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THE PRODUCTION OF ATMOSPHERIC NO, AND N,O 
FROM A FERTILIZED AGRICULTURAL SOIL 

M. F. SHEPHERD, S. B V Z E ~ ~ I  and D. R. HASTIE 
G n t r e  lor Rswarch in Earth and Spa= Scicna and G n l r c  for Rcrcarch in Atmospheric Chcmiray. York 

University. 4703 Kmle St. North York. Ontario. Canada M3J IP3 

(Firs, received 7 July 1989 and inJirul/orm I 5  April 19901 

Abstract-Tbc soura strength oratmorphcric t r m  g a m  from rural or remotc localions must k quantified 
in order to assess thc elicct of such inputs on the background troporphcric chemirtry. To a s c s s  the 
imporlmcc of biological production of NO, and N,O from fertilized a g ~ c u l ~ u r a l  soil. cndoi~rc techniques 
have been w d  to determine the emision Ruin of NO, and N,O at a silc in Southcin Ontario. Canada. 
NO, Ruicr on the unfcrtilizcd soil rage from 1.5 to 41.6 pg(N0) m-' h-'. Thc corresponding N,O Ruxsr 
arc 0-61.8pg(N,O)m~'h~'. For the molt highly fertilized soil NO, R u m  range from 3.1 to 
583 pg(NO)m-'h"and thcN,ORurcrfromOto446 ~g~N,Olm~'h".TbcRuicrinc~arclincarlywith 
fcrtilirrr application. with 11% ofthc nitrogen in the lcrlilizeer convcrtcd to NO. and 5% to N,O. Thc 
emission ratel W L ~ C  studied 81 functions of thc soil paramcterr temperature. moiitwc. ammonium. nitrate 
and pH.tonttcmpItoundcrrtand krlrr thcproduction mechanirmr,althwgha model forthcproarrcould 
not k developed. In rural areas awry from transportation corridors thc inncarcd NO, emission from 
lcriilircd soil may dominate local oxidant production but is no1 rignificanl on the Provinu-wide d e .  

Key word index: Flux chamkr. NO, cmisiom. N,O cmiisioni. fenilicr 1011. soil. agriculcurc, oxidants. 

1.  IhTPODUcTlOh' 

The oxides of nitrogen are important species in the 
cycling of nitrogen through the atmorphcrc and arc 
involved in both radiative and chemical ~~OCCIYI .  

pptv. The post industrial revolution increase in ozone 
(Volz and Kley. 1988) has been attributed to man's 
input of NO. to the atmosphere. This increase can 
produce dcletcrious cKccts on human and vcgctativc 
health. I t  vill also contribute to greenhouse warminn 

Nitrous oridc (N,O) is important in d i m t e  control 
as it is a grccnhousc gas rbsorbing in two bands where 
the atmosphere and Earth emit, namcly at 7.78 pm 
and 17.0 pm. Its prcscnt concentration ofslightly over 
300 ppbv contributes --I K to the gronhousc 
warmed mean surface tcmpcrature (Kuhn. 1985). 
S i n a  N,O has a long troposphcric lifetimc(l50ycarr) 
it can d i h r c  into the stratosphere whcrc. through 
rsaction with excited oxygen atoms. it produces nitric 
oridc mol. Reaction with the nitric oxide so Drodu. 

- - 
(Ramanathan et (11.. 1985). 

Prior to the industrial revolution the atmosphcric 
concentr on of thcrc gases O W  land masses was 
likely doroinatcd by biological processes. The onset of 
industrialization artainly increased the NO, pro- 
duction to the point where today fossil fuel cam- 
bustion is thc major NO. s o u r e  WAS. 1984). The 
N,O situation is not as clear. Direct production from 
combustion is generally thought to be small but 
oroduction from biomass burnine mav be sinnificant. - ,~ - . .  

a d  is the major removal process for ozone in thc 
stratosphere (WMO, 1985). Thc concentration ofN,O 
has been observed to be increasing at about 0.2% 
pcr ycar (WMO. 1985). This can be expected to result 

Since combustion sources arc generally localized. bio. 
logical production of N,O and NO, is still significant 
away from major urban and industrial antrcs.  How- 
ever. biological produnion docs not mean prc- 

in an incrcasc in surfacc tcmpcraturc via greenhouse industrial production. Man is having an indirect cKect 
warming and a decrease in stratospheric ozone by o n  the nitrogen budget by chemical conversion of 

