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ABSTRACT

The terrestrial and marine nitrogen cycles are examined in an attempt to clarify how the at-
mospheric content of N,O is controlled. We review available data on the various reservoirs of
fixed nitrogen, the transfer rates between the reservoirs, and estimate how the reservoir contents
and transfer rates can change under man’s influence. It is seen that the sources, sinks and
lifetime of atmospheric N,O are not understood well. Based on our limited knowledge of the
stability of atmospheric N,O we conclude that future growth in the usage of industrial fixed
nitrogen fertilizers could cause a 1% to 2% global ozone reduction in the next 50 years.
However, centuries from now the ozone layer could be reduced by as much as 10% if soils are

the major source of atmospheric N,O.

1. Introduction

Conversion of N,O gas to NO in the upper at-
mosphere and the catalytic cycle

NO + 0,—NO, + 0, (1

(2

is an important natural process for destroying
stratospheric ozone (Crutzen, 1970; Johnston,
1971: Crutzen, 1971; Johnston, 1975). Hence, a
significant increase in the flux of N,O into the at-
mosphere means a significant reduction in global
ozone. The monographs of the U.S.A. Climatic Im-
pact Assessment Program (CIAP, 1975) present
the quantitative relationships that have been
deduced for O, losses due to added NO and NO,,
and the relevant experimental evidence from
laboratory and atmosphere.

The possibility that man’s activities could alter
the physical and chemical conditions of the soil and
alter the N,O flux into the atmosphere appears to
have been raised first by Crutzen (1972). In a later
paper (Crutzen, 1974) he noted the rapidly in-
creasing usage of industrially produced nitrogen
fertilizers and the consequent possibility of
increased flux of N,0. More recently, Hardy &

NO,+ O—->NO + O,
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Havelka (1975) have attracted the attention of at-
mospheric scientists by pointing out that the use of
artificial fertilizers, growing at a rate of 6% per
year, could increase from 40 Mtons (N)/yr in 1974
to 200 Mtons (N)/yr by the year 2000. Since the
natural fixation rate from all sources on land and
ocean is estimated to be about 250 Mtons (N)/yr,
an increase of 200 Mtons (N)/yr would be a signifi-
cant fraction of the present total terrestrial fixation
rate. McElroy (1975a, b; McElroy, 1976) has
estimated that the resulting reduction in total ozone
could be 209% or more by the year 2025. The cal-
culation on which these estimates were based
assumed a 20-year lifetime for N,O in the tropo-
sphere, and a sink for N,O in the oceans. It also
assumed that there will be no important time lag
between fertilizer input and denitrification, i.e. an
increase of 200 Mtons in the annual rate of fixation
via artificial fertilizer by the year 2000 would be
followed by an essentially simultaneous increase of
200 Mtons in the denitrification rate. Crutzen
(1976), using a similar estimate for the atmos-
pheric lifetime for N,O as did McElroy but assum-
ing the ocean to be a source of N,O rather than a
sink following Hahn (1975), finds a much smaller
effect from the increased burden of fertilizer. He
assumed atmospheric lifetimes of 10 to 20 years
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for N,O and allowed the marine source to range
from 50% to 93 % of the global source. Competing
with such a large source in the seas the fertilizer in-
put becomes a much less significant fraction of the
total atmospheric N,O input rate even in the year
2000. To obtain an upper limit O, reduction, Crut-
zen assumed that the time of denitrification does
not significantly lag the time of fixation. He cal-
culated reductions of O, between 1.5% and 9% by
the year 2025. In a recent review paper McElroy et
al. (1976) have noted that major uncertainties sur-
round the role of the oceans in controlling atmos-
pheric N,O. As had Bates & Hays (1967), they
deduced that the oceans would represent a net sink
of 40 Mtons of N,O-N per year and that global
ozone reductions of the order of 20% by the year
2013 are not improbable, given fertilizer-usage
projections stated above.

