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UPPER LIKITS ON ATMOSPHERIC OZONE REDUCTIONS 
FOLLOWING INCREASED APPLICATION OF FIXED NITROGEN TO nlE SOIL 

Paul  J. Crutzen 

Nacional Center f o r  Acmospheric Research, Boulder, Colorado 80303* 
and 

sational Oceanic and Atmospheric Administration, Aeronomy Laboratory,  Boulder, Colorado 80302 

*bS::acc. Our understanding of t h e  marine and t rogen ,  = i no rgan ic  odd n i t rogen ,  a m n i a ,  u rea .  
u,rrs:t:d ni t rogen  budgets is severe ly  l imi ted .  

instance, acrnospheric d a t a  i n d i c a t e  a resi- 
imce time of N 2 0  i n  t he  atmosphere of about 10 

a d  consequently sources and s inks  of arms- 
?hetic N20 of che order  of 1 3 0 ~ 1 0 ~  ton  Nlyear. 
juh large sources and e s p e c i a l l y  sinks f o r  atmos- 
?hcric N20 have not been s a t i s f a c t o r i l y  i d e n t i -  
f:cd and it may nor be exciuded, a p r i o r i ,  t h a t  
st only t h e  N 2 0  source.  bu t  a l s o  its sink is af- 
!rcted by man. The l imi ted  knowledge abouc t h e  

!I20 budget so f a r  obcsined is i n  favor  of 

amino-acids) and d e n i t r i f i c a t i o n  ( lead ing  t o  the  
r e t u r n  of N2 and N20 t o  the  atmosphere). The '  
most impor tan t  con t r ibu t ion  to t h e  f i x a t i o n  of 
n i t rogen  on l and  is provided by microbia l  symbi- 
on t s  of  c e r t a i n  leguminous p l a n t s ,  e.g.. a l f a l f a s  
and c love r s  (Alexander, 1961). whi le  most f ixed  
n i t r o g e n  i n  t h e  0cear.s s%em t o  be suppl ied  by 
blue-green a l g a e  i n  t r o p i c a l  ocean wacers 
(Goering e t  a l . ,  1966). Unfortunately,  p re sen t  
knowledge of t h e  g loba l  rates of these  processes 
is very  l imi t ed .  This is espec ia l ly  deplorable  
because,  i n  order.to inc rease  a g r i c u l r u r a l  outpuc, vieu t h a t  Chere is no imminent danger of 

h r p e  .:zme reductions fallowi~g chn predic ted  
:,crease it. t h e  input  of f i xed  r . i t rogq  in t h e  

Qelgded to increase  our  knowledge of a?.l a s ~ e c t a  
of the ea r th ' s  n b t r i e n t  cyc les .  

nf n i t rogen)  and p r e d i c t s  t h a t  iCs use in tile 
year  2000 w i l l  he beween 100 and 200 Mtnn N. 
comparison, in .  1950 only 3.3 Mton ti f e r t i l i z e r  

o? f i x e d  n i t rogen  foG-a ,gr icu l tura l  and i n d u s t r i a l  
purposes and by combustion i n  t h e  year 1974 
amounted to 77 Mton N (CAST, 1976). 

The f i x a t i o n  rate of ni t rogen  by p&nt=on 
l~~d_is_estimatea~-H2rdy-and-~~lka (1975) to 
be more than  175-Mt&[ye_ar. As hal f  of t h i s  
n i t rogen  is f i x e d  i n  a g r i c u l t u r a l  s o i l s ,  it is 
clear t h a t ,  by p a s t  management and reshaping of 
t he  e a r t h ' s  s u r f a c e ,  man has a l r eady  been af fecc-  
i ng  s i g n i f i c a n t l y  the  n i t rogen  budget of the  soil 
even be fo re  t h e  r ecen t  period of i n t e n s i f i e d  in- 
d u s t r i a l  n i t rogen  f e r t i l i z a t i o n .  In a d d i t i o n ,  

R2 NOW3 + N02+02 and t h e r e  is n i t rogen  f i x a t i o n  by l i gh tn ing  (10 Mton 
N/year). 