. .  
f 

increasing the rate of odd nitrogen catalysed ozone atmospheric nitrogen into ammonium nitrate, the 
destruction. bulk ofwhich is uscd ns fcrtililcr. Any ofthis nitrogen 

T h e  nitrogen oxides N O  and NO, (collectively ~ & ? i i ~ a l ~ o ; & e < s  NO. or N,O rc~re. 

i 

known as NO.) wntrol the oxidative capacity of the 
tropospherc. At high wncentrations the photolysis of 
NO, results in the net production of ozone which in 
turn produces hydroxyl radicals which are believed to 
initiate most atmospheric oxidation proccsscs. How- 
ear. at low NO. l e 4  the reaction of NO with 
oxidants can lead to the net destruction of ozone 
(Chamcider CI 01.. 1987). The threshold for owne 
production is an NO conantration betwezn 10 and 30 

. .  
x n t s  a significant incremental source of thcrc trace 
gases. This could be cspczially important in the rural 
areas of the u'estcrn world where thcrc is a high usage 
of inorganic fertilizer. 

There have been scvcral studies of the emission rates 
of thnc trace gases in the laboratory and in thc Kcld. 
Johansson and Galbally (1984). L"LiE a-el,{w,. 
and McKcnncy,el d!1984). have carried o u q > . 2  
ory rt?aics'on the aerobic nitrification and anaero IC 
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dcnitrificalion proccsrcs capable of producing NO, 
and N,O. @Id mcasurcm:=fNO. emissions have 
ban undertaken by Andcrson -and Lcvinc (1987). 
Galbally and Roy(1978). Johanrron(l984). lohansson 
and Grana1 (1984). Parrirh e1 41. (1987). Slcmr and 
Scilcr ( I  984) and Williams el of. (1987). Field measure- 
ments of N20 cmissions havc k n  made by Anderson 
and Lcvinc (1987. 1988). Brcmncr et a1. (1980). Cater 
and Kccncy (1987). Duxbury el al. (19821. McKcnney 
CI 01. (1980). Mosicr and Hutchinson (1982) and Slcrnr 
et of. (1984). 

Thc purpose of this work is 10 focus on the impon- 
a n a  of agricultural fenilizcr as a soum of atmo- 
spheric nitrogcn species. This war donc by mcasurins 
the flurcr of NO, and N,O from an agricultural soil 
under controlled fertilizer applications. 

1 EXPERIUL5TAl 

21. sic 
Emission fluxes of NO. and N,O werc mearurcd from an 

experimental field at Agriculiure Canada's Harrow Rcwarch 
Station in Soulh Western Onlano. between 19 April and 29 
Szptcmber 1988. The soil was a grey brown For finc sandy 
loam with an approximatc comporilionoflS% rand,9% sill 

and 2%. Thc held has brrn undrr continuous cultivation lor 
about 103 ycars. T h e  four plots used in this study have k n  
trutcd identically for the last 19ycarrercepl for theamount 
of fertilizer each received. Ammonium nitrate fertilizer has 
bcsn amlicd Io each of the four  lots for each of ihcsc 19 

m e  !?'- r!-:..T~-..-.--is-:!!:: :z=:z:! ?2=k:zzz :.::L 

22. Mnhodofogy 
Emission fluxes were mcnrursd using e~closure tcchniqua. 

For N,O a static chamkr was urcd and the inCrCaSe in Ibc 
N,O conaniration in the headrpaa urcd to dctcrminc the 
flux. As NO, is morc reacdvc, a dynamk chamkr WBI UYd. 
In this. clean air was parwd through the chamber and the 
NO, conccmration in thc air ltaving Ihc chamber was uud 
to determine thc flux. 

