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UPPER LIMITS ON ATMOSPHERIC OZONE REDUCTIONS
FOLLOWING INCREASED APPLICATION OF FIXED NITROGEN TO THE SOIL

Paul J. Crutzen
National Center for Atmospheric Research, Boulder, Colorado B80303*

and
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trogen, fa inorganic odd nitrogen, ammonia, urea,
amino—acids) and denitrification (leading to the
return of N and N20 to the atmosphere). The "’
most important contribution to the fixation of
nitrogen on land is provided by microbial symbi-
onts of certain leguminous plants, e.g., alfalfas
and clovers (Alexander, 1961), while wmost fixed
nitrogen in the oceans szems to be supplied by
blue-green algae in tropical ocean waters
{Goering et al., 1966). Unfortumately, present
knowledge of the global rates of these processes
is very limited. This is especially deplorable
because, in order to increase agricultural output,
man_ig inrerfering increasingly with the nitrogen
cycle by changing the physical and chemical coun-
ditions of the soil ANd the~watersy -evgri—by-the—
growing application-of~inotganicrnitrogensfertis
liger="The Courcil for Agriculrural Science and
Technology (CAST, 1976) reporta that the world-
wide use of industrial nitrogen fertilizer in f?e
year 1974 amcunted tn 40 Mton N (1 Mton N = 10~%g
nf nitrogen) and predicts that i*s use in tue
year 2000 wilil be between 100 and 204 Mtom N. 1In
comparison, in 1950 only 3.3 Mton N fertilizer
wasg supplied to the soil. The rotal production
of fixed nitrogen for-agricultural and indust:rial
purposes and by combustion 1n the year 1974
amounted to 77 Mtonm N (CAST, 1976).

The fixation rate of nitrogen by plants on
land_is_estimated-by-Hardy-and~Havelka (1975) to
be more than_175 Mton N/year. As half of this
nitrogen 1s fixed in agricultural seils, it is
clear that, by past management and reshaping of
the earth's surface, man has already been affect-
ing significantly the nitrogen budget of the soil
even before the recent period of intensified in-
dustrial nitrogen fertilization. In addition,

apscract. Our understanding of the marine and
.grrescrial nitrogen budgets 1s severely limited.
for inscance, atmospheric data indicate a resi-
dence time of N0 in the atmosphere of about 10
years and consequently sources and sinks of atmos-
sheric N0 of the order of 130x10% ton N/year.
§uch large sources and especially sinks for atmos—
sheric N70 have not been satisfactorily ldenti-
fied and it may not be excluded, a priori, that
sot only the Ng0 source, but also its sink is af-
% fscted by man. The limited knowledge about the
‘% }  earth's N20 budget so far obrained is in favor of
:
%
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-he view that there is no imminent danger of

larze ozone reductions followirng che predicted
+acrease it the input of fixed rnitrogen ia the
soil by the year 2000. However, it seems Iikely
#® chat, with unchanged agricultural practices,

there will develop serilous long term problems,
certainly in 2 world of exponential growth, and,
ter best action, it 1s essontial thac a well bal- .
mced, interdisciplinary research effort now be
dasigued to increase our knowledge of all aspects
of the earth's ni:trient cycles.
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Introduction
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The release of nitrous oxide (N0) from the
#6il and the oceans has a major controlling ef-
fect on the atmospheric ozone content (Crutzen,
1970 and 1971). This is due to the formation of
altric oxide in the stratosphere by the reaction

e N ]

Rl No0+0 (1p) ~+ 20

md the catalytic destruction of ozome by NO and
2y through the pair of reactions

R ar
=7

R2 NO+HY3 + NOo+02 and there is nitrogen fixation by lightning (10 Mton
N/year),
R NOa+0 + NO+HO4 Great concern has been expressed about the

P amr gyl

possible ecelogical consequences and health ef-
fects of the increasing supply of fixed nitrogen
to the seil (e.g., Commoner, 1970). Furthermore,
as the denitrification processes return fixed ni-
trogen partly as N»Q to the atmosphere, there Is
now growing concern that a reduction in ozone
will result from man's expandipng agricultural

Variat{ons in the atmogpheric N0 content should,
therafore, lead to variations in the atmospheric
®zone content.

