NO and NO2 fluxes show significant temporal variations. Typical 
examples are given in Figures 1. 3a and 3b  for NO and NO: measurements carried out 
in Finthen and Utrera on nonfertilized soils and in Figures l a  and 7b for NO and NO, 

- PIN021 I I 
. . . . ,  . .  

60 - 
7s 

, . , , , ,  

NO 4 N 0  NO2 MIXING R4TIO - IN 4 H B I E N T  AIR b 50 - - N O  .. - NO2 rn P 

' 1 SOIL SURFACE TEYPER4TURE I 

D 
5 SOIL MOISTURE 

I S 6 7 8 9 IO 11 12 13 1L 15 16 17 18 19 20 21 2 2  
AUGUST 1982 

Fig. 2. Temporal vanation of the NO and NO, nux rates measured in Finthen on nonfcrtilbed sails 
without vegetation. Lower part of the figure shows the temporal variation of NO and NO, mixing 
mtior in ambient nii as wel l  as the variation of roil surface temperature and roil moisture. 
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. . , , ,  , , ,  . . , ,  
NO AN0 NO2 FLUX 
UTRERA I SPAIN I 

800 NONFERTLIZEO BARE SOIL 
- 

- - 
k 
"E 600 
z 
01 - =-LOO 
X 
3 
2 

200 

0 

Fig. 3a. Variation of the NO and NO, flux rater measured in Utrera on nonfcrtilLcd soils without 
vegetation. The lower p u t  of the figure shows the temporal variation of NO and NO, m u b g  ratios 
in rmbic?r 81 WCII P I  the "dation Of Soil SUrfacO ICmpenNrC and soil moLNre. 

measurements in Utrera on fertilized soils. In Finthen. the flux rates ranged between -21 
and 5 1  pg N m-' h-' for NO and -66 and 33 pg N rn-' h" for NO,. The corresponding 
figures for unfertilized soils in Utrera were -8 to 385 pg N rn-' h-' for NO and -54 
to 893 pg N rn-' h-' for NO,. 
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day, the NO and NO, mixing ratios in air reached values larger than 40 ppb and the fluxes 
of NO and NO: were -20 and -66 pg N m-’ h-‘, respectively. 

In contrast. the soil is always a source of  NO and NO: at very low NO and NO2 
mixing ratios. The compensation point or equilibrium mixing ratios, Le., the mixing ratio 
at which the NO and NO2 destruction equals the NO and NO2 production is in the order 
of 20 ppbv for NO and 10 ppbv for NO: under the conditions existing in Finthen during 
August 1982. The absolute values of the equilibrium mixing ratios are dependent on 
several parameters, such as soil temperature, moisture. and organic carbon content and, 
therefore, should show large variations between the individual type of soil and climate. 

The dependency of the size and direction of the NO and NO, fluxes a t  the soil surface 
on the NO and NO: mixing ratios in ambient a u  as well as the existence ofequilibrium 
NO and NO2 mixing ratios clearly indicate that NO and NO: are produced and destroyed 
concurrently in the soil or at the soil surface. Consequently, the measured NO and NO: 
flux rates represent net fluxes. Equilibrium mixing ratios have already been reported for 
other trace gases such as CO, H: and N 2 0  (Seiler, 1978; Seiler and Conrad. 1981). 

T h e  NO 2nd Nn: h v  r?!ps ~hm.,.? ;:=-.-=-$:! d-”;. .:::::::cG; :=:h cy. Ly.;;c;;;ze; 

and fertilized plots (see. e.&, Figures 3a. 3b, 4 ,6a ,  6b). The NO flux rates were positively 
correlated with the soil temperature with maximum values at about 7 a m .  The apparent 
activation energy calculated from the Anhenius equation ranped between 44 and 103 
kJ per mole. Interestingly. the NO: flux rates from soil did not correlate with soil tem- 
perature but correlate with the solar radiaiion. Maximum NO, flux rates were observed 
a t  1 p m .  at minimum zenith angle (European summer time) and thus were about 2 h 
ahead of the maximum NO flux rates. This phase shift indicates that NO and NO: are 