The N,O flux chambers YCIC aluminium cyliedcrs, 2) an 
high and 17 cm in diameter, with remomble plrxiglarr lidt 
Two cylinders pcr plot were placed approximately 5 on into 
the soil 81 thc start of crperimcnt and left in place. whrrc 
possible. to minimkt the perturbation to the soil. For a 
rncnrurcment the lid. which contained a stirrer and P syringe 
mcdlc. was placed onto the cylinder. A 25 ml rampb of thc 
headspace gas was withdraw" immcdirtcly by piercing L 
Nbkrreplumofnprc-cvacuatcd tube withihcnesdlconihc 
lid. Similar ramplcr wcrr taken at regular intcrvalr O Y F ~  the 
next hour. In all  but t l x  largest emision mcasurcmcnts. Ibe 
increasz in N,O f o n ~ ~ n t r a t i ~ n  in this priod we% gcncrdly 
1.6s than a 25% incrcasz on the nmbicni l c ~ c l  which gave 
good prscirion in the flux dctcrminalion but which was 001 
erpectcd to influence the cmission pr-r. The nccdlc was 
lcfi opn 10 the atmorphcrc to CDIWC lhcrr war no pressure 
gradicni bclwuccn the chamber and the ambient atmosphere. 
The samples were m a l y d  for N,O within 36 h with an 
HP5880A wries Gar Chromatograph using a Parapat Q 
column and a Nickel 63 electron capture detector. A Icdst 
squares fit  of the N,O mnantration against time was 
converted to an emission flux from a knowledge of lhc 
k&ps ;its S I v ~ - ~ c t ~ ~ n a ~  area 01 me cnrm- 
ber. Initially up to eight rsmplci per  hour wcrc taken but b( 

confidcna in the luhnique grew this war r e d u d  to five. 
Mearuremcntr wcrc urually made between 1Oa.m. and 
6 p.m. and in this time it was porribk IO m k c  one N,O flux 
dctcrmination at each of two canistcm on each of the four 
p104 for a toid of eight flux dctcrminatianr per day. 

The NO, flux mcasursmcnu apparatu~ is shown in Fig. 1. 
, j Thc iyrum is d e r i p d  around the chamber which is a W 

plsxiglrs cube open at the bottom and lined on dl five sides 
with FEP Type L fluorocarbon film. A stainless steel fan was 
uwd to circulal~ the air within the chamber. This chamkr 
was staled lo B staidcss steel frame set appmiimitcly S c m  
into the pound. Two framer were set into each plot and left 
undimurbcd throughout most of the mcasuremcnt period. 
The chamber was placed on one of there frames when 8 
mcasureIncnt was tnkcn. Ambicnl air was rcrubbcd of NO, 
and ozone using rciivatcd charcoal and pumped into the 
chamber 11 8 rate of4.W.S l mi"-'. thus the rcridcna time 
for air in the chamber (7) was 6-1 mi". Apprciimalcly 

. .  .. . 

-. 
I 

I I 1 
Fig. 1. Dynamic chamber cquipmcnt wed for the field mCaiurCmenl of NO. emission fiuxcr. 
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Production of NO. and N,O born soil 1963 

Z f m i n - '  of the air leaving the chamber was analyrcd for 
NO, using an LMA-3 c o m m c r d  NO, anrlyrcr pruedcd 
by a CrO, bard NO Io NO, COOYC~ICI (Drummond et of.. 
1989). Allcr spprorimaaly 10-20 rnin the NO. sonccnlra- 
lion reached a steady lcvcl and the NO, flu was dcterminsd 
from the total mass ofNO in the chnmber(m!. and the area of 
soil exposed ( A )  using 

quantified using an Orion ~ m m o n i ~ m  e l s c m d ~  (orioh 
1987). Nitrate war ertraclcd in P similar manner and also 
measured as ammonium lollowing reduction by TiCI, 
(Orion. 1987). Soil pH was determined by cmacting the soil 
with de-ionircd wstcr and measuring the pH or thc c m a d  
with a pH electrode. 

I RFSULTS AND DISCUSSION 

tominimircthcpcnurbationrofihcshamberonthcroil and 3.1. ,qUx roil pnramrrr mlLNlemCn~S 
was never mOR than 45 mi". Prrrrurc gradicntr between thc 
chamber and ambient air werC prevented by a 0.2 on hole in Figures 2 and 3 show the soil ammonium and 
the chamber and on sunny days heating or thc chamber war nitrate plotted against the day of the measurement. 
minimized by shading with an umbrella. In lhir way the air pior to the fcrrilizcr application On day I 16, lcvclr 
tsmpcratvrc inridc the chamber was kept within a dcgrse or 
twvo or Ihc ambicnl Icmperatur~, and becauw or short on the fertilized plots arc low indicating that little if 
time the chamber in thc tEmpcrlturs not any of the previous w r ' s  nutrients remain. The 
measurably dillcrcnt inside or outride of thc chamber. cxcecdinnly low values on daw I I 3  and 1 I5 arc due to 

