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ABSTRACT 

Wilson, J.D., Catchpole, V.R., Denmead, O.T. and Thurtell, G.W., 1983. Verification 
of a simple micrometeorological method for estimating the rate of gaseous mass 
transfer from the ground to the atmosphere. Agric. Meteorol., 29: 183--189. 

Wilson et al. proposed a simple micrometeorological method of estimating the rate 
of gaseous mass transfer to the atmosphere from a small circular plot which required 
measurements of time-average species-concentration and horizontal windspeed at a 
single height. This method has been applied here to estimate the rate of volatilization 
of ammonia from a 25 m radius plot treated with urea fertilizer. The emission rates thus 
obtained agreed satisfactorily with estimates based on a mass balance which employed 
concentration and windspeed measurements at five levels. 

INTRODUCTION 

This  p a p e r  c o m p a r e s  t w o  m i c r o m e t e o r o l o g i c a l  m e t h o d s  o f  e s t i m a t i n g  t h e  
r a t e  o f  g a s e o u s  mass  t r a n s f e r  f r o m  t h e  g r o u n d  to  t h e  a t m o s p h e r e .  T h e  
m e t h o d s  a re  a p p l i c a b l e  to  m a n y  p r o b l e m s ,  b u t  wi l l  h e r e  be  c o m p a r e d  spec i -  
f i ca l ly  f o r  t h e  case  o f  a m m o n i a  v o l a t i l i z a t i o n  f r o m  u r e a  f e r t i l i z e r  a p p l i e d  
to  p a s t u r e .  B o t h  u t i l i z e  a smal l  ( r a d i u s  <£ 50 m)  c i r c u l a r  p l o t .  T i m e - a v e r a g e  
s p e c i e s - c o n c e n t r a t i o n  a n d  w i n d s p e e d  m e a s u r e m e n t s  a t  t h e  c e n t r e  o f  t h e  
p l o t  su f f i ce  t o  d e t e r m i n e  t h e  r a t e  o f  e m i s s i o n  f r o m  t h e  p l o t ,  T h e  use  o f  a 
smal l  c i r c u l a r  p l o t  is in severa l  w a y s  m o r e  p r a c t i c a l  t h a n  t h e  t r e a t m e n t  
o f  a large  f i e ld  ( u p s t r e a m  e x t e n t  ~ 300  m)  t o  o b t a i n  a s h a l l o w  c o n s t a n t -  
v e r t i c a l - f l u x  l a y e r ,  w i t h i n  w h i c h  p r o f i l e  o r  e d d y - c o r r e l a t i o n  m e a s u r e m e n t s  
can  d e t e r m i n e  t h e  r a t e  o f  e m i s s i o n .  

T h e  t w o  c i r c u l a r - p l o t  m e t h o d s  a re  he r e  l a b e l l e d  t h e  ' i n t e g r a t e d  h o r i z o n t a l  
f l u x '  ( I H F )  m e t h o d  a n d  t h e  ' t h e o r e t i c a l  p r o f i l e  s h a p e '  ( T P S )  m e t h o d .  T h e  
l a t t e r  is a s i m p l i f i c a t i o n  o f  t h e  f o r m e r  w h i c h  r e d u c e s  t h e  r e q u i r e d  e x p e r i -  
m e n t a l  i n p u t  b y  i n c o r p o r a t i n g  t h e  p r e d i c t i o n  o f  a w e l l - v e r i f i e d  s u r f a c e -  
l a y e r  d i s p e r s i o n  m o d e l  as to  t h e  s h a p e  o f  t h e  c o n c e n t r a t i o n  p r o f i l e  a t  t h e  
c e n t r e  o f  t h e  p l o t .  

* Present address: Department of Land Resource Science, University of Guelph, Guelph, 
Ontario, Canada. 

0002-1571/83/$03.00 ~o 1983 Elsevier Science Publishers B.V. 



184 

Both  m e t h o d s  and the  dispers ion mode l  used to deve lop  the  TPS m e t h o d  
are reviewed.  The  I H F  and TPS m e t h o d s  were  appl ied to es t imate  the  ra te  
of  vola t i l iza t ion  o f  a m m o n i a  f r o m  a 25 m radius p lo t  which  was ferti l ised 
with  urea.  The  e x p e r i m e n t a l  da ta  is used here for  the  pu rpose  o f  compar ing  
the  I H F  and TPS m e t hods ,  and we are not  conce rned  with  in t e rp re t a t ion  
of  the  e s t ima ted  t ime  series of  a m m o n i a  vola t i l iza t ion rate.  