- TEMPERATURE 
! w 50 PIN,OI 

&-A P IN01 
*-* PINO>)  

- - 
‘c 2000 - - - 
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W 

I 
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m 
1 

x 

‘ E  m 

a 

20 

10 
6 9 12 15 18 21 2L 

- 
3 1000 
Y 

0 

TIME I h l  
Fig. 4. Daily variation of t h e  NO. NO, and N,O flux rates and the $02 surface IemperaNrc measured 
in utrcra. 
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FIELD MEASUREMESTS OF NO AND NO, EMISSIONS 

very  likely produced by different processes. Possible NO2 production by chemical con- 
version of S O  in the presence of 0, appears t o  be insignificant in view of the large phase 
shift (2 h) between the NO and NO. flux rates and the positive correlation between SOl  
flux rates and solar irradiation. This argument is in agreement with the observation of 
high NO2 flux rates in the absence of 0, in the flow box. Thus, we believe that NO? 
is also produced by biological or abiological processes in the soil. Because of  the correla. 
tion between NO, flux rates and irradiation. the processes are active i n  the uppermost 
soil layers or at the soil surface. The time lag beween NO flux rates and irradiation. on 
the other hand. indicates that NO formation occurs at depths deeper than 1 cm. It  is 
worth mentioning that the N1O flux from soil also exhibited a diumal pattem (Slemr 
et a/ . ,  1984) which agrees very well with the NO flux rates but is out of phase if com- 
pared with the NO, flux rates (Figure 4). 

The NO and NO, flux rates were strongy dependent on the soil moisture. At soil 
moistures below 1%. the NO flux rates in unfertilized soils (on the order of  8-44 pg 
N m-, h-’) increased by a factor of about 10 after the soil moisture had been increased 
by artificial irrigation to values of about 15% (FiGre 3a). Similarly, the amplitude of 
the daily S O  flux rate variations increased dramatically after irrigation and declined 
with decreasing soil moisture.’After 6 days, the soil moisture reached rhe 1% level and 
the NO flux rates approached the values initially measured before irrigation. Repeated 
artificial irrigation indicated that the effect of increasing soil moisture on the NO flux 
decreased with increasing number of  irrigations and was no longer observed after the 
fourth irrigation (FiFre 3b). There was generally a delay of approximately one day 
between irrigation and maximum NO flux which may be due to  the fact that the soil 
pores in the uppermost soil layers were fdled with water during irrigation so that the 
diffusivity within the uppermost soil layer and thus the exchange rate between soil and 
atmosphere were reduced. A similar but more pronounced relationship was observed 
between the SO, flux rates and soil moisture. with values of about 30 pg N m-’ h-’ 
at low soil moistures and up to 900 pg S m-’ h-‘ after irrigation. Nitrogen dioxide 
fluxes also appear to respond much more rapidly to the change of the soil moisture 
than the NO flux which again supports the assumption that NO and SO2 production 
occur at different depths with the NO, production at the uppermost soil layers. Similar 
dependence of the NO and NO2 flux rates on  soil moisture has also been observed on 
fertilized soils (Figures 6.7) .  

The influence ofvegetation on the NO and NO1 fluxes from the soil into the atmosphere 
is illustrated in Figure 5 .  The measurements were carried out in Finthen in .4ugust 1982 
on a soil plot with bare soil and a soil plot covered by dense grass vegetation. Both plots 
were fertilized with ammonium chloride at a rate of approximately 100 kg N ha-‘. 
Measurements on these two plots were performed within time intervals of 30 to 40 min 
for which the meteorological conditions can be assumed to  be constant. Nevertheless. the 
NO flux rates obtained at these two plots show significant differences with low NO flux 
rates from grass covered soils. Even larger differences are observed for the NO2 flux rate. 
In this case, the NO: sometimes showed negative values on plant covered soils which 
means uptake of SO1 and emission rates up to I500 pg N m-’ h-l from unvegetated 
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FIELD MEASUREMENTS OF NO AND NO, EMISSIONS 13 