N70, together with N3, is pr the goil
f“d-in-ocean_ggsers by bacteria (see, e.g.,
Alexander, 1961; Delwiche, 1970; Hahn, 1974).

der natural conditioms, a balance is maintained
Cveen the processes of nitrogen fixation (1.e.,
%plitting of the strong bond in the Ny molecule,
leading to the formation of combined or fixed ni-
—
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activities (Crutzen, 1972, 1974, 1975; McElroy,
1975a, b). The increased levels of ultraviolet
radiation at ground level resulting from this
will not only cause more skin cancer, but may al- -
3o reduce significantly crop yields. In this
context, one should not only consider problems
connected with increasing nitrogen fertilizer in-
put, but the whole problem of wan's agricultural
practices, waste water treatment and his indus-
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trial activities which all affect the physical
and chemical conditions of the soils and waters.

Up to this date, almost all observational work
on the global budget of ¥50 has been conducted by
a2 research team at the Max-Planck Institute far
Chemistry in Mainz, Germany. Much of this work
has been summarized by Hahn (1974, 1975), who es~
timated a global rate of N,0 preduction in ocean
waters of 85 Mton N/year and in soils of 15 Mton
N/year. 4s stated by Hahn, both estimates should
be considered uncertain. Especially the extrapo-
larion of information from the north Atlantic
ocean teo glohal acale has been strongly criti-~
cized by McElroy (1975a), who postulates that the
earth's oceans are not a net source, but a net
sink for atmospheric N0 (McElroy, 1975b). Al-
though McElroy's criticism is at least partly
Justified, his interpretation of the N,Q data
from the oceans is gpeculative. More observa-
tions, such as those reported by Yoshinari (per-
sonal communicatien, 1976), are extremely impor-
tant.

From the variabilicy of measured global No©
mixing ratios, Junge (1974) estimated an average
atmospheric residence time of Np0 of abour 10
years (5-20 years), indicating a global source
strength of Ny0 of about 130 Mton N/year (260-65
Mton N/year}, which is far larger than the pres-
ent use of fixed nitrogen in fertilizer. A
source of this size is indeed compatible with a
large source of N30 in ocean waters as estimated
by Hahn (1974).

Large variabilities in the atmospheric N0
content have alsc been found by ocher resgearchers
{Coody, 1969; Schmeltekopf, private communica-
tion). A very interesting suggestion by Zipf
(personal communication, 1576) 1s that there may
be a global production of N20 nf at least about
10 Mton ¥W/year in thunderstorms.

An oceanic net source of NoC of 85 Mton N/year
(Hahn, 1974} seems Very large and some Tecent
werk by Yoshinari (personal communication, 1376)
in the northwest Atlaptic indicates a smaller net
source of N0, It is, therefore, clear that not

* enough data are available to make a reliable glo~

bal budget of N»oO. Furthermore, release of Na0
from oc2anic surface waters seems to take place
in the presence of so wuch oxygen, that it be-~
comes difficult to reconcile this with present
knowledge of denitrification processes. This may,
therefore, indicate release of N»0 during assimi-
lation and nitrification (Hahn, 1975; S11lén,
1967). ’

4z nitrogen fixation in the oceans is extreme-
ly wariable, 1t is not possible to give a satis-
factory estimate of the global oceanie nitrogen
fixation rates. A fixation rate of 0.05 Mton N/
year as estimated by CAST (1976) seems very low
in view of measurements of average N fixation
rates of 10~8 g litre -1 hour —Ll in tropical
oceanic surface waters (Goering et al., 1966):
Equally confuging, such a low value doas not seem
to be in accordance with the results of studies
of the relative uptake of newly fixed nitrogen,
ranging from 2-40%, in primary production {(Dug-
dale and Goering, 1967; Mague et al., 1974;

Koblentz~Mishke er al., 1970). In addition, very
active nitrogen fixation occurs in shallow waters,
such as in the sediments below sea grass
(Patriquin and Knowles, 1972) and on coral reefs

(Webb et al., 1975).