THE INTEGRATED HORIZONTAL FLUX METHOD 

Let  the circular p lo t  have radius R. Assume tha t ,  seen f r o m  above,  tra- 
jec tor ies  f r o m  the edge across the p lo t  exhib i t  l i t t le lateral  meander ing .  In 
tha t  case, the  s i tua t ion  m a y  be cons idered  to  be two d imens ional ,  and 
at the  cent re  of  the  p lo t  the  observer  is, in effect ,  a d is tance R d o w n w i n d  
f r o m  the  leading edge of  a con t i nuous  ground-level  source  o f  infinite cross- 
wind ex ten t .  All mater ia l  emi t t ed  ups t r eam mus t  eventua l ly  pass by the 
observer .  This  t ime-average  mass balance m a y  be expressed  

R 

f = f   Iztdz 
0 0 

where  x and z are the hor izon ta l  and vertical coord ina tes ,  respect ive ly ,  
Q(x) is the  t ime-average  ra te  of  emission,  and Fx(z)  is the  t ime-average 
hor izon ta l  f lux densi ty .  Neglect ing the  t u rbu l en t  hor izon ta l  f lux we m a y  
write F~ = c s  where  c and  s are the  t ime-average concen t r a t i on  and  wind- 
speed.  Then ,  if Q is spat ial ly un i fo rm  

o o  

QIHF= 1 j c; 
R dz ~1~ 

0 

Equa t ion  1 is the  basis o f  the  ' in tegra ted  hor izon ta l  f l ux '  m e t h o d .  To 
d e t e r m i n e  Q, windspeed  and  concen t r a t i on  mus t  be measured  at  a n u m b e r  
o f  po in ts  along the  vertical at the  cent re  of  the  plot  and the  integral evalu- 
ated.  

THE THEORETICAL PROFILE SHAPE METHOD 

Using a t r a j ec to ry - s imula t ion  (TS) m o d e l  o f  t u rbu l en t  dispers ion,  Wilson 
et al. (1982,  he rea f t e r  re fe r red  to as WTKB) invest igated the  vertical  prof i le  
o f  ho r i zon ta l  f lux -Px (z) at the  cent re  o f  a small circular  p lot ,  varying the  
plot  radius  R, roughness  length Zo, and Monin - O b u k h o v  s tabi l i ty  length L. 

The  TS m o d e l  is based on  Tay lo r ' s  (1921)  stat is t ical  t h e o r y  of  dispers ion 
which implies tha t  for  two-d imens iona l  dispersion in the  hor izon ta l ly  homo-  
geneous  surface- layer  the  i m p o r t a n t  ve loc i ty  stat ist ics are the  mean  hori- 
zonta l  windspeed  s(z) ,  the  mean  vertical  ve loc i ty  w( = 0), the  s tandard  

devia t ion  of  vertical  ve loc i ty  o w = (w2) r~2, and  the  Lagrangian t imescale  
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rL(Z ) which is a measure  of  the  persis tence o f  the  vertical ve loci ty  of  a 
marked  fluid e lement .  A large n u m b e r  of  par t ic le  t ra jector ies  f rom the  
source  to  the  co l lec tor  are s imulated,  each by  a series of  steps Ax, Az which 
are calculated in such a way as to  incorpora te  the  cor rec t  values of  s(z),  ow, 
and TL(Z ). F r o m  these many  trajectories ,  t he  concen t r a t i on  prof i le  m ay  
be obta ined .  Wilson et al. {1981) showed tha t  with a suitable choice  for  
the  prof i le  of TL(Z ) (which is no t  d i rec t ly  measurable  with present  tech- 
niques) the  TS mode l  is in excel lent  agreement  with observat ions  o f  shor t  
range dispersion over a very wide range of  stabil i ty condi t ions .  