shown in Figure 5. The NO flux rates from the fertilized plot increased after fertilization 
to maximum values of 1100 gg N m-' h-' on 12 August and then declined approaching 
the initial values after 16 IO 10 days. Similar time patterns with maximum values of  
almost 1500 i lg  N m-' h-l were observed for the NO2 flux rates. In the same period, 
the NO and NO. flux rates from the unfertilized plot shown in Figure 2 did not exceed 
5 1  and 23 pg N m-' h-', respectively. The variations of NO and NO, fluxes are partially 
due to variations of the soil temperature and the strong fluctuations of  the NO and NO, 
mixing ratios in ambient air typical for air masses near a big city. Heavy rainfall on the 
19 August (Figure 2) c~used  an increase in the NO and NO: flux rates although it was not 
of great significance when compared with the overall variation of the NO and NO2 
flux Tales after fertilization. 

Somewhat different results were obtained from the experiments carried out on hot 
dry roil in Utrera. Spain. Under these conditions. the NO and NO2 fluxes increased much 
more rapidly with time. reaching first maximum values I IO 2 days after fertilization and 
approaching the original values after 5 days (see Figures 6 and 7). Moreover, additional 
irrigation without fertilizer caused another increase of the NO and NO: flux rates from 
the soil (Figures ba. ia). Surprisingly, the highest flux rates of NO and NO: were found 
after the first repeated irrigation when fertilized with NaNO,. ",NO, and NHICI. When 
using urea as fertilizer. the maximum flux rates did nor occur until the second irrigation 
(see Figure 7a). After four irrigation cycles - which meansafter 8 October - ihe NO and 
NO: fluxes were no longer elevated compared to the Unfertilized soils. The delay of the 
NOINO, maximum for urea fertilization may be explained by the fact that urea must 
first be converted into ammonia NHI @!ulvaney and Bremner. 1981) before nitrification 
can take place. 

The total fluxes of NO and NO, integrated over the entire observation period in 
Finthen and Utrera are summarized in Tables Ill and IV, respectively. Table IV also 
includes the flux rates of  N.0 measured simultaneously and reported by Slemr ef al.  
(1984). It is obvious from these tables that the NO and NO, flux rates are strongly 
dependent on the type of mineral fertilizer. Relatively low flux rates were observed on 
soil plots fertilized with NaNO, where the  NO and NO2 emission integrated over the 
observation period in Utrera reached values of 39 and 37 mg N m-', respectively which 

Table 111. Integrated NO and NO, ernir)ion rarer mcasuced in Finthen bewctn 4 m d  22 August 1982 

Plot Fertilizer Z P I N O )  Z P ( N 0 , )  % rppliedfertilire:niuogenlouar 
1 

(rngNmJ (rngNrn-') 
NO NO, Told \% 

- - bare none . \m \% - 
bare none - .- - 
bale NaNO, 1 6.49 1 1 7.48 I 0.04 0.07 0.11 
bare ".NO, 66.07 64.15 0.63 0.64 1.27 
bare NH,CI 54.91 18.64 1 5 2  1.18 2.70 
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Fig. 6b. Continuation of Figure 6n. All plots were imgared on 24 September and I October wirh a 
pienpilation rare of 3.5 and 10 rnm H,O. 

a factor of 10 (Table N). A similar dependence of the NO and NO2 emission on  the 
type of mineral fertilizer has been found in Finthen. Interestingly. the absolute values of 
the integrated NO and NO2 emission measured in Utrera and Finthen on soil plots fertilized 
with the individual types of mineral fertilizers agree reasonably well despite the large 
differences in soil moisture and temperature. 

It is noteworthy that measurements of the N 2 0  emission from fertilized soils showed 
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Fig. 7b. Continuation of Figure l a .  

compared to  155 mg m-' from the bare soil plot (Table Ill). Even more pronounced 
is the difference between the total NO: fluxes of 6 and 119 mg NO,-N m-', respectively. 

