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TECHNICAL R E P O R T S  

Atmospheric Dispersion of Ammonia During Application of Anhydrous Ammonia Fertilizer' 

0. T. DENMEAD. J .  R. FRENEY. AND J .  R. SIMPSON' 

ABSTRACT 

There is a need 10 derdop l e c h n i q u ~  for Ihe prediction of Ihe aCriPI 
spread o f  hazardous ehrmirslr released in sgricullvrnl operations. The 
dispersion of ammonia ( N H J  gas during 1011 injection 01 anhydrous 
NH, i s  one such example. I n  previous *ark we rrtsblirhcd lhsl dlrr  
in jmion NH, escaped from the soil Io lhe almorphrre SI a n l e  lhs l  
drerrircd rrpanmliali! with lime: in o~ rs ludy the  * hole proms look 
sbout 2 h. In lhir  paper we combine Ihe dynamics of Ihe rmirr ion 
process with existing microme~eorologirnl I h e w  lor atmoipheric dis. 
pcriinn from line IOUICCI. 10 prcdicl SH, ~oncenlmions in Ihc sir 11 
Ihe downwind edge 01 Ihr field. The prtdiclims are compared a i l h  
roncmirslioni measured during an injcclion openlion. 

l o t ~ l  NH, rmiuion during the operation was- 
up l o  213 rg/m' 
stages of injeelion. H i n d  speed and PI- 

rcrordrd SI the 

muspheric slabilil? had large ininuenm on NH, dispersion. In  l ighl 
windr and slsbir rondilionr NH, Conrrnlnlionr >IO0 pglm' *en 
recorded u h r n  Ihe ~pplicn101 w m  > 200 m upwind. and some NH, en- 
rirhmrnl slili occurred when i t  YLI 600 m upwind. 

I 
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The model UndcrKIimalK XH, concmtrationr when Ihr  lrcslcd 
widlh i s  <30 m. bul prcdkt$ (hem ver? *e I i  PI ~rea l r r  dismneer i n  
both slabie and unaable randilionr. The model i s  vrrd 10 predicl NH, 
c~nrrn in t ion i  downrind o f  Ihc applicnlor for a mnge of wind speeds 
and rmirrion slrenglhi 

The npprosch should prow useful no1 onl! for crlimsling NH, 
pol iu l im hnurdr  bul 81~0 for predirling dispersion i n  relaled agri- 
CYIIU~I o p m t i o m  where a lime-drpcndcnl den? and/or e line- 
InUrPC nnn1ogy arc sppr.pria1e. 

Additional I n d u  Hbrdr: atmospheric diffusion. ntmorphcr,ic 
p~lluiion. Berid spread. nitrogen 101s. 

Dcnmcad. 0. T.. J. R .  Fienc?.. and 1. R .  Simpron. 1982. Alrnorphcric 
dispersion of ammonia during application of anhydrous ammonia 
fenilircr. J .  Environ. Qual. Il:S68-572. 

There is often a need IO predict the aerial spread of 
hazardous chemicals released during applications of 
pesiicides. herbicides. or fertilizers. I n  many cases the 
material is applied in rows or bands bg.continuour- 
applicator traverses. One such operalion is the injection 

1 
G-3 



into the soil of anhydrous ammonia (NH,) fertilizer. 
which results in the liberation of NH, gas to the atmos- 
phere. Besides constituting a direct health hazard, NH, 
is in\,olved in the formation of aerosols affecting health. 
visibility, corrosion. and precipitation processes and 
may contribute to N enrichment of u'ater bodies 
(Hutchinson and Viets. 1969). In this paper, we report 
on the atmospheric dispersion of NH, gas during the in- 
jection of anhydrous NH, when the operation was pro- 
ceeding at various distances up IO 664 m auay from the 
measuring point, and present a model for predicting 
NH, concentrations in the air at the downwind edge of 
the field. The model combines the dynamics of the emis- 
sion process with existing micromeleorological theory 
for diffusion from linesources 

In usual practice. anhydrous NH, is injected in bands 
in the soil at a depth of 10-15 cm. The liquid boils and 
some NH, gas escapes to the atmosphere through the 
iniection slits and soil cracks. This emission continues at 
a decreasing rate for some time after the initial injection 
(Denmead et al., 1977). 