When applied to the  prob lem of  tu rbu len t  dispersion f rom a small plot ,  
the  TS model  was found  by  WTKB to indicate  tha t  for  given Zo, R the re  
is always a height  ZINST at which the  normal ised hor izonta l  f lux -Px/Q 
is very  insensitive to  the  only  remaining parameter ,  L. Accordingly ,  WTKB 
suggested the theore t ica l  profi le  shape (TPS) me thod .  For  R = 2 0 m  and 
R = 50 m they  gave ZINST as a func t ion  o f  zo and evaluated the  nar row 
range within which F x (ZINST)/Q must  lie. The  TPS m e t h o d  is effect ively  a 
s implif icat ion of  the IHF m e t h o d  so tha t  concen t r a t i on  and windspeed need 
be measured at  a single height alone. The  roughness length is de te rmined ,  
height ZINST chosen (depending on Zo, R) and the  t ime average windspeed 
and concen t r a t i on  at ZINST t hen  de te rmine  Q within fairly nar row limits. 
This will be i l lustrated in a later  sect ion.  

THE EXPERIMENT 

The  aim of  the  expe r imen t  was to  assess the  magni tude  of  a m m o n i a  loss 
f rom urea fert i l izer applied to pasture.  The  exper imenta l  field was 1.5 ha 
in area, near ly  level, and suppor ted  a dense pasture  of  a t ropical  grass, 
Setaria sphacelata CV. Nandi,  which was m o w ed  shor t ly  before  the com- 
m e n c e m e n t  of  the exper iment .  Othe r  pasture  su r rounded  the  exper imen ta l  
field giving a wind fe tch  over similar terrain o f  200 m or more .  

The  fert i l izer was spread over a circle o f  25 m radius. Windspeeds were 
measured at heights of  0.3, 0.5, 0.9, 1.7 and 2 . 5 m  at  the  cent re  of  the  
circle using sensitive cup anemomete r s .  Am m o n ia  concen t ra t ions  at the 
same points  were ob ta ined  by  drawing air at 12.51 min 1 th rough  traps 
conta ining 80 ml of  0 . 2N  sulphuric acid. The  con ten t s  of  the  traps were 
subsequent ly  analysed for  ammonia  by  an indo-phenol  me thod .  

For  the  first 4 days of  the  expe r imen t  an a lmost  con t inuous  series of  2-h 
t ime-average wind and concen t r a t i on  profiles was obta ined.  Measurements  
were made  less f r equen t ly  over the  nex t  5 days. During the expe r imen t  
the es t imated  ra te  o f  loss o f  NH 3 ranged f rom a m in im u m  of  0.3 pg m -  2 s 1 
to a m a x i m u m  o f  3 2 p g  m -2 s -  1 ( two orders  o f  magni tude) .  

COMPARISON OF THE IHF AND TPS METHODS 

In order  to  app ly  the  TPS m e t h o d  it was necessary to  de t e rmine  the  
roughness  length Zo and the d isp lacement  height d. This was done  by  forming 
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an average wind prof i le  f rom all (38) runs during which the  lowest  measured 
mean windspeed exceeded  l m s - I  and choosing the  value o f  d ( 0 . 1 5 m )  
which gave the  most  closely logari thmic profi le .  Ex t rapo la t ion  to s = 0 gave 
zo = 0 . 0 0 5 m .  

Since the numbers  appropr ia te  to a 25 m radius plot  were no t  given by  
WTKB, the TS model  was run with R = 25 m, z o = 0.005 m, and Monin 
Obukhov  lengths o f  - 5 m ,  ~ ,  + 5 m  (ex t r eme ly  unstable,  neutral ,  and 
ex t r eme ly  stable s trat i f icat ion) .  Figure I compares  the  normalised concent ra-  
t ion  profi les c u , / k Q  (where u ,  is the  f r ic t ion veloci ty  and k is yon Karman ' s  
cons tant )  predic ted  by  the  TS model  with the shape o f  the  average observed 
concen t r a t i on  profi le.  The  la t ter  was ob ta ined  by  calculating the  rat ios 
c ( z ) / c ( 0 . 9 0  m) for  each expe r imen t  and averaging these over all exper iments .  
The  observed prof i le  is ma tched  to the TS model  profi les at z = 0.90 m. 
Given the  reasonable agreement  in shape of  the  theore t ica l  and observed 
profi les over the  height range within which mos t  of  the t r anspor t  of  NH~ 
past the  cent re  of  the  source  is occurring,  cor responding  agreement  can be 
expec t ed  be tween  the  TPS and IHF est imates of  source strength.  