J 
J Prior &this Lxpcriment the chamber had been eraluatd 

in thr laboratory. and on both grarr and barr soil sitcs on the 
grounds alYork University. By placing a Teflon sheet on thc 
bottom or the and adding ambient sonsentrationr 
orNo and NO, it w a  round that =bovF - IO:C the w a ~ ~ s  
the chamber did not absorb either NO or NO,. below this 
tcmpcratum NO, ab-rplion was ob=rvd. Bra air 
used 10 improvc the precision of the mcarurcmenl by rcmov- 

oxidation of the cmitlcd NO to the more rcadily dcpritcd ium Past day 180. This may be due 10 a lower soil pH 
NO,. Flux drtcrminatians wcrc lovnd to indcpcndcnt olthc which may have either inhibited the microbial nitrific- ',/ 
reridsncc limcf ( 1 )  b e l w u n  3.5 and I 3  rnin. T h i s  is EOnlislCnt ation or plant growth and thc svbrcqucnt of 
with the inm n i l u r ~  ofthechamber and thelack ofuplakcof ammonium, ~h~ ,,itrate appears peak the cmiltcd gawr. In general. the concenlrrlionr of NO, days after application. this is due in part to thc 

On LSYC~II o c c d ~ i ~ ~ ~  the NO IO NO, mnv~rter was continucd production from ammonium. A striking 
rcmovcd so the NO, flux could bc damnind .  It w- always feature of Figs 2 and 3, which 10 some extent masks the 
lerr than 2% ofthc total NO, flux rhowing the Cmimd gas 10 gross fcaturcs. is the nutricnt dcncasc for days 159 and ./ 
be NO. On a VPi-I field day NO. fluxes determined IM), prior mcasUrCmcnts field was irriga. 
two or thru limes for each of the eight framn. 

flux mcarurcmcnt ~ tcd with 2.5-5cm of Water. This c r m d e d  the field 
number rupponing mcaruremcntr W F ~ C  made. Soil tcm- capacity of thc soil and so leached thc nutrients from 

the ficld-Ging ploughed a n i  the nutrient poor 
from klow hing brought Sina 
fertilizer is applied argranulcr. it takes several days for 
the nutrient levels to rirc after the application of the J 
fertilizer. The soil ammonium appears to peak some 
20-30 days after the fcrtilircr is applied. Only plot 300 

ing the NO, and Io PrCYCnt DIOnC retains any significant amount ofthe applied ammon- 

in chamber w~~ belwun I and ppbv. 

ln conjunction with sach 

pcraturewarmearured with 1 mercury lhermomctcrinwrtcd 
2071 into thcroil. Moirturc.nilratc,ammoniumand pH wycrc 
measured in soil sampks taken lrom nexi ID the chambers. 
Thc mil moisiur~ was determined gravimrttically by the 
weight 10% on drying at 1oyC lor 24 h. Ammonium ws 
meawxd hs extracting the mil with 0.05 M K,SO. and 

the uppcr level 10 the lower soil IcvcIs. Thc subsequent 
increase is duc mOvCmcnt ornutricnt rich u.slc~ 
lrom 
action as the Soil dried. The effect is less pronounccd 
with ammonium as it has a higher exchange capacity 

being brought lo surfaa by Eapillan , 

-"i . 
I 

100 120 1 U  160 180 200 220 240 260 280 

S U M  DAY 

Fig. 2. Soil ammonium. in ppm. VI dale lor Plot 0 (open triangla). Plot IC0 
(open quarcr). Pi01 2C0 (filled Iriangler) and Plot 3 M  (filled squarer). 
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NLWI DAY 

Fig. 3. Soil nitrate, in ppm, V I  date for Plot 0 (open tnangks), Plot IM (open 
quarcr). Plot 203 (fillcd trimglcr) and Plot )o ( f i l l4  sguarcr). 

Fig. 4. Diurnal varklion ol lhc emiraion h a  d NO, from two Irarncs on 
Plor Im on day 243. 

SO is less w i l y  lcachcd from tbc soil. Thc maximum in 
the Plot 0 soil nitrate at day 180 muld k duc to the 
movcmcnt of nitratc rich watcr from onc of thc 
adjacent fcnjlkd plots or to nilrogcn h a t i o n  by the 
bean crop. The nutricnt lcvclr drop ac thc growing 
a w o n  progrerrcs although hcavy rain during the 
nisht or day 200 gives risc to an aarntuatcd rate of 
rcmoval bctwan days 200 and 201. 