The emission pattern can thus be expected to  have 
characteristics of both a moving, ground-level point- 
source, and a continuous. ground-level line-source, the 
former model accounting for crosswind dispersion as- 
sociated with the initial NH, release and the latter for 
the downwind diffusion from the continuous line 
sourccs. The line-source reieases wiii haw a11 iiicrsasiug 
influence on the concentrations ai the downwind edge as 
the treated area grows; we have therefore chosen to ex- 
amine the dispersion of NH, in terms of the simpler line- 
source solutions, bearing in mind that the analysis is 
likely to be less appropriate for the early stages of the in- 
jection operation. 

METHODS 
Experimental 

The C\pcrimcntal layout. procedures, and mclhodr o f  mcalurcmenl 
durinp the firs# rtagcr of the rrudy h a w  been dcrrribcd prcviouily 
(Dmmcad E, al.. 1917). Bricfly. anhydrous NH, was injracd at a rate 

bare. moist, clay soil IpH 6.2. m a l  N O.Ol%o). 12 
m apart). during tach parr of an applicator that 

J 
m w r r r d  i h r  ficld across the wind. praduall? working upwind. The 
mcan in)cciion depth was 0.12 m. Wind speeds. air trmperaturcr. and 
NH, conccnirationr wcrc measured 81 heights afO.31. 0.14, 1.24. and 
2.24 m ai a point on the downwind edge ofthc field. midway alone !he d 
lrack ofihc applicaor. "ind direriionr wcrc also recorded. 

Sampling periods during the firs! ~tapcs  of injeciion cricndcd from 
the lime she applicator parrcd direal? up r ind  of the mcarurinp point 
until jur i  bcforc i t  rnurned lram thc cnd of the field. 503 m auay. The 
avcrapr time for oncwch i r a w r s ~  uas I 7  min. Durinp !hc later siaecs / 
of the rrpcrimeni. the rampling Deriodi wcrc lcnathcned LO cmbracc 
1 \ 1 0 ,  and ihcn four. t r a v c ~ ~ c s .  

Theoretical 
The equation describing rrcady-natr aimorphctic diffusion in two 

dimcnrionr i s  

whcrc u ,  and K .  arc the va lu~s  of P and Kat a rcfcrencc height. z , .  For 
canveniencc. i, may be IC! aL unit height abow the ground in our 
case. at I cm. The empirical conrlanli m and narc related to thc mrc- 
dynamic roughnCss of the surface and the thermal rrabiliiy af thc ai- 

Ri = g/r(aVa: + 7)i(aidaz)2, 

where g i s  the acceleration due to gravity. Tis the mean absolute 
tcmpcraturc. and 7 the adiabatic lapse ram Sutton (1953) gives a dc- 
~c"ption of the IhcoreticaI barir of the Richardson number, but in 
rhon. i t  provider B means far specifying the relative cffcclr of 
buoyancy and r i n d  rhcni on vcnical diffusion. A negative Ri dcnmcr 
an unstable atmosphere, which usu~llg occurs in daytime r h e n  the 
mcchanieal turbulence of the r i n d  is augmented by buoyancy forces. 
A poritivc Ri. denoting a riablc atmosphere. i s  characteristic of the 
nighttime. when the tcmpemturc inversion suppre61c1 mechanical lur- 
bulencc. Conditions arc u ~ ~ a l l s  dcfincd as new-neutral when IR i I  < 
about 0.03. 

A i  will bc shown I ~ I C T .  Eq. 121 can provide a very good description 
d t h c  wind proiilr ncai the ground. Funhemore. i f  the cxpe"men1al 
area i s  lame and uniform. the r i n d  orofilr will bc well-cnablirhed and 
("e sncarinp xrcs, wi i i  'k LYll,i.lli 'Zit>, >+: <c:!i::, !?A?>. ++ 
l a d  to the simplification lhal n = I -m. 0 < m < I ;  hence. 

K =  K ,  I:/:,)'-*. 141 

Calder'r and Sutton'r solution for the concentration distribution 
from a ringlc linc-~ource of strmglh. Q, alongx = i = 0 has the form 

whcrrs = (m+ I ) / ( h +  1 ) a n d r  dcnoierihcBammafunction. 

Analytical 
In ordcr 10 apply Eq. IS] to the cxpcrimental data. i lwa1 firs OCCCI- 

sarg to estimate the paramrtcri m. Y,.  and K , .  The first of thcsc war 
ertimalcd from ~ w m t y  wind profiles mcarurcd ai the sile in pcriodr of 
strong winds and n~ar-ncutral conditions by camparin1 wind specdl a1 
thchighcrlcvclrwirhihorca,0.31 m. FromEq. 121. 

m = log(P~Tu..,,)llogl:/O.3l). 