Figure 2 shows the  predic t ions  o f  the TS model  for  the vertical profi le  
of  the  normal ised hor izonta l  f lux at the  cent re  of  the  plot.  Note  tha t  at the  
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Fig. 1. C o m p a r i s o n  o f  t he  shape  o f  the  obse rved  n o r m a l i s e d  c o n c e n t r a t i o n  prof i le  at  the  
cen t re  o f  a su r face  disc sou rce  o f  rad ius  R = 25 m wi th  the  prof i le  p r ed i c t ed  b y  the  TS 
mode l ,  u .  is the  f r i c t ion  veloci ty ,  k is y o n  K a r m a n ' s  c o n s t a n t .  TS m o d e l  p r e d i c t i o n s  are 
fo r  r o u g h n e s s  l eng th  z o = 0 .005  m and  M o n i n - - O b u k h o v  length  L = -  5 m, 0% -~ 5 m. 
T h e  o b s e r v a t i o n s  are m a t c h e d  to the  m o d e l  p r e d i c t i o n  a t  z --  d --- 0 .75 m and  the  e r ro r  
bars  give + 1 s amp le  s t a n d a r d  devia t ion .  
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Fig. 2. P red ic t ions  o f  the  TS m o d e l  fo r  the  vert ical  prof i le  o f  n o r m a l i s e d  h o r i z o n t a l  f lux 
dens i ty  c s /Q at  t he  cen t r e  o f  a su r face  disc sou rce  o f  r ad ius  R = 25 m. R o u g h n e s s  length  
z~ = 0 .005 m,  M o n i n - - O b u k h o v  length  L = -- 5 m,  0% + 5 m. The  p rof i l es  fo r  L = 5 m, 
+ 5 m in t e r sec t  at  z d = 1.08 m. 

he igh t  l abe l led  ' i n s t r u m e n t  he igh t '  the  value of  f ix/Q = cs /Q lies be t w e e n  
7.6 ( s t ab l e /uns t ab l e )  and 8.2 (neut ra l ) .  In this  case the  p r o c e d u r e  of  the  
TPS m e t h o d  is to  a d o p t  a m e a s u r e m e n t  height  Z I N S T - -  d = 1.08 m (Z INST  
=- 1.23 m) and to  assume t h a t  measu red  values of  ~P,:/Q at this  height  mus t  
lie in the  range 7.6 ~ c s / Q  TPS ~ 8.2. 

The ' m e a s u r e d '  value of  c s a t  z = Z I N S T  = 1.23 m was o b t a i n e d  by  inter-  
po l a t i on  f r o m  the  measu red  p rof i l e  and  d iv ided  by  n, where  7.6 % n % 8.2. 
An ob jec t ive  ( t hough  necessar i ly  very  s imple)  s cheme  to choose  n was 
e m p l o y e d .  I f  c loud  was n o t e d  at  the  t ime  o f  the  e x p e r i m e n t  u = 8.2. On 
clear  days  n = 8.2 in ear ly morn ing  or  late  a f t e r n o o n ;  at  o t h e r  t imes  n = 
7.9 unless s ( 2 . 5 ) ~ 2 . 0 m  s -1 in which  case u = 7.6. On clear  nights  if 
s (2 .5 )  ~ 2 . 0 m s - 1  n = 7.6, o the rwise  n = 8.2. Of  t he  62 runs  avai lable ,  
7 were  r e j ec ted  because  there  was d i f f i cu l t y  in i n t e r p o l a t i n g  a value fo r  
c s a t  1.23 m owing  to  the  p resence  of  one  or  m o r e  suspec t  m e a s u r e m e n t s .  

The  I H F  values of  the  source  s t reng th  QIHFare o b t a i n e d  f rom eq. 1. 
However ,  t he  m e a s u r e m e n t s  p rov ide  no i n f o r m a t i o n  a b o u t  the  c o n t r i b u t i o n  
to the  in tegra l  f rom be low z = 0 . 3 m  or above  z = 2 . 5 m .  A l t h o u g h  the  
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Fig. 3. The  rate of  loss o f  ammonia  from a circular p lot  o f  fert i l ized grass o f  radius 25  m 
as a func t ion  of  t ime. e ,  es t imated using the IHF m e t h o d ; . ,  es t imated using the TPS 
method .  
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Fig. 4. A plot  o f  QTPSversus QIHF for all 55 exper iments .  The  dashed l ines correspond to  
QTPS /QIHF = 1.2, 0.8. 