R3 N02W + NOM2 

I n  

In t roduct ion  was supp l i ed  to t he  s o i l .  The coca1 production 

The re lease  of nitKOus oxide (N20) from the  
l o l l  and t h e  oceans has a major c o n t r o l l i n g  e f -  
! e C t  on rhe atmospheric ozone conten t  (-, 
!970 and 1971). This is due t o  the  formation of 
d t r i c  oxide i n  the  s t r a tosphe re  by the  r e a c t i o n  

R l  N20+0(lD) + 2NO 

the c a t a l y t i c  d e s t r u c t i o n  of ozone by NO and 
m2 through t h e  p a i r  of r eac t ions  

as t h e  d e n i t r i f i c a t i o n  processes r e t u r n  f ixed  ni-  
trogen p a r t l y  as N20 t o  the  atmosphere, t h e r e  is 
now growing concern t h a t  a reduct ion  i n  ozone 
w i l l  r e s u l t  from man's expanding a g r i c u l t u r a l  

'n t h e  s o i l  

so reduce s i g n i f i c a n t l y  crop y i e l d s .  I n  t h i s  



Chemistry i n  Mainz. Germany. Much of t h i s  work 
has been summarized by Hahn (1974, 1975), who es- c ross  sect 

ocean co g loba l  s c a l e  has been scrongly  c r i t i -  

j u s t i f i e d ,  h i s  i n t e r p r e t a t i o n  of the N20 d a t a  
from t h e  oceans is specula t ive .  More observa- 

Canc . 
From t he  v a r i a b i l i t y  of measured g loba l  N2O 

mixing r a t i o s ,  Junge (1974) estimated an average 
atmospheric res idence  time of N20 of abouc 10 
years (5-20 y e a r s ) ,  ind icac ing  a g loba i  source  
s t r e n g t h  of N20 of abouc 130 MCon Nlyear (260-65 
Mton Nlyear),  which is f a r  larger than the pres- 
eiit use of f i x e d  n i t rogen  i n  f e r t i l i z e r .  A 
source of t h i s  s i z e  is indeed compatible wi th  J. 
l a rge  source  of ti20 i n  ocean wacers as estimated 
by Hahn (1974). 

Large v a r i a b i l i t i e s  i n  the  acmospheric NzO 
content have alsc been iound by ocher r e sea rche r s  Ozone content (CrUCZen and Lsaksen, 1975). 
(C.oadv. 1969; Schmelcckopf, p r i v a t e  c?mmunica- 
t i o n ) .  
(personal  communicatim. 1976) is chat chere ma, 
be a global. proCucrion of N20 of a t  least &out have In the Of OL 
10 Mton Nlycar i n  thunderstorms. 

t rogen  into t he  s t r a t o s p h e r e .  

Model Assumptions 

In  order  Co c a l c u l a t e  poss ib l e  reductions 
ozone, Ye adopt t h e  same model vhich vas p r  
a u s l 3  used to estimaze the poss ib l e  e f f e c t s  
Lhe chlorocarbon indus t ry  on t h e  s t r a tosphe r  

t h i s  model provides t t .eosetica1 estimaces of 
p r o f i l e s  of maay stratospheric cons t i t uen t s  
r a the r  good agreement wi th  observe t ions ,  w e  

A very i n r e r e s t i n 9  sugges t ion  by 

r e s e r v o i r s .  

t he re fo re ,  i n d i c a t e  r e l e a s e  of N20 during ass id-  
l a t i o n  and n i t r i f i c a t i o n  (m, 1975; -, 

ground l e v e l  concentration of NzO. Although, 
assume, t h a t  t he  s ink  of N20 is a t  the e a r t h ’  
s u r f a c e ,  i t  i a  noc d i f f i c u l t  t o  formulace t h e  
Present  problem of N i O  i nc reases ,  if the  main 
s i n k  f o r  N20 would be atmospheric and the  r e su  
w o u l d  be ve ry  s imi l a r .  The depos i t i on  veiocit  
vd is aPproximaCelY equal to the  amospher i c  
s c a l e  he ight  divided by t h e  atmospheric r e s i d e  
C i m e  of N20 and is equal  co 2.7x10-3cm 8-1. if 
assume a res idence  of N20 of 10 y e a r s  (wd is 
t a t i v e l y  assumed t o  remain cons tan t )  .. me t e  
Po-vd(N20) is equal  t o  t h e  prasenc f l u x  of ~ 2 0  
inco  c h e  StratOaDhere, i . e . ,  9 Mton Nfyear (or 

oceanic s u r f a c e  waters (Goerinn ec a l . ,  1966); 
Equally confusing, such a low value does no t  seem 
t o  be i n  accordance with the r e s u l t s  of s t u d i e s  
of che r e l a t i v e  uptake of newly f i x e d  n i t rogen ,  
ranging from 2-402, i n  primary produccion (I&= 
dale  and Goering, 1967; Mawe ec al., 1974; 
Koblentz-Mishke e t  a l . ,  1970). 
a c t i v e  nicrogen f i x a t i o n  occurs i n  s h a l l o v  vace r s ,  
such as i n  che sediments below sea  g ra s s  
(Pa t r iqu in  and Knowles, 1972) and on c o r a l  r ee f s  
(Webb e t  a l . ,  1975). 