The loss rates of mineral fertilizer N as NO, (NO + NO,) expressed in percent of  
applied mineral fertilizer N vary between 0.1 1% for NaNO, and 5.4% for urea (see Tables 
I11 and IV). Despite the different climate and soil conditions, the loss rates obtained from 
measurements in Finthen and Utrera agree reasonably well and thus may be assumed to  
be representative of global conditions as a first approximation. 

.. 
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5, Discussion 

The rnessiirrme~irs <mi?< UUI i n  Finthsti 3 n c  L'rrsrs clearly demonsi r~ is  11131 soil. borh 
ierrilizsd snd unier:ilizcd. 3crs 21 i sours: io: S O  w h i c h  ;oniimis czrlier rcsul~s publijhed 
by Calbsll? 2nd  Ruy I Iq-S?. In idditiun. iRe !measurements indimre t h 3 t  orlie: niiroyz- 
neous i?ccies. most !ik+ vi?: ;;: $e rrviil(.ct! hn ihe  soil wli icl t  are emirred into tile 
rrmosphers. The rluh r ~ i e j  o i  both nirropensous species 31s quire iumpmhle 2nd 3re 

srrongiy depzndtnt un d i e  soil nioisture as well 3s an t h e  v?gstarion i o i ? r .  \Vlierelis t l i e  
SO 11u.x r3tcs 3re posiliYely L,urrr.lared wiili id rzmpeiaruic inieisursd 31 a depili o i  I O  
mm. t h e  SO? t1u.Y r i t e s  iur:cIart witt i  r i l e  ~ r i ~ u i a t i o n  intensit! 

The iimilar beltlviour cri :he SO 2nd S:O iiux rares iiron$y juggcsts t h 3 t  S O  is 
prudued by biolupic31 ~ K K W S .  :nurr Iiki! during dsnirriiicrtion and oirriii;ariun. 
This assumprion is <upported by lrbonior!. nieasuremenii mrried out by Nelson xnd 
Bremnei 11970). John 3nJ Hollocher 119'71. Smirk 3nd Chalk I 1979. 1990a. 19SOb). 
Lipscliuliz er 01. 119S1) 2 n d  LlcKenncy et 0 1 .  I 19s:) who found S O  IO be on? o i  ihc 
general products of nirriiiwrion 3nd drnitri l iarion. Because of  [lie posiiire cuirel~rion 
of r l i e  l lus  rare and soil iemperaruie 31 i depth of I O  mm. rhe producrion o i  NO 
ma). occur predominanrly in the upper soil layer. 

NO: rluxes presented in this work were cslculared as [lie difference berween the 
SOx and NO nuszr. The ambiguity o i  rhir ascriprian czused by the nonselective conver- 
sion of nitrogen species on molybdenum converier has alrezdy been mentioned. How- 
ever. there 3re several re3sons 10 believe rhar SO: is thr major compound. First of 311. 

high YO: llus rates were also measured by Makarov ri  ol. (1963: i969) and Kim (1973) 
usine chemical rechniques which were NO: specific (Chenp 3nd Bremner. 1965). Further. 
more. rhe SO1 fluxes measured in this work. were found to be dependent on rhe dif. 
ference o i  SO, 3nd NO mixing ratios in ambienr air which gencrally is  predominantly 
due t o  SO2 (Kelly er al . .  1979): Shelter era/ . .  196;). Finally. the differences berween 
the NO 3nd NO: flux p3rrernr discussed later 3re compatible wirh t l i e  physicochemical 
properries of NO,. However. although all this er,idence suggests 1113: NO, i s  the pre. 
dominant speciesresponsible ior rhedifference between NO, 3nd S O  Iluses. the existence 
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u i  iminur fluxes ai  ather airro~encuur jpei::~ juiii as, e . ~ . .  imetilyl i i i t r i i i .  emnut  be 
ci<iinir?l? climin3ied. 