We (Liu et al., 1976) on the other hand, have ad-
dressed the question of the delay to be expected
between the time that application of fertilizers to
arable land reaches a certain rate and the time that
the return of denitrified N,O and N, to the at-
mosphere attains that same rate. We drew attention
to the fact that the global reservoir of fixed
nitrogen is very large compared to the present or
projected yearly fixation rates. We have pointed
out that, even neglecting the ocean pool, according
to current estimates about 2 x 10° Mtons (N) is in
various terrestrial reservoirs while fixation is oc-
curring on land at a current rate of about 200
Mtons (N) annually. This leads to a doubling time
of the order of 1000 years for fixed nitrogen.
Thus, barring the operation of special mechanisms
that might come into play when large quantities of
soluble nitrogen are injected directly into the soil,
increasing the use of fertilizers from 40 to 200
Mtons (N)/yr between the years 1974 and 2000 will
produce a relatively small change in the fixed nitro-
gen reservoir. The consequence is that attainment
of a steady state will take a long time. In fact,
assuming a 20-year atmospheric lifetime for N,O
and neglecting the oceanic source we arrived at an
estimate of only 1% reduction in O; by the year
2025 due to the projected increased use of industrial
fertilizers.

In making this estimate we assumed that the
soluble inorganic nitrogen in the soil remains in
equilibrium with plants, humus, and the insoluble
inorganic nitrogen sequestered in clay particles.
Our calculation allowed for a possible immediate
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denitrification of 10% of the soluble inorganic
nitrogen (NH?, NO;3, and NO3) added to the soil
whether it was produced by mineralization of
nitrogen that had been immobilized in humus, by
nitrification of ammonium sequestered in clays or
by injection of soluble inorganic fertilizers into ar-
able land by man.

Sze & Rice (1976) noted that our earlier model
assumed that the prompt denitrification rate will
vary linearly with the amount of soluble inorganic
N added to the soil even when the rate of fertili-
zation is five times the present rate (and compar-
able to the present rate of mineralization per unit
area). They have pointed to evidence that the effi-
ciency of utilization of fixed nitrogen in producing
plant mass diminishes as fertilizer use per unit area
increases, a possibility that we discuss later.
Assuming that the unused nitrogen is lost mostly in
denitrification they have estimated that the reduc-
tion of ozone by 2025 might be as large as 10% if
60% of the fertilizer applied to arable lands is
denitrified promptly. In agreement with our model,
they calculated a reduction in ozone of 1.4% if
only 10% of the fertilizer is immediately de-
nitrified.

The objective of this paper is to examine the
nitrogen cycle, especially N,O sources and sinks, to
evaluate the uncertainties and to critically look into
the assumptions made in the calculation of
stratospheric ozone reductions due to artificial fer-
tilizer usage. Experts in several disciplines (e.g., soil
science, microbiology) will note that we have em-
ployed a black-box approach. This was necessary
because we are not knowledgeable enough to
appreciate many of the microprocesses at play in
soils and elsewhere, but also because there are
legitimate large scale input—output questions that
do not necessarily interest soil scientists or other
specialists. The present scarcity of basic infor-
mation can be partially alleviated by more interdis-
ciplinary studies.

2. Nitrogen cycle

In Fig. 1 we illustrate the elements in the
nitrogen cycle as we interpret them, drawing from
available studies. The boxes represent the various
reservoirs of nitrogen on land and in the ocean. The
largest reservoir is the atmosphere where N, and
N,O contribute a mass of 3.9 x 10° Mtons (N). We

Tellus 29 (1977), 3
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Fig. 1. Nitrogen cycle of the land and the ocean, units are in million tons (N) for reservoir contents or million tons (N}

per year for transfer rates.