Figurc 4 shows a typical day of NO, emission 
mcasurmcnts. Four mcasuremcnls wcrc mads on 
cach or the two framer ovcr a 10-h priod. Thc 
variations in soil moirturc and tcmpcraturc arc shown 
in Fig. 5. The Bnt  point to notc is that thcrc is 
substantial NO. emission 2 b alter sumct. showing 
that thc p r e s s  producing the NO. is no1 sunlight 
dcpcndcnt. The night-timc cmissionr arc lowcr than 

J 

thc midday valucs but arc thc Samc as thc morning 
valun whcrc thc soil tcmpraturc  was mmparablc. It . ' 

a p p a r s  thcrcforc thal the diurnal variation in NO, 
mission is a conrequcna of tcmpcraturc VariatiON. 
Thc other major fcaturc is the variation in emission 
rate within what is cxpectcd to bc a homogeneous 
plot. For cxamplc. thcrc is almost a lactor of 
dificrcna in some of the simultancous NO. emission 
measurements. T h e  two framcs wcrc only 2.5 m apart 
and no closcr than 3 m to the boundary of the plor 
S i n a  thc 6cld has bccn SO carclully tcndcd thcre is no 
=on to prcdict any variation k t w a n  the sitcs. Wc 
must wncludc that in spitc of man's attcmpt to 
homogeniw thc soil thcrc is a great d u l  nf variation 
within it. This d c g r a  nf variation has becn w n  
clscwhcrc but n e w  under such controlled conditions. 
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0 12 16 20 24 

TIME OF' DAY 

Fig. 5 ,  Soil tempcraturc (squarer) and soil moisture (triangles) lor Plot IW 
an thc same day as lor Fig. 4. 

1965 

100 120 110 1.9 180 200 220 2AO 260 2.30 

n" DAY 

Fis 6. NO. emision flux in pgB(NO)m-'h-' YL dntc lor Plot 0 (opcn 
triangler). Plo~ IW (open squsrcr). Plot 200 (filled triangles) and Plot 3W 

(filled quam). 

This variation makes it difficult to make detailed 
mwsurcmenls on  the soil. A large number of measure- 
menu arc n d e d  to delcrminc trends and true aver. 
ages. 

Figures 6 and 1 show the fluxes of NO. and N,O 
determined during this study. Each point is the 
averape al  measurcmcnls from both frames on each 

follow the nutricnl levcls. but there arc marked day-to- 
day  variations. 

The emissions from the fertilized plots rosc above 
that  of Plot 0 simultaneously with thc i n n c a x  in roil 
nitrate and ammonium bctwan days 116 and 138. 
The  emissions appear to p a k  around day 160, about 
40 days after the application of the fcrtililcr. 

I 

! 

I 

b l o t .  %IC emission flux mcasUrCmcnls showed huge 
variations throughout the mcasurcment period. For 
Plot 0 the NO. emission ranged from 1.5 to 
41.6 pg(NO)m-'h-' whcrcas for Plot 300 the range 
wasfrom3.1 to583 pg(NO)m-'h-'.Asimilarvaria- 
lion was noted for N20 whcrc the flux for Plot 0 
ranged from 0 to 61.8 pgWlO)m- 'h - '  and for Plot 
300fr0mOto446pg(N,O)m~~h~'.Thcreisadcar 
seasonal cycle in the emission f l u m  Which seem to 

! 
Th; N,O cmirsi& dropped back to the Plot 0 level 

by day 180. This is not wnsistent with the soil nitrate d 
mcasurerncnts which arc still high from days 180 to 
ZOO. There is some wrrclation with ammonium in the 
time scale for removal. but on Plot 300 there is little 
emission laic in the season. even in the prcscna of 
elcvatcd ammonium. A plot of emission flux against 
soil nutrients (ammonium and nitrate) gave no further 
insight into the proccss. 

A-7 
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J U W  DAY 

Fig. 7. N,O emislion flux in pa (N,O)rn-'h'' VI date lor Plot 0 (open 
triangles), Plol IM (open rqurcrh Plot lo0 (fill4 irjsnglcr) and Plot 3M 

(filled squarer). 