The ?aits.rit u i  S O ;  t luh  x t ? j  indicitcs Ih3i the  proctsrvs iesponrihle fur SO: :Illis- 
jiun arc lo;atd in :lie upperinas: sail Ihycr or 31 !tic soil surface. .4lrllou~h YO: ma! also 
Ss produced GI dsep?: soil Isycrs. its solubilii! in water  with subsequent ;uit(.ersioll 10 

YO; 2nd 50; t i e r  x,d S c h n m z .  1951). iti x x t i < i t y  towards or$3nii sail mitlerjUcli 
3 j  i i i i i n i i  aiiiis iLe: 2nd Schmz.  19S1) and i t s  rificienr 3bsorprion by the soli iPratlier 
~i s i . .  lQ-?i wxi ld  <fi?ctiw!y preclude iis transport to the soil su r i i ce .  50, on rhc 
. , c ,n t ruy .  ii much less soluble i n  1131er tStepi;<,> 2nd Stephen. lPh31 2nd is )not sbsoibcd 
ib! t h e  juil 3s eii;.crivcl! x XO:   we rely ?: d.. IYS:: Hill. i 9 7 l :  J u d e k i s  2nd Wren 
!o\'o: BSrrger ziol.. I R S O :  Sclimel. IQSOI .  

The prus?ss rssponrible iur the  emissiur o i  SO1 irom the soil is inot :nu\vn. Tllc 
c i i r r<nt  bio;hznii:iI models o i  nitriiiotiun ?i i<  dznirriiimtion do IIUI shuu SO: as 3 

psjwus inirritwdiatz (Fudi t  2nd Versirxic. 14::: Kno\vles, I S S l :  Firziimn. 1951: 
C x v e r  2nd Hollucitsr. 1051: 8:hnIidt. lYil~ so t h a t  SO: mighr be proJtised by 3n 
abiulugicii p r o i s  One prsihilit! is the i l t ~ : : > i ~ a !  decomposition u i  n i i r i t?  I Seison i n d  
B i e m n ? r .  IurO: Snlirlt m d  Chalk. 1979. IPSOJ. I93Oh). lh? 

1 HSO: - S O  - YO: H1O 

Since nitrite is 311 ubligdis inwrmsdiatc in tlie:1~1:iiic~tiun and ~ c , t i t ~ i i i ~ ~ t i " , , . : i t ~  c i i c in is2 l  
iormaiiun u i  SO: iimy be 3 iumiitur :our;? il< 50: in soils. .Anuthcr ;mssihdiry fur SO: 
iornniiun is rite cxtalytic ux ih t iun  u i  SO i d  SO: propused b) Yclson a : d  Srrniiter. 
( 19701 2nd P i ~ t h e r  ~ n d  \ l i)~ii iuiu I Io:11. T k r  esijrc,ic? u i  111?52 IWU SO: pradu;liun 
processes \wuld i u ~ e s i  2 siron: l i n k  b<razzn t l iz  S O  2nd YO: eniissiuns \vhic!i. lhuw. 
ever.  w i  nut ubsrried. Tliis indicztc j  11131 sri:sr SO: sources i n  soil. e.2.. bx microbisl 
xtiviticj. mi) < u j r .  I t  i j  pojsibk thsr S O I  p:oduirian i n  l I l i < ~ O b i J l  irudics h x  )nul been 
"brewed becaurc NO: ii c i f m i w l !  3bsort.d in 1116 w 3 w r  rncdiz 2nd ti?ei:iure ll2s no1 
jcen derc;ted in t l i z  ~ a s ~ o u s  phase. 