Some of our present knowledge of the earth'si
nitrogen budget has been summarized in Table 1'%
Most of the tabulated information has been gatf
ered from Burns and Hardy (1975), Hardy and A
Havelka (1975), CAST (1976}, snd Hahn (1974 aniiiy
1975). Adopting the recently messured absorpt{oglE
cross gections of N0 by Johnston and Selwym {3 i
(1975), we estimate a destruction rate of 9 Mot
K/year (1.2x10% molecules em~2s~l) of N0 in thS
stratosphere, If this were the only destructigy
process of N0, this would lead to an atmnsph%é "
ic residence rime of about 140 years. All indi =g
cations are, therefore, that there is substant{spR
removal of N0 in the troposphere or ar the
earth's surface. It 1s estimated in the preseny
study that the oxidation of N30 in the straro-§
sphere will lead to a production rate of NO, ofd
0.28 Mton N/year (Bxl0’ molecules cm~25~1), 1§
is remarkable what small percentage of the odd{{
nitrogen budget is essential for the earth's if
czone budget, emphasizing the great role played
by the rain and cloud filter in the tropospherel
in preventing the leakage of tropospheric odd‘ﬂkn,;
trogen ianto the stratosphere. B
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Model Assumptions
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I
In order to calculate possible reducriuns ipng
ozone, we adopt the same model which was previ?}
ougly used to estimate the poussible effects off_
the chlerocarbon industry on the stratosphericigiis
ozone content (Crutzen and Isaksen, 1975). LERY -
this model provides thaoretical escimares of thegs
profiles of many stratospheric comsrituencs in 4
rather good agreement with observetions, we mayy
have some coufidence in the uredictiun of ozonejl
reducticns which may result from the inereased?d
supply of N0 to the atmosphere. We assume tbad)
the increased supply of fixed nitrogen to the JH
soil {s immedistely balanced by denitrificationPis
although it is clear that thera may be some comy
siderable delays due to build-up of inorganic and
organic nitrogen in the large soil and water il
reservoirs. g
The bulld-up of N70Q can be modelled by applysd
ing the following equation at the lower boundary

X;
.;

i o oA D

(N,0) ;
-Rz (M) 3%{’f§y— = Py + YRy ~wg(No0)

In this equation, we equate the net upward flux;
of Np0 at the lower boundary with the N30 releaas
rate from soils and waters (Py + Y¥P)) wminus a %
hypotherical destruction rate at the earth's s =
face, which we assume to be proportional te the’l
ground level concentration of N20. Although, w
asgume, that the gink of Np0 is at the earth's
surface, 1t is not difficult to formulate the -
present problem of W40 increases, if the main 2§
sink for No0 would be atmospheric and the resultd
wauld be very similar. The deposition veloclty*§
¥g is approximately equal to the atmospheric e
scale height divided by the atmospheric residencd
time of N30 and is equal to 2,7x10 Jcm a~i, {f we
assume a vesidence of Np0 of 10 years {wg 1s teny
tatively assumed to remain comstant). The term
Py-wq{¥20) 1s equal to the present flux of N20
into the stratosphere, i.e., 9 Mton N/year (or 3
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Table 1. Estimates of important posts in
the present nitrogen budgets of soils
and oceans, units Mton N/year. Several
estimates are very uncertain.
Land Oceans
Biological fixation >175 0.05-100
7 Fertilizer 40 0
Combustion, industrial use 37
Lightuing S 5
Stratospheric NO 0.06 0.22
volatilization (NHj3 and NOy) -2035
Return of N (rain and surface
deposition) 145 60
River runoff of N -15 15
a2t input of fixed nitrogen >182 80-180
Release of N;0 15 40-90
Release of N >167 40-90