T h e  NO, emissions persisted throughout the grow- 
ing season with disccrniblc emissions past day 240,120 
days after fcrtilizcr application. This bchaviour ap- 
p a r s  to correlate better with soil ammonium than 
nitrate. especially in the rcsponv In I k  k+:2!!2? % 

day 159 and the persistcnoc of NOx emissions on Plot 
Mo. This would suggest that the NO, is a product of 
biological nitrification consistcnt with the obxrva- 
tions of Anderson and Lcvine (19871. However this 
wrrclation does no1 hold up to detailed analysis. 
Again a plat of emission against soil nutrients gave no 

next measurement on day 180 the N,O emissions had 
dropped to prc.fcrtilization lmels and littk day io  day 
variation was observed subxqucntly. Thc NO, levels 
at day I80 appear depressed by the hot dry conditions 
5:; ICWIF~ by day 2W. l h c y  arc supprcsscd again by 
rain that night. There is some cvidcna for a small 
incrcax in N,O emission on day 203 due to the 
moister soil conditions. Thc NO, emission had re- 
covered again by day 220 and showed a steady 
decrease to the end of the growing Ecason. 

additional information. 
Although thccmissionrwem most closdyrclatcd to 

!be nutrient levels. the day 10 day variation is sub- 
stantial and must be rclatcd l o  the more variable 
parameters of temperature and soil moisture. along 
with agricultural practioc. Thc variability orthe emis. 
sionsbctwemdays l lOand 118arclargclyduclothc 
soil being ploughed t h r s  times so that most of the 
minobcr, which live in the top 2-3 cm of soil, were 
buried a b u t  15-20cm. The microbe population then 
took several days 10 regenerate in the surface layer. 
Tbcrc is little variation in either N,O or NO, emir- 
rionr between days I38 and 139 msistcnt  with sim- 
ilar tcmpcrarures and no rain 00 tho= days. The 
major discrepancy occurred for the NO, emission on 
days I59 and 160. As noted above heavy irrigation 
lowered thc nmricnts on thcsc days. NO. fluxes were 
measured lor all four plots on day 160 but only for 
plou I00 and 200 on day 159. Thew two mcasurc. 
menis shdw a substantial decrease in NO, emission 
but it had returned to apparently more typical l tvds  
by the next day. In this case the dryingofthe field. and 
thc associated movement of nutrients, appears IO 
dominate the NO, emissions. Plot 2CQ showed an 
increased N,O emission on day 160 but olhenvisc the 
effect of the irrigation was minimal lor N20. By the 

3.2. Comparison with previous studies 

As with previous studies, particularly those on 
agricultural soils. a wide range of emission fluxcs were 
obtained with the values for the most fertilized plot 
among the highest rcportcd. 

Tables I and 2 prcxnt the results of NO. and N,O 
flux measurements on fcrtilied agricultural soils. 
While the values rcpaicd here arc somewhat higher 
than most lhcy arc not remarkably so. The measwe- 
ments were made on rcscarch soil subjected to abnor- 
mally high fertilizer applications. so higher emissions 
would bc capencd from thcv fields than those under 
regular cultivation. It must also be remembered that 
these mcasurcmcnts were made on bare soil and may 
overestimate the actual net nitrogen emission to the 
atmosphere. 

3.3. Dixursion of the j u x  voiiation 

Eaamination or these data shows, as have a numbcr 
of studies, that the emissions arc dependent on soil 
nutrients (ammonium and nitratc), cempcraturt, soil 
moisture and agricultural practia. We now dcsnibc 
our altempir to quantify thcx dtpendcncics to obtain 
a modcl for the emission flux in terms of the readily 
measureable soil parameters. 
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production NO, and N,O rrom soil 1967 

Corn field X)-8M Williams et 01. (1988) 
Wheat field 1.3-6.2 Williams el 01. (1988) 
Corn field 21-241 Andcnon and Imine (1981) 
Soy field 2.5-33.8 Andcnon and Levinc (1981) 
Arable field 0.4-223 Johansron and Grana! (1984) 
Experimental field 1.5-583 This study 

Table 2. N,O emission Ruru from rcnilizd agricvllural soils 

N,O flux 
Ground character rra(N,Olm-'h-' meicrcna 

Arable field 228-1712 Blackmcr <I d l I 9 8 2 )  
Arable field 34-367 Brcmner el 01. (1980) 
Arable field 35-482 Andcnon and Levinc (1987) 
Corn field 41 I 4 9 4  Cater and K-ncy (1987) 
Cropped ficld 864 (average) Morisr and Hutchinson (1982) 
Exnrimcntal field 0-446 This rludv 

0 0 

8 8 10 12 14 18 

SOIL MOISTURE / Z 

Fig. 8. NO, (squarer) and N,O (triangles) cmision R u m  in pg(N0 or N,O) 
m - ' h - '  *6 soil moisture (%) lor Plol 2Di) on day 182. 