Interesting is the ubrervxtion v i  SO'SO: cqudibrium u l u e s  which indis i ie  tlte ?.\is. 
ience oi production 2nd destruction pro~crs- i  occurring s i n ~ u l t ~ n e u u s l ~ ~  i n  [he sail or 
ai rhe soil surface. The absolure value oicquiliSrium mi.\ing r3tios is d2pendcni on scver3l 
p m m c t e r s .  such as soil moiriure. soil rempcrsrure. type oisoil. fertilizer. ?rc .  2nd w i e s  
hetween less than i ppbv 3nd a ieu ppbi- In iome uses .  pirticularly in Finrhen in the 
viciniry of large cities. the ambient NO an i  SO:  mixing ratios exceeded ihe ?quilibriuni 
wiues so rhar during these time periods t h e  soil acted 2s a i izi  sink of atmospheric 50 
and XO:. Such situxtions may only occur In Fullured xess  so t h a t  uprske oiarmospheris 
30 and NO- on t h e  sod surface may be iestrixed IO heavily populated and industri3lized 
sreas. S O  3nd NO: uptake by soils has also bcen reported by Judeikis and Wren 1 1  97s). 
Hill (19: 1). Ptarher er a l .  (1975) and Prather 3nd tliyamoto (l??4). 

Xe$ecting the results obtained durine periods with highl? polluted air. the arerage 
!lux r3res o i  .\IO and NO: messured on bare unierrilized sods in Finihen were approsi- 
mately 10 p: ?; m P  b- '  for XO: 2nd S pg S m-' h-' for SO.  In conriast. ihr results 
ubrained on dry !lor soils in Ctrera shou extremely high N O  and 30: h i e s  after the 
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first irrigation which subsequently decreased with further irrigation. finally reaching mean 
values of IO gg N m-' h-' for NO and for X02  comparable IO those found in Finthen. 
This pattern agrees with the observations made by Dommergues (1977) on Moroccan 
soils showing that rain rapidly revived the nitrification activities afrer a long period of 
dryness. Furthermore, Patten er a!. (1980) reported that drying of soil increased marked- 
ly the capacity of denitrification of nitrate. Therefore, it appears that because of the dry 
soil conditions and consequently low microbial activity, nitrients may have accumulated 
which then initiates very effective microbial processes shortly after the soil moisture 
exceeds a critical value. 

The NO flux rates agree reasonably well with 22-26 pg N m-' h-' found by Galbally 
and Roy (1978) on grassland in Australia. In contrast. the NO, flux raws o b s e w d  in 
our experiments are much lower than the figures of 26-105 vg N m-' h" as reported 
by Makarov (1969) and 66-150 vg N m-' h-' asreported by Kim (1979). The different 
values may reflect the natural variability of the NO, emission from differenr ecosystems. 
Possibly, the higher NO, emissions found by those authors are due to  artifacts caused by 
the applied sampling technique or oxidation of NO to NO, in the closed chamber. 

The strong impact of plant cover on the NO and NO, flux rates may partially be due 
to  the reduced soil temperature and higher soil moisture content causing lower produc- 
tion rates and favouring a higher uptake of NO1 on the moist soil wrf??tr. !z z%;iu,,~ 
NC r..? :!C: ilrigir, be metaDoLized by the plants (Rogers and Campbell, 1979) so that 
part of the NO and NOz emitted at the soil surface does not pass the plant canopy 
reducing the flux of these gases into the atmosphere. Furthermore, the root system 
providing easily available organu carbon to the soil may influence the microbial activity 
and thus the production and destruction rate of NO and NO, in the soil. 

All experiments clearly demonstrate that the application of mineral fertilizer enhances 
the flux rates of  NO and NO, from the soil info the atmosphere. The NO, flux rates 
strongly depend on the oxidation state of the mineral fertilizer added. Highest flux rates 
were observed from soils fertilized with ammonium fenilizer suggesting that an oxidation 
process. e.&. nitrification, is the likely source of NOx while denitrification Items to be 
less important. The fertilizer derived NO and NO2 flux rates correspond IO loss rates of 
0.04 and 0.07% for NaNO, and 3.3 and 2.2% for urea. respectively, and thus exceed 
those found for N20 (see, e.g., Conrad et al.. 1983). From production data of individual 
types of fertilizer (FAO. 1982) and assuming the figures observed to be representative 
for global conditions. the average fertilizer loss rates as NO and NO2 are on the order 
of 1 .6%forNOand l.l%forNO1. 