1.2x10% molecules cm~2s-1). This defines the
magnitude of the term P, which should be consid-
ered as the present production of NoO at the
earth’'s surface. For an atmospheric residence
time of 10 years of N0, we adopt Pg = 1.8x101"
molecules em~2s~1 (= 133 Mton N/year), based on a
ground level volume mixing ratic of N0 of
3322077, Finally, the term YP] represents a
direct response of denitrification to Increasing
input of {ixed nitrogen in the soil, with Y being
th2 relacive yield of N22 in the denitrification
process and P; the increase in application rate
of fixed N. We assume an ircrease in agricuitur-
al fixed nitrogen input from 40 Mron N/year at
preseat to 200 Mtoa N/year in the yecr 2009 and
ne change thereafter. An examination of the data
compiled in Table 1 indicates that ¥ shouid be
less than- about 8% (15/182). A number of experi-
ments with agricultural soils suggests a value of
¥ of about 6X (CAST, 1976). Such a low value for
Y can be explained, as soil conditions whichk are
favorable for high relative yields of N20 (higher
acidity, lower temperatures, marginal anaerobic
conditions) are at the same time unfavorable for
denitrification (CAST, 1976). An average value
of v of less than 5% would follow if the resi-
dence time of N0 in the atmosphere would have
been determined by its stratospheric sink. How-
ever, the global yield of N0 in soils is some-
what uncertain and we will make calculations not
only for Y = 0,07, but also for more extreme
thoices such as ¥y = 0.2 and v = 0.5. We will al-
so make ome calculation for Y = 0.2, assuming an
atmospheric lifetime of NoO of 20 years, implying
about two times smaller values for wyq and P, than
given before.

Results and Discussion

The results of the computations as presented
in Figure 1, do not substantiate the very large
ozone reductions of 30X by the end of this cen-~
tury, which were mentioned elsewhere {(Bishop,
1975), bur point rather to the possibility of a
long term effect on the ozone layer, certainly if
the present interpretations of the earth's N0
budget (Hahn, 1974 and 1975; Junge, 1974; CAST,
1976) are even approximately correct (correspond-
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ing to Case I in Figure 1), It does not seem
likely that there will be an imminent danger of
serious ozone depletions due to an increase in
the application rate of fertilizer in the soils.
However, a disturbing feature is that there seem
to exigt rather significant short and long term
variations in atmospheric N0, which indicate
large and not well understood sources and sinks
of No0. Attention should, therefore, be directed
not only to the pogsibility of man's influence on
the source of atmospheric N0, but alse its sink. !
If the main loss of N90 would occur by microbes
in soils, then it seems likely that consumption
of N70 will decrease, when soils become more
acid. This factor is partly under man's control.
Variations in the atmospheric N0 content
should be followed after some years by variations
in the stratospheric ozone content and atmos-
pheric N0 should therefore be monitored. A4s
there are indications that the N0 content of the '
atmosphere has been increasing by about 15% from
1968 to 1971 (see compilation of data by Hahn,
1975), one may speculate whether this may not
have been at least partly the reason for the ob-
served decrease in total ozone from 1970-1974
(Machta, private communication).
While we have indicated the unlikelihood of an :
imminent danger of serious ozome depletions dua
to increasing applications of fixed nitrogen, we
also realize that there are many gaps in our

knowledge of the earth's nitrogen cycle. It is,
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Figure 1. Calculated maximum percentage reduc-—
tions of total ozone due to increasing applica-
tion of fixed nitrogen in the soil (lower curves,
left scale) and corresponding growth of volume
mixing ratios of N30 (upper curves, right scale). ]
Curves, labeled IV, assume an atmospheric resi-

dence time of N20 of 20 years, otherwise a resi-

dence time of 10 years is assumed. The assumed

relative denltrification productions of N30 in

agricultural soils were as follows: I (7%), II

and IV (20Z), III (50%). Growth rate of nitrogen

fertilizer: 6% per year from 1975 to 2000 and

constant thereafter.
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therefore, crucial that a well-balanced, inter-
disciplinary research program now be designed to
the many aspects of this and other important nu-
trient c¢ycles. To solve some of the increasingly
pressing environmental and energy problems con-
nected with future food production, it seems un-—
avoidable to review agricultural practices and
waste water treatment. With regard to the latter,
it seems likely that release of N0 in the deni-
trification processes can be reduced to very low
values (Lance, 1972). Best of all, more effi-~
cient “recycling" of fixed nitrogem can reduce
pressures on the environment and energy use.
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