In add i t ion ,  very 
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Table 1. Estimaces of important p a s t s  i n  
the present  n i t rogen  budgets of s o i l s  
and oceans,  u n i t s  Mton Nlyear. Severa l  
es t imates  are very unce r t a in .  

Land Oceans 

Biological f i x a t i o n  >175 0.05-100 
p F e r t i l i z e r  40 0 

combustion, i n d u s t r i a l  u se  37 
Lightning 5 5 
Stra tospher ic  NO 0.06 0.22 
Vo la t i l i za t ion  ("3 and NOx) -205 
Return of 3 ( r a i n  and su r face  

depos i t ion)  145 60 
River runoff of fi -15 15 

!kt input  of f i xed  n i t rogen  >182 80-180 

Release of N20 
Release of N2 

15 40-90 
>167 40-90 

l.Zx109 molecules cm-2s-1). 
magnitude of t he  term Po which should be consid- 
ered a s  the present  production of N20 a t  t h e  
ea r th ' s  sur face .  
time of 10 yea r s  of N20, w e  adopt Po = 1.8~1010 
molecules cm-2s-1 (= 133 Mton Nlyear),  based on a 
gr@und l e v e l  vo1ume.mixing ratic of N20 of 
2.?<10-7. 
d i r ec t  response of d e n i t r i f i c a c i o n  t o  inc'reasing 
i n p u t  of Zixed nicrogen in che s o i l ,  wi th  y being 
the r e l a t i v e  y i e l d  of N29 i n  the  d e n i t r i f i c a t i o n  
Trocess and Pi :he i n c r e r s e  i n  a p p l i c a t i o n  r a t e  
of f i xed  N. We assume an i c c r e a s e  i n  a g r i c u i r u r -  
a1 f ixed  n i t rogen  input  from 4G Piton N/year a t  
prese.it t o  200 Ktoa Nl-/ear i n  t he  yecr io09 and 
nc change t h e r e a f t e r .  An examination of t he  daca 
compiled i n  Table 1 i nd ica t e s  t h a t  y should be 
less  t h a n  abouc 89, (15/182). A number of experi-  
9 e - t ~  with a g r i c u l t u r a l  s o i l s  sueges ts  a value of 
'< ;.f about 6% (E, 1976). Scch a lw va lue  f a r  
Y can be ejrplained, a s  s o i l  condi t ions  whic t  a r e  
favorable f o r  high r e l a t i v e  y i e l d s  of N 2 0  (higher 
ac id i ty ,  lower temperatures,  marginal anaerobic  
conditions) a r e  a t  the  same time unfavorable f o r  
d e n i t r i f i c a t i o n  (CAST, 1976). An average value 
O f  y of l e s s  than  5% would fo l low i f  t he  r e s i -  
dence time of N20 i n  the  atmosphere would have 
been det_e_rmined by i c s  s t r a t o s p h e r i c  sink. How- 
ever, t he  g loba l  y i e l d  of N20  in s o i l s  is some- 
what uncer ta in  and we w i l l  make c a l c u l a t i o n s  not 
only f o r  y - 0.07, b u t  a l s o  f o r  more extreme 
caoices such as y = 0.2 and y - 0.5. W e  w i l l  al- 
so make one c a l c u l a t i o n  f o r  y p 0.2, assuming an 
atmospheric l i f e t i m e  of N20,of 20 yea r s ,  implying 
about tw times smal le r  va lues  for wd and Po than 
given before.  '. 