An cxperimcnt to investigate the soil moisture 
depcndena was performed on  day 182 when 1.5- 
2.0m 01 water was applied. This brought the soil 
closc to field capacity, about 14% soil moisture. but 
did not exceed it as on day 159. Measurements 
commcnccd immediately alter the irrigation aased. 
TheN0,cmissionflur was less than %and the N,O 
flux less than 20% olthc previous day's values. As the 
soil dried the fluxes increased to values consistent with 
thow obtained in the period before irrigation. The 
variation 01 the fluxes with soil moisturc are given in 
Fig. 8. The steady incrcasc in the NO. emission rate 
with decreasing soil moisture is COndStCnt with the 
depression 01 an aerobic p roass  by the high water 

content 01 the soil. This L the same conclusion drawn 
in section 3.1 on the basis o l the  ammonium dcpend- 
e n a  01 the emission flux. The N,O emission appears 
to bc limited by a physical p roass  as evidcnad by the 
sharp increase in flux below 10% soil moisture. David- 
son and Firestone (1988) have shown that, for N,O 
emission. diKvsion through the soil pare spaces is 
imponant. Thus it appears likely that in this case the 
anaerobic production 01 N,O continued even a t  the 
high soil moisture I w d s  but the emission was phys- 
ically controlled by the prcrena 01 water in the soil 
pores. This eKcct has bccn observed previously by 
several groups including Slcmr and Scilcr (1984) and 
Grundmann et nl. (1988). The NO, flux results were 

I 
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found to bc best fittcd by a In(flux)dcpcndcna on soil 
moisturc. but a rimplc analytical cxprcsrion for N,O 
flux was not possiblc. 

Thcrc is a wide tcmpcraturc range from which a 
tcmpcraturc dcpcndcncc can bc dclcrmincd. The tcm- 
pcraturc dcpcndcncc is best dcscribcd by an activation 
cncrgy typc cxprcssion, i.c. 

In(Rux) = In(A)- E./RTv 

Hcrc A is a constant, 7. the soil tcmpcraturc, R thc gas 
constant and E, thc activation energy. Hawcvcr. when 
E, was so dct-incd it was found to be plot dcpcnd- 
ent. This was duc, in pan. to thc simultaneous varia- 
tion of soil nitrogen and tcmpcraturc. The nurricnts 
wcrt greatest when the tcmpcraturcs wcre thc highcst. 
thus wc were fitting some nitrogcn dcpcndcncc 85 
wcll. Restricting the dctcrmination of E, to thc lattcr 
half of the scason where tbe nitrogcn variation was 
small produccd a more consistcnt result of 108 
220 kJ mol-'. This is similar to thc values of 65- 
83 k1 mol-' obtained by lohansron and Granat 
(1984). 44-103 k l  mol-' by Slcmr and Scilcr (1984) 
and 97f 1 1  k l  mol-' by Williams et 01. (1988). 

Using this dcpcndcncc on moisture and tcrnpcr- 
atwc. and assuming a lincar dcpcndcncc of the flux 
rates on ammonium. nitratc and pH. wc attempted to 
dcvclop a model lor the cmission Aur in terms o l  thcw 
paramctcrs. Thc icsults of this sxcrcisc W C ~ C  d i sap  
pointing. Within a singlc plot or lor a limited timc 
pcriod thc model was able lo simulatc thc fluxcs 
aatisfactorally. Howcvcr for the data Y I  as a wholc the 
modcl was unsatisfactory indicating this simple modcl 
to bc incomplctc. For cxamplc thc soil moisturc 
dcpcndcncc appears to change with nutricnt level. A 
multiplc rcgrcssion modcl cannot k uwd for this kind 
of non-linear systcm and wc have insufficicnt data for 
a morc detailed modcl. The rclationship we h a w  
described apply wcll lo the systcm as it was studicd, 

M. F. SnEPnmo et 01. 

but extrapolation to different moisture and nutricnt 
conditions is not possible. 

3.4. 
By intcgrating thc data in Figs 6 and 7 we can 

dctcrminc a total seasonal rclcasc of NO, and N,O. 
Figure 9 gives the total emission lor cach plot as a 
function ol thc applicd fcnilizer. Thcrc appcarr to k a 
simple lincar relationship bctwcen thc emission flux 
and the applied lcrblizer. From thesc data an avcragc 
of 5.3% of thc nitrogen applicd as l c n i l i r  (", or 
NO,) is released to the atmosphcrc as N,O and 11 % 
as NO.. 