neglect the large reservoirs of nitrogen in primary
and sedimentary rocks in this discussion because it
is generally agreed that the transfer rate between this
reservoir and all others is very small—about 10
Mtons (N)/yr. Microbial symbionts of leguminous
plants and nitrogenase in general are responsible
for most of the nitrogen fixation at present (Hardy
& Havelka, 1975). They effectively cause a split-
ting of the N, bond, and supply fixed nitrogen to
living plants at a rate of about 200 Mtons (N)/yr.
(References to our sources are given in the figure.)
According to the carbon inventory of Whittaker
& Likens (1973) there are 1 x 10* Mtons (N) of
fixed nitrogen in plants if the ratio of carbon to
nitrogen is taken to be 80 (Deevey, 1973). Most of
the nitrogen fixed in living plants has a lifetime of
the order of 15 years, although it is obvious that a
lifetime of one year applies in many cases, €.g.
cereal crops and leaves of trees. After the death of
plants, their fixed nitrogen is transferred to the
reservoir of dead organic material where ac-
cording to our estimate (Table 1) reside 10° Mtons
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(N) compared with 6 x 10* Mtons (N) that follow
from the carbon inventory of Bolin (1970) and a
C/N ratio of 12 (Allison, 1973). On the other hand,
Delwiche’s (1970) estimate of 7.6 x 10° Mtons (N)
is a factor of 7 greater than ours. From 1 to 5% of
the fixed nitrogen in humus is mineralized annually
—transformed to soluble NH%, NO3, and NO7—
according to most estimates (Burns & Hardy,
1975: Bartholomew, 1975; Bremner & Tabatebai,
1973: Hauck, 1971). The reservoir of soluble fixed
nitrogen in the soil is also fed by industrial fertilizers
into tilled farm lands (present rate 40 Mtons
(N)/yr), and by precipitation of NH,, NH}, NO7 in
rainwater at a rate of 160 Mtons/yr (Burns &
Hardy, 1975, and references therein). The pre-
cipitating and depositing fixed nitrogen is supplied
from an atmospheric reservoir of 30 Mtons result-
ing from evaporation or volatilization of soluble
soil nitrogen at a rate of 190 Mtons (N)/yr, by
lightning at a rate of 10 Mtons (N)/yr, and by
combustion at a rate of 20 Mtons (N)/yr. (60
Mtons (N)/yr falls in rain and dry deposits in the
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Table 1. 4n estimate of the amount of organic nitrogen in the world’s soils*

% of soil type

Soil type tons (N)/ha over world tons (N)
Podzolic 6.6 0.09 8 x 10°
Chernozems 24 0.06 19 x 10°
Chestnut and red-brown 13 0.07 12 x 10°
Serozems 7.5 0.17 17 x 10°
Krasnozems 11 0.19 26 x 10°
Gray-brown forest 9.4 0.05 6 x 10°
Alluvial 30 0.04 16 x 10°
Mountain and tundra 6 0.20 16 x 10°
Snows and glaciers 0.12 0

120 x 10° tons

* References = Kononova et al. (1961): Gerasimov (1965); Buckman & Brady

(1971).

ocean.) A recent paper (Chameides et al.,, 1977)
deduced a possibly larger lightning fixation rate. In
the soil, almost all of the fixed inorganic nitro-
gen—1.4 x 10° Mtons according to Delwiche—
is sequestered as insoluble ammonium bound in
clay particles. The exchange between this vast
reservoir and the soluble pool (that contains only
about 1% of the fixed inorganic nitrogen in the
soil) as a result of sequestration and nitrification by
soil bacteria is apparently very slow and inef-
ficient. Following Delwiche (1970) we show the
reservoir of soluble fixed nitrogen on land as about
10* Mtons.