The mean of all such deicrminaiionr a i  m was 0.225. with a standard 
de\'iation of  0.016. The rcfrrencr u'ind speed. Y, .  was calculated for 
each rampling period directly from Eg. 121 using this value of m and 
their at 0.31 and 2.24 m. Thc LxCellCnt f i t  o f  Eq. 121 to all Ihc r i nd -  
speed data collccicd at the site. which included periods o f  light xindr 
and strong inversions. i s  shown in Fig. I 

To E ~ I C U I ~ I C  K ,  a low-Icvel dray coefiieient. C:, was estimated from 
the 20 near-neutral wind profilcr following thc procedure of Dcaeon 
and Sr inban l  (19%). This coeffxicni was then used in Conjunclion 
with the wind sped at 0.31 m LO caIcula~cK, for each rampling mr iod 
from thc relationship 

K ,  = C,.,. ;, ir , .Bb'lm u ,  

Farlhir iiic. G.,, hadanavcrnec\alurof0.0127. 
As noted in the introduriion. NH. rmirrion Coniinuci 81 a dcciear- 

ing raw lor romc time after i n j m i o n  (Denmead CI PI.. 1977). An 
analysis o f  the early stascs of  the cxpcriment indicaicd that emission 
mni inwd  for about 2 h. Thc 10td crnirrion %,as cquivalenl 10 1.2 k~ 
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Fig. 1-Fit of powir-l~w profile. Eq. 121. I o  rind.rpnd dais. 

",/ha and the insranlaneour rmissian T ~ I C .  9. cas described by lhc 
equation 

q ( 0  = q , c x ~ ( - A O .  161 

whcrr I is time (I). qo is lhc initial raw (= 37.0 pe S H ,  m-' P), and A 
is a raw conitant (= 6.3 x 10' P I .  The iimC ~oni iani  of the decay 
was 26 min. ParLirular Y~IIILS of 9. and A dcprnd on how strongly 
NH, is absorbed by the soil and the nature o f  Ihc cxape path from the 
sile of injcccion LO the soil surface. They can lhui be expected to vary 
from mil 10 mil and wiih Ihc method of injection. 

Sincc one tiilvcrsc of i hc  applicator required I -  mi". the average 
eoncentra~ioni mearuicd 81 the downwind edge of rhr field during 
each sampling pcriod WTL influcxcd by cmirrioni from s~vcral u p  
wind rourrer located at diffcrcnl dircancer from thc edge and emitting 
81 various r a m .  depending on their limes of injeuion. TO analyze the 
data. wc ihcrcforc added the sepaialc roluiionr p i \ m  by Eq. IS] for 

each injected band w i t h  @ IC, c 4 u d  10 thr appropriate a\'eragc raic for 
that band during !he rampline p-riod. From Eq. 161. 

Q = qo{cxpl-A(!,-,*)l - ~ ~ p l - A ~ ~ , - ~ . ~ ~ ~ / A ~ l , - ~ , ~ ,  I .  s I, a I:. 

whcrcr. ir lhctimc(fromlheriart  o f t h ~ ~ p ~ m i o n ) a t  whichihcband 
r a i  injccied. r ,  if tht star, 0 1 t h ~  sampling pcriod. and I :  i i  chc cnd of 
thc sampling period. I n  L ~ ~ C C I .  w t  approrimatcd rhc cxperimmal 
iiiuation by a $cries of stcad! line-sources 21 different distances up- 
wind. 

In  applying Eq. IS]. il war nccesrary to BECOUO~ for wind directions 
othcr ihan ihrrse normal 10 the cdgc of the  firid. since deviations from 
normality increased the cffcaiur upwind dirrancc of the IOUICCI. This 
adjusimmi was made for each sampling period by dividing the 
nominal upwind dinancc of each source by the cosine of the dcriatian 
in wind direction. 

RESULTS 
Meteorological parameters and NH, concentrations 

during the experiment are listed in Table 1. Most of  the 
observations were made in slightly unstable atmospheric 
conditions, but the last three sampling periods were in 
stable conditions. 