w i n d s p e e d  near the  g r o u n d  is smal l ,  t h e  c o n c e n t r a t i o n  is large, and t h e  
h o r i z o n t a l  f lux  m a y  n o t  be  neg l ig ib le .  S imi lar ly  a b o v e  z = 2 .5  m t h e  con-  
c e n t r a t i o n  m a y  be  smal l ,  b u t  the  large w i n d s p e e d  i m p l i e s  a p o s s i b l y  s ignif i -  
c a n t  h o r i z o n t a l  f l u x .  Graphica l  i n t e g r a t i o n  o f  t h e  t h e o r e t i c a l  pro f i l e s  s h o w n  
in Fig.  2 ( p l o t t e d  in m o r e  deta i l  to  reveal  t h e  shape  b e l o w  z = 0 . 3 m )  
y i e l d e d  the  resul t  that  the  h o r i z o n t a l  t r a n s p o r t  b e t w e e n  z = 0 .3  m and 
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z = 2.5 m accoun t s  for  only  (76~7~, 8 1 ~ ,  84%) o f  the  to ta l  emi t t ed  flux for  
the  respect ive  cases L = ( 5 m, ~ .  + 5 m).  There fo re ,  the  above  cor rec t ion  
factors  were appl ied to the  source  s t rength  ob ta ined  by  in tegra t ing the  
observed profi le  f r o m  z - 0.3 m to z = 2 . 5 m ,  and the  resul t ing value of  
the  source  s t rength  was called @ H F  

Figure 3 shows the  t ime  series o f  Q~HF and QrPS. The  ag reemen t  is good,  
a l though  it can be seen tha t  QTPS tends  to  be too  high during the  day  and 
too low at night.  The  same behav iour  is evident  in Fig. 4, a p lo t  o f  QTPS 
against  OmF for  all 55 runs. However ,  as indica ted  by  the  dashed lines, 
on ly  5 of  the 55 po in t s  co r respond  to  a rat io  QTVS/QIHF differ ing f r o m  
uni ty  by  more  than  20%. A least squares fit o f  OTes on QIHF gave QTVS _ 
1.13 @HE 0 .216  with a cor re la t ion  coef f ic ien t  o f  0 .998.  When the to ta l  
NH~ loss over  the  110 h is added  up, the TPS es t ima te  exceeds  the  IHF  
es t imate  by  8~ .  This f igure is biased by  the  high d a y t i m e  value when QTPS 
is too  large. The  average of  the 55 2-h values o f  QTeS/QI~F was 1.01 lcom-  
pensa t ion  of  individual  over- and  under -es t imates ) .  

CONCI, USION 

Nei ther  the  I H F  nor  the  TPS es t imate  of  a m m o n i a  volat i l izat ion is abso- 
lute, so tha t  the  above  sect ion gives a c o m p a r i s o n  o f  two es t imates .  Both  
m e t h o d s  ignore the  con t r i bu t i on  o f  the tu rbu len t  hor izon ta l  f lux to the 
to ta l  hor izon ta l  f lux at the  cent re  of  the  p lo t  (a con t r i bu t i on  whose im- 
po r t ance  diminishes  with increasing R and which is p r o b a b l y  < 107/~, o f  the  
to ta l  f lux for  these exper imen t s ) .  Fur ther ,  it was not  possible  to p e r f o r m  
the  in tegra t ion  fo r  QmF w i t h o u t  ex t r apo l a t i on  above  and  be low the  range 
covered  by  the  ins t ruments .  Nevertheless ,  Q~F  is p r o b a b l y  a good  es t imate  
of  the  source  s t rength .  

The TPS m e t h o d  requires  m e a s u r e m e n t s  o f  S a n d  c -on ly  a t  a single height,  
but  involves the  addi t iona l  ( reasonable)  a s sumpt ion  tha t  the  TS mode l  
is appl icable  (see WTKB for  m o r e  detai led discussion).  The  TPS m e t h o d  
has been  found  to agree wi th  the  IHF  m e t h o d  as to  the  to ta l  loss o f  NH~ 
f r o m  the e x p e r i m e n t a l  p lo t  over  a 9 day  per iod  to wi thin  8%. Given the 
a b o v e - m e n t i o n e d  a s sumpt ions  in app l ica t ion  o f  the  I H F  m e t h o d  this discre- 
pancy  is not  large. There fo re ,  the TPS m e t h o d  m a y  be regarded as a satis- 
f ac to ry  and  easily i m p l e m e n t e d  t echn ique  for  de t e rmin ing  the  ra te  of  toss 
f rom the  g round  to the  a t m o s p h e r e .  
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