The assimilation rate of carbon on land is 4.8 x
10* Mtons (C)/yr (Whittaker & Likens, 1973). If
we divide this rate by the C/N ratio of 80 we get
600 Mtons (N)/yr, but Hitchcock & Wechsler
(1972) found the global nitrogen assimilation rate
to be 7900 Mtons (N)/yr. For land alone,
Hitchcock (private communication, 1976) esti-
mates a range of 1600 to 2400 Mtons (N)/yr for
assimilation, excluding bacteria and fungi. The dis-
crepancy reflects partly the uncertainties in the
estimates and partly the fact that nitrogen-rich
plants (e.g. crops, grasses) as well as parts of
plants (e.g. leaves of trees) have shorter lifetimes
than the woody parts of trees. We choose the
nitrogen assimilation rate on land to be 1000
Mtons (N)/yr. It will be shown later that this choice
of assimilation rate combined with the estimated
immobilization rate will imply a mineralization rate
of 1.7% per year which is consistent with the
generally accepted values of 1 to 5%.

Soluble inorganic nitrogen is immobilized into
dead organic matter by bacteria. The rate (500
Mtons (N)/yr) is about 4 the rate at which soluble
inorganic fixed nitrogen is assimilated by plants.
This estimate follows from experiments performed
with tagged "N in which recovery of nitrogen in
crops was between 40% and 70% and total
organic recovery (crop plus soil) was between 60%
and 90% (Allison, 1973; Hauck, 1971). The
nitrogen recovered in the soil (between 20% and
30%) had been immobilized by bacteria. For com-
parison, Hitchcock (private communication, 1976)
estimates 1500 Mtons (N)/yr for the rate of im-
mobilization of fungi and bacteria. 1200 Mtons (N)
must be transferred annually from living to dead
organic material in order to conserve the 200
Mtons fixed in plants annually by symbionts and
the 1000 Mtons assimilated from the soil. Adding
to these 1200 Mtons the 500 Mtons immobilized by
bacteria it follows that the mineralization rate must
be 1700 Mtons (N) annually. This annual rate is
1.7% of the pool of dead organic fixed nitrogen, a
value that compares well with the previously
quoted estimates of 1 to 5%.

An alternative approach to the determination of
transfer rates in the soil nitrogen cycle is as follows.
Nitrogen depletion in agricultural soils has been ob-
served carefully in several regions of the U.S.A.
and elsewhere. Typical results, discussed by Allison
(1973), are that a roughly exponential decay of soil
nitrogen occurs under poor agricultural practices,
at least for the initial 30 to 40 years in the mid-
western U.S. and Canada. Fig. 2, from Allison il-

Tellus 29 (1977), 3
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Fig. 2. Decline of soil nitrogen with length of cultivation
periods under average farming practices in the Middle
West. This figure was taken from Allison (1973); original
data are from Jenny (1933) as Allison discussed. We use
these data to estimate mineralization rates as discussed in
the text.

lustrates these results. C. C. Delwiche (private

communication, 1976) warns us, however, that not

all soils demonstrate N loss when first cultivated;

crop type, climate and seasonal effects are invol-

ved. With these limitations in mind, we proceed to

employ the data of Fig. 2 because such data allow

us to deduce the lifetime, 7, of soil nitrogen against

uncompensated mineralization, and to write four

algebraic equations for the unknowns: I, 4, M, D,

where

I = immobilization rate

A = assimilation rate

M = mineralization rate

D =biomass N death rate, as in the lower left
hand corner of Fig. 1.

To write the four equations, let us assume that
globally averaged quantities are appropriate. For
our first equation, we employ the rate of decay of
soil N from Fig. 2 discussed above, and similar data
also discussed by Allison (1973). We write

Soil N reservoir D

=M———1J

100 5

(3
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The left hand side approximates a 1% loss of soil
N per year observed for the initial 30 years. As
much as half of these soil nitrogen losses could
have been due to erosion (CAST, 1976; Allison,
1973). This would probably happen mostly during
the first few years of cultivation and become small
thereafter. We use a small retention of crop residue
(20%) to take into account the erosion loss. The
right hand side shows a mineralization loss, M, of
soil nitrogen, and a replenishment by im-
mobilization, I.