This de f ines  the  

For an atmospheric res idence  

F i n a l l y ,  the term yP1 r ep resen t s  a 

Resul t s  and Discussion 

The r e s u l t s  of t he  compucations a s  presented 
i n  Figure 1, do not s u b s t a n t i a t e  t h e  very l a rge  
ozone reduct ions  of 30% by che end of t h i s  cen- 
rury, which were mentioned elsewhere (Bishop, 
1975). but po in t  r a t h e r  to  the  p o s s i b i l i t y  of a 
long term e f f e c t  on t he  ozone l a y e r ,  c e r t a i n l y  i f  
the present  i n c e r p r e c a c i m s  of t he  e a r t h ' s  N20 
budget (w, 1974 and 1975; m. 1974; s, 
1976) a r e  even approximately c o r r e c t  (correspond- 

ing t o  Case I i n  Figure 1 ) .  I t  does not Seem 
l i k e l y  t h a t  t he re  w i l l  be an imminent danger O f  
s e r i o u s  ozone dep le t ions  due t o  an increase  i n  
the  app l i cac ion  r a t e  of f e r t i l i z e r  i n  the s o i l s .  
However, a d i s tu rb ing  f e a t u r e  is t ha r  there  seem 
t o  e x i s t  r a t h e r  s i g n i f i c a n t  s h o r t  and long term 
v a r i a t i o n s  i n  atmospheric N20, which ind ica t e  
l a r g e  and no t  wel l  understood sources  and s inks  
of N20. At ten t ion  should,  t he re fo re ,  be d i r ec t ed  
not on ly  t o  the  p o s s i b i l i t y  of man's in f luence  on 
the  source  of atmospheric N20. bu t  a l s o  i t s  s ink .  
I f  t h e  main l o s s  of N20 would occur by microbes 
i n  soils, then  i t  seems l i k e l y  t h a t  consumption 
of N20 w i l l  decrease ,  when soils become more 
acid.  This f a c t o r  is p a r t l y  'under man's control .  

in t h e  acmospheric N20 content 
should be followed a f t e r  some yea r s  by v a r i a t i o n s  
i n  the s t r a t o s p h e r i c  ozone conten t  and atmos- 
phe r i c  N 2 0  should t h e r e f o r e  be monitored. A s  
t he re  a r e  ind icac ians  t h a t  the N20 content of the 
atmosphere has  been inc reas ing  by abouc 15% from 
1968 t o  1971 (see compilation of da ta  by -, 
1975). one may specula te  whether t h i s  may not 
have been a t  l e a s t  p a r t l y  Che reason f o r  the ob- 
served decrease i n  t o t a l  ozone from 1970-1974 
(w, p r i v a t e  communication). 

imminent danger of s e r ious  ozone deple t ions  due 
t o  inc reas ing  app l i ca t ions  of f ixed  n i t rogen .  we 
a l s o  r e a l i z e  tha r  t h e r e  a r e  many gaps i n  our 
knowledge of t h e  e a r t h ' s  n i t rogen  cycle.  I t  is, 

Varia t ions  

While w e  have ind ica t ed  the  unlikelihood of an 

0 

I975 1985 1995 2005 2015 2025 2035 
Year 

Figure  1. Calculated maximum percentage reduc- 
t i o n s  of t o t a l  ozone due t o  inc reas ing  applica- 
t i o n  of f ixed  n i t rogen  i n  the  s o i l  ( l w e r  curves,  
l e f t  s c a l e )  and corresponding growth of volume 
mixing r a t i o s  of N20 (upper curves,  r i ghe  s c a l e ) .  
Curves, l abe led  I V ,  assume an acmospheric resi- 
dence t ime of N20 of 20 yea r s ,  otherwise a resi- 
dence t i m e  of 10  years is. assumed. The assumed 
r e l a t i v e  d e n i t r i f i c a t i o n  productions of N20 in 
a g r i c u l t u r a l  s o i l s  were as follows: I (7%). I1 
and I V  ( Z O X ) ,  111 (50%). Growth r a t e  of n i t rogen  
f e r t i l i z e r :  6% per year from 1975 t o  2000 and 
constanc the rea f t e r .  
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Cherefore, c r u c i a l  t h a t  a well-balanced, i n t e r -  
d i s c i p l i n a r y  research  program now be designed t o  
t h e  many a spec t s  of t h i s  and o the r  importanc nu- 
t r i e n t  cyc les .  To so lve  some of t h e  i nc reas ing ly  
press ing  environmental and energy problems con- 
nected wiCh fu tu re  food production, it seems un- 
avoidable t o  review a g r i c u l t u r a l  practices and 
waste water treatment. With regard  t o  t h e  l a t t e r ,  
i C  seems l i k e l y  cha t  r e l e a s e  of N 2 0  i n  t he  deni- 
t r i f i c a t i o n  processes  can be  reduced t o  very low 
values  (Lance. 1972). Best of a l l ,  mre e f f i -  
cienc "recycling" of f ixed  n i t rogen  can  reduce 
pressures  on rhe  environment and energy use.  

ic 
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