As thc arca in which thcse mcasurcmcnts were made 
is a major population arca, the anthropogcnic cmis- 
i o n s  of NO. are wcll quantificd. Thus using thc 
results of this study with anthropogcnic emissions 
d m  allow Ihc asscssmcnt of thc imponana  of biolo- 
gical input into the atmosphcrc. For a 5 x 5 kmz area 
ccnlrcd on thc City of Windror, the annual anthropo- 
genic NO, emission is 732.8 lonncs (MOE, 1985). Thc 
avcragc lor thc samc arca 01 agricultural land in 
southwatcm Ontario, oRthc transit corridor. is only 
15 tonncr. Assuming an equivalent of l5Okg ha" of 
".NO, lcnilirer isapplied to the agricultural land 
in this area then t k  annual biagcnic emission is 14.5 
tonnes for the same 5 x 5 km' area. Thus in a rural 
arca the biological cmission is comparablc to thc 
anthropogcnic emission. 
On a province wide basis only 3.9% of Ontario is 

undcr cultivation lor cereal. legume or vcgctablc pro- 
duction. Using the same assumptions, as above, yields 
an Ontario biological NO, production of 14 kiloton- 
ncs per ycar. The comparablc anthropogcnic cmis- 
sions arc 329 kilotonncs lor vehicular cmisrions, 178 
kilotonncs lrom point sourccs and 78 kilotonncs lrom 
other souras (hlOE. 1985). Thus on thc largcr scalc 
anthropogenic NO, cmissionr arc dominant. 

and Nlo relearrd 

1.4 - 

c .  

m O N N M  NITRATE P P U E D  

Fig. 9. Total YPIOIIPI emission olNO, (rquarcr) and N,O (Irianglcrl VI the, 
arno~ni allsnilixr spplicd U ammonium nitrate rn-'). 
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production of NO, and N,O from mil 1969 

This c~crcisc shows how carefully these agricultural Mackay G. I.  and SchiR H. I. 11989) N c r  tcchnologicr lor 
data k used, N~~~ a major urban ccntrc the use in acid dcporition ncworkr.  In Mnnirnring Mrihodr 

107 ToziCs in the A f m o v h m  ASTM STP 1052 (edited by 
Zicliniki W. L.1. Amcrican Sociely lor Testing and Malcr. 

provincial wide contribution. Howcvcr. away from illl, philrdc]phia, pcnnryluania, 1989, 
major anthropopcnic CCnttCs and for C a m  whcrc J Durbury I. M.. Vnuldin D. R.. Tory R. E. md Talc R. L. 
transport from such ccntrcs is small, the agricultural (19821 Emissions a l  nitrow oxide from soili. Norure 298. 
contibution is significant. 4 6 2 4 .  

'Galbnlly 1. E. and Roy C. R. 11978) Lou of fiicd nilrogcn 
from soils by nitric oridc cxhalaiion. Norurr 275, 7?d-735. 

(1988) Field soil pmpcrticr influencing the variability of 
dcnilnlying gar Rurcr. Soil Sci. Sa. Am. 1 .52 .  1351-1355. 

(Johanson C. (1984) Field msaruremcna and .mission o l  
nitric oridc from lcrlilizcd and unfcnilizd forcrl soils in 

field with controlled fertilizer applications has k e n  J, chrrn, 4 2 ~ 2 ,  
pcrlormcd.Thc flurcrofthcscgarcs Io Ihcatmorphcrc &hanuon C. and Crnnat L. (1984) Emirtion or NO from 

componcnl is insignjficanl. as is 

mndmann G. L.. Rolrlan D. € and Kachanorki R. G. 
CONCLUSlONS 

A of of NO. and N20 from 

Orion R&ch Inco'rbralcd. Bblon. 
Parrish D. D.. Williams E. 1.. Fahey D. W., Liu S. C. and 

Fehwnfsld F. C. (1987) Msrrurcment of nilrogcn oiidc 
R u m  from soils: inarcompariron of enclosure 2nd g n -  

/Anderson 1. C. and Levinc I .  S. (1987) Simullancaur field dicnt mCasuremenl techniques. J.  gcophys. Res. 91.2165- 
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