A second equation expresses an assumed steady
state biomass:
A+F=D 4
where F is the total fixation rate on land, taken to
be 200 Mtons (N) per year (Hardy & Havelka,
1975). Equation 5 is an analogous relation for the
soil organic pool
D+I=M %
According to previous discussion, we have the
fourth equation

A
I== 6
> (6)

Solution of these four simultaneous equations

yields the following globally averaged rates:

D = 1250 Mtons/year
I = 500 Mtons/year
M = 1700 Mtons/year
A = 1000 Mtons/year

These values agree very well with our previous
estimates.

Quantitatively, one of the most poorly under-
stood processes in the nitrogen cycle is the rate
of sequestering of soluble ammonium in its clay-
fixed form as well as the subsequent nitrification or
return of the ammonium to the soluble state. It is
generally believed that an equilibrium exists among
three forms of ammonium in the soil: soluble, ex-
changeable and clay-bound (Allison, 1973). The
coupling between the bound and exchangeable
forms is probably weak. But so long as the ex-
change rate is unknown our only recourse in this
analysis is to parameterize the rate. For a relatively
strong equilibrium, we shall choose a transfer rate
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of 500 Mtons (N)/yr and for a weak equilibrium, a
rate of 10 Mtons (N)/yr.

The combined annual rate of volatilization and
denitrification on land is 330 Mtons {(N)/yr and is
forced by continuity considerations. It is interesting
that this gaseous production rate is about 17% of
the total input of soluble inorganic nitrogen to the
soil pool (2000 Mtons (N)/yr). This is consistent
with the percentage of N in fertilizers that cannot
be accounted for in many fertilizer tracer studies
and is usually attributed (with little experimental
proof) to gaseous loss. In fact, in many studies, the
loss is loosely attributed to denitrification although
the experimental arrangements used in open sys-
tems do not permit a gas analysis. Thus, there is no
way in these studies of deciding the apportionment
of the gas produced among N,0, N,, and NH,, for
example, or even in demonstrating that gas is pro-
duced. Large losses by volatilization of NH; are
possible under some circumstances. For example,
the concentration of ammonium in rainwater over
Israel exhibited a maximum during spring, correlat-
ing more with soil temperature than with air tem-
perature (Yaalon, 1964; see also Lodge et al.,
1968). This was attributed to increased biological
decomposition of organic matter in the soil.
Yaalon’s NH} concentrations in 1962—1963 were
approximately ten times higher than corresponding
measurements made from 1922—-1924. The heavy
fertilization of Israel during the intervening forty
years was believed a probable cause for this
enhancement. In 1963, the nitrogen as nitrate and
ammonia deposited by rainfall over Israel an-
nually was approximately equivalent to the annual
consumption of fixed nitrogen as chemical fer-
tilizer. Also, data from grazed fields show signifi-
cant fluxes of ammonia (Denmeade et al., 1974).
Our own inventory suggests that the gaseous N
loss is about equally divided between denitrifi-
cation and volatilization. It is obviously very im-
portant to know under field conditions what frac-
tion of fertilizer added to the soil is denitrified. In
fact, the variation of the process with fertilizer in-
put and the ratio of N,O to N, are data essential to
an understanding of the problem to which we now
address ourselves.

The question of fixation and denitrification in
the oceans is a subject of lively debate. The inven-
tory and exchange rates in the oceans are even
more uncertain than those on land. Runoff of fixed
nitrogen from the continents to the ocean is at a
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rate of about 30 Mtons (N)/yr (Delwiche, 1970) or
less (Tsunogai, 1971). Dry deposition and rainfall
contribute 60 Mtons (N)/yr to the seas. The latter
figure, 60 Mtons (N)/yr, from Burns & Hardy
(1975) and references therein, is larger than the
corresponding rate of 20 Mtons (N)/yr deduced by
Tsunogai (1971). The total global fixation rate in
oceans is uncertain. Delwiche (1970) suggested 10
Mtons (N)/yr, while the CAST report (1976)
quoted a range of values between 0.4 and 4 Mtons
(N)/yr. But very high values, 90 to 130 Mtons
(N)/yr are suggested by Soderlund & Svensson
(1976) (reported to us by P. J. Crutzen). We choose
a median value, 40 Mtons (N)/yr, to display in Fig. 1.