In view of the large demand for a rough estimate of global NO/NO:. t h e  flux rates 
from these admittedly very limited in-rim measurements may be extrapolated to the 
global NOx cycle. The figures calculated for the NO and NO, fluxes from natural and 
fertilized soils zre summarized in Table V together with information on NO, production 
by other processes reported by Crutzen (1983) and Ehhalt and Dmmmond (1982). 
The estimate of 1 .7 Tg NO,-N yr" derived from the application of mineral fenilizer 
is based on an average loss rate of 1.6% for NO and 1.1% for NO, as well as a global 
nitrogen fertilizer production of 60 Tg N yr-' for 1980. This estimate might be an upper 
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Table V. Estimates of NO, soil IOUKC rrrsngth and total emission (in Tg N yr.,) 

l h i r  work Crutren (1983) Ehhalt  and 
Drvmmand (1982) 

(A) from mineral fertilizers < 1.7 
( 6 )  from unfertilized roils 7 
(C) from animal excreta < z  
Total roll source strength <I! 1-15 1-10 

Ford fuel burning 12-20 8-19 
Biomass burning 10-40 6-16 

Total NOx ?4-85 17-53 

Lightning - 1-10 3-8 

limit for fertilizer derived NOx flux since part o f  the mineral fertilizer is applied Io plant 
covered fields so that part of the NOx emitted from the soils may be taken up by plants. 

The figure of 7 TgN0,-N yr-' estimated for the flux of NO, from natural unfertilized 
soils is based on the assumption that the NOx flux rates measured on unfertilized bare 
soils in Finthen and Utrera are representative only for approximarely half of the total 
land surface and that the other half doer not act as a source of NOx because of vegetarion 
cover. The given estimate takes also inro account that due to the strong temperature 
dependence. the NO, flux should show significant seasonal variations. As a first approxi- 
mation. it is assumed th3t the NOx flux from land areas north and south of 30' iatitude 
does not contribute to the atmospheric NOz cycle for a period of 6 months per year. 
Polar regions are not considered to be active with respect t o  the NO and NO, production. 

Additional NOx may be emitted from the soil by the production of animal excreta - 
mainly urea -whose degradation c a u w  an enhanced NO, production as shown by the 
experiment in Utrera using urea fertilizer. The total production of urea by animals is 
estimated by Bottger er al. (1980) to be approximately 40 Tg urea N yr-' which may 
result in an NO, flux of  about 2 TG NO.-N yr-'. This figure might be overestimated 
since part of the urea is emitted in vegetated areas which may reduce the NO, emission 
from the soil into the atmosphere. 

Summarizing the individual NOs sources. we obtain an upper limit of the total NO, 
emission from soils into the atmosphere of about 11 Tg NOx-N yr-l. This figure is 
certainly far from definite. Additional measurements over exrended periods of time and 
in other climatic regions are urgently needed to verify the figure given above. I t  is note- 
worthy. however, that the flux of I 1  Tg NOx-N yr-' as estimated in this paper agrees 
reasonably well with theoreticalestimates ( 5 . 5  Tg N yr-' given by Ehhalt and Drumrnond, 
1982) and is also within the range of 1-15 Tg N yr-' as reported by Crutzen (1983). 

Compared to the other major sources of NOx compiled in Table V. the flux of NOx 
into the atmosphere contributes substantially to the global NOx cycle. The influence of 
NOx flux from the soil becomes even more important if one takes into account that the 
NOx production by combustion of fossil fuel representing predominant sources of 
atmospheric NO, is restricted to relatively small areas and because of its short residence 
time, NOx will not be transported over long distances. Thus, in remote continental areas. 
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the NO, flux from the soil may be the dominant NOx source and therefore will signif 
icantly influence the atmospheric chemistry. 
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