The data in Table I illustrate the main features of the  
dispersion process. Concentrations were highest close to 
the ground, where they increased rapidly during the first 
three traverses. As more of the field was treated and the 
emitting sources became more remote, NH, diffused to 
greater heights in the atmosphere and concentration 
gradients lessened; concentrations at lower levels fell 
while those at higher levels increased. These features are 
evident in the NH, concentrations measured while the 
treated width was extended to I20 m. During this 
period, winds were steady at 3-4 m/s. 

The effect of wind speed on the concentrations at the 
downwind edge is evident in sampling periods 14. 15, 
and 16. In period 15 the wind speed dropped to about 
one-half that in period 14 and this resulted in a doubling 
of NH, concentrations. I n  period 16 wind speed had 
dropped to  about one-third that in period 14. and the 
concentrations were almost four times as high, despite 
the fact that by then most of the effective sources were 
twice as remote from the measuring point. However, an 
additional influence during this period was the develop- 

Table I-hletcorological data and atmospheric ", eonenfrations during injection of anhydrous NH,. 

>lean KH, mnrenrrationg 
Sampling width Wind t a t  Ri a t  
ptidf injeccred directiont 2.24m "I K, 1.67 m 0.31 m 0.74 m 1.24 m 2.21 m 

m d c p e e  - Ids- d l .  w m '  
0-6 6 3.80 1.15 0.0032 -0.038 169 37 7 0 

12 3.4s 1.03 0.0021 -0.034 195 101 66 6 
24 3.16 0.95 0.0026 -0.044 213 157 94 17 

18-24 43 3.49 1.05 0.0029 -0.056 119 104 62 13 
30-36 30 3.88 1.1s 0.0031 -0.047 59 4 7  24 21 

9 36-42 20 3.39 1.01 0.0027 -0.054 63 54 33 22 

11 48-60 31 3.97 1.19 0.0032 -0.044 45'" 40 26 28 
12 60-72 25 3.82 1.14 0.0030 -0.039 so 36 21 22 
13 72-96 47 3.95 1.17 0.0031 -0.019 26 25 14 
14 96-120 41 3.94 1.15 0.0030 -0.003 28 29 24 17 
I 5  120-144 48 1.90 0.56 0.0010 0.094 41 33 35 36 

114 100 60 
14 12 8 

26 1.19 0.35 0.0004 1.814 1QL 16 210-234 
17 600-6007 30 0.70 0.21 0.0001 2.538 10-3 

970 12-18 6-12 

$ ;  
10 42-48 40 3.96 1.19 0.0032 -0.038 4%:- 13 31 17 

7Somedara forramplingperids 1.2. 3. I areeifrdinDenmeaderal.11977l.Thcnumberin~~.erei~can~irt~nrvirhrhstpapi.  but toncenrrationr Lhereare 

1 Deviationl~omadirectionnormalrocdgcoffield 
$Tho b.ckproundconepnir.tionldvting LhrerpnmcnrlofJrS,rn'has bffnrvb~acrcdfromtherevslue 
Y tni.ctionceaspdsl600m'h hbeforcramplingcornm.nc~.Thessmplingpnodvarl h 

forNH,.K. l n i ~ r i o n  -21 rroppd duringsamplingpncdr5. &and?. Samc&la lor ihe l rpr ivdraro~veninD.n~eadcra l .  n9:il. 
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Height , 
l m l  

30 

2 5  

2 0  

0 5  . 
0 

ment of a strong inversion and the consequent suppres- 
sion of vertical diffusion (compare Ri and K ,  values for 
periods 16 and 14). 

The exient to which these observed features are repro- 
6 u ~ d  L j  ;hi r,xX i; ;L.z;;: :: ?:. 2 - 4  !. Fi: 7 the 
calculated NH, concentrations at the downwind edge 
are compared with those measured during sampling 
periods3. IO, 14, and 16. 

As expected, agreement between prediction and 
observation was not good for short treated widths where 
the line-source analogy is less appropriate. This is 
evident in the comparison for period 3 when 18 m had 
been treated. In fact, the model underestimated the con- 
centrations at all heights when the treated width was 
c 3 0  m. For greater widths, however. agreement im- 
proved markedly. as the comparisons for periods IO. 14, 
and 16 show. The effects of source remoteness. wind 
speed, and atmospheric stability on the concentrations 
downwind were predicted very well. The same good 
agreement for treated widths > 30 m can be seen in Fig. 

200 C ’  * 

0 50 io0 ! S i  200 250 600 

3 and 4, which compare predictions and observations of 
NH, concentrations for all the sampling periods. 

DISCUSSION 
The comparisons presented here show that tne disper- 

sion of NH, following anhydrous NH, injection can be 
predicted satisfactorily by existing diffusion theory at 
distances of 30 m or more from the source. The theory 
should then be useful for estimating the extent of NH, 
pollution in other field situations. 

Efficiencies of particular applications of anhydrous 
NH,. and the dynamics of emission, can be expected to 
vary with soil conditions and the method and amount of  
application 1 this experiment the total emission of 
NH, w a s m q O ! h e r  published estimates of NH, e 
loss during the injection operation range from * I  

r .0.96” 

n31m 
c 0.74 m . 1.2rm 

~ 2.24 m 

/ 
I :  

0 20 40 60 80 100 110 

Meal”,* CD’ICF”11atmr I V F  N ” J d )  

Fig. 4-Comparison of observed and prcdiclrd NH, COncCnlralionP 
lor injected r i d l h r  > 30 m. 
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OI.t."C. trom .ppllc,lo,lm) 

Fig. 5-Predicted NH, ~oncinllptiom st dornrlnd edge of lirld a1 
height of 1.5 m. Solid line lor spplinlar working .*.y lrom edge; 
dashed line 101 Ippl imor  working tor lrdr  11. See t t l i  lor pwmsm. 
rlrn used. 

kg/ha (Baker et ai., 1959) to as much as 45 kg/ha (Blue 
and Eno. 1954). 

Equation [SI indicates that the concentrations at 
particular heights and distances downwind are directly 
proportional to the strength of the emitting source and 
inversely proportional to  the wind spccd. Assuming the 
same dynamics for NH, emission as u'c measured (as 
embodied in Eq. 161 and our  value for A), the same 
traverse time. and the same roughness characteristics 
and atmospheric stability (implying thc same value for 
rn and the same ratio between u,  and K , ) ,  it is a simple 
matter to calculate NH, concentrations for other source 
strengths and cther wind speeds. Figure 5 .  for instance. 
shows expected concentrations on the donnwind edge at 
a height of 1.5 rn for a wind speed at 2 m of 4 m/s, a 
source strength of 5 kg ",/ha, a value of0.225 for rn ,  
and the same ratio between u ,  and K, as in sampling 
period I .  (A height of I .5 m was selected as a reasonable 
head height.) Two curves are shown in Fig. 5: one for 
injection starting at the downwind edge with the 
applicator traversing crossuind and gradually working 
upwind, the other for injection starting at the upwind 
edge with the applicator again traversing crosswind and 
gradually working downwind. The concentrations close 
to the d o w w i n d  edge in the latter case are higher be- 
cause of the greater extent of the upwind sources. 

In both cases the concentrations can be scaled directly 
for different source strengths or wind speeds. for in- 
stance, an emission of 10 kg/ha would result in  twice the 
concentrations shown in Fig. 5 at the same wind speed. 
or eight times. i f  the wind speed at 2 rn was only I m/s. 
To take an extreme case: if the emission was as high as 
the 45 kg/ha reponed by Blue and Eno (1954). the dy- 
namics were the same as used here, and the wind speed 
at 2 m was I m/s, concentrations at the downwind edge 
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would excccd 7.000 pg/m' in ihe early stages of injec- 
tion and would still be > 1.000pg/m' when the applica- 
tor was 500  m upwind. 

Air quality standards for NH, are listed by Stern 
(1968) and discussed by the National Research Council 
(NRC. 1979). Of these, the most stringent is [he USSR 
permissible siandard, which is a concentration of 200 
pg/m' persisting for 20 min. Conservative as the 
standard may be, it is evident from Fig. 5 that it would 
be breached during the injection operation in light to 
moderate winds if the NH, emission rate was 5 kg/ha or 
more. Other factors, such as temperature inversions 
that suppress venical diffusion, as in sampling period 
16, or reduced lateral dimensions of the treated field. 
which would make for a quicker injection operation and 
a more rapid concentration increase. could lead to con- 
centrations in excess of the standard for even lower 
emission rates. 
As discussed by the NRC (1979), there is a wide range in 

standards for different environments and between coun- 
I r i s .  so that the above examples can be no more than 
illustrative of potential health hazards. The underlying 
dispersion theory, however, should prove useful in re- 
lated problems in agriculture where a time-dependent 
decay and/or a line-source analogy arc appropriate; for 
instance, in estimating the atmospheric concentrations 
of pesticides or herbicides released from row applica- 
tions. 
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