An estimate of 6 x 10° Mtons (N) for the soluble
inorganic pool in the ocean is given by Vaccaro
(1965). Using a carbon inventory of Whittaker &
Likens (1973) and a figure of 12 for the C/N ratio,
we conclude that the living organic reservoir in the
ocean should be 200 Mtons (N) and the
assimilation rate 2 x 10° Mtons (N)/yr. The dead
inorganic mass of 2 x 10° Mtons (N) has been
estimated by Skirrow (1965) from a carbon inven-
tory and a C/N ratio of 12 in dead organic matter.
A rate of exchange between the living and dead
reservoirs along with the mineralization rate of 2 x
10® Mtons (N)/yr is forced to maintain a steady
state. The exchange with sediments is only about 10
Mtons (N)/yr (Burns & Hardy, 1975). Neglecting
this exchange, the denitrification rate in the ocean
will have a forced value of 130 Mtons (N)/yr.

It is important to note that once nitrogen from
the atmosphere is fixed in the soil and ocean it will
spend most of its time within the cycle of plants—
animal-humus-soluble nitrogen. In the soil, only
about 10% of the time does the fixed nitrogen go to
denitrification and in the ocean only 6% of the
time. In other words, the total fixed nitrogen
(mainly humus + plants) in the soil and oceans
serves as a buffer between nitrogen fixation and
denitrification. To increase the rate of denitri-
fication substantially, one has to increase the total
fixed nitrogen abundance. With the projected 200
Mtons (N)/yr fixation rate by year 2000, the doub-
ling time of fixed nitrogen will be about 600 years
for the land and more than 4000 years for the
ocean. Therefore, the denitrification rate in the
ocean will not be changed appreciably by man’s
nitrogen fixation activities in the next few centuries.

In Fig. 3 we isolate the source and sinks of
soluble inorganic nitrogen on land. The percentages

Teltus 29 (1977), 3
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of the fluxes into various pools are shown in the
two extreme cases chosen for the rates of
sequestration of ammonium in clay. In Fig. 4 we
divide the land area into two parcels, the roughly
10% that is arable and the 90 % that is not. We ap-
portion the sources and sinks of soluble nitrogen
between them in the ratio of their areas (this
assumption does not affect the outcome of the cal-
culations) except for industrial fertilizer which is
assigned entirely to the 10% of the land area that is
farmed. Using this chart, we can compare the
mineralization rate we assign to arable land with
Hauck (1971). His analysis of crop lands assigns
only 80 kg (N)/ha/yr which gives a source of 1200
Mtons (N)/yr globally. This is a factor of 1.4 less
than our estimate.
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3. Sources and sinks of N,O

In early discussions of atmospheric N,O, Bates
& Hays (1967) and others before them speculated
that biological denitrification in soils is its major
source. It is difficult to assess the percentage of the
denitrified gas that enters the atmosphere as N,O
because of a lack of definitive measurements.
Stefanson (1973) showed that the ratio of N,O/N,
evolved from denitrification of NOj varied from
1/0.06 to 1/6 depending on the soil-water poten-
tial. The N,O to N, ratio depends also on the type
of soil and fertilizer added and soil pH. Lower pH
favors generation of N,O compared to N, although
the overall rate of denitrification is reduced (Alex-
ander, 1971). Typically *N tracer studies, sum-
marized by Hauck (1971), have been conducted
without identification of gaseous products or
gaseous products have been measured in nontracer
studies, e.g., Burford & Stefanson (1973) who
measured N,O releases indirectly. Due to large
variations of the N,O to N, ratio with the soil pro-
perties, frequent and large scale field observations
are needed to provided definitive answers. CAST
(1976), after reviewing all available data, suggested
a global average ratio of N,O/N, in denitrification
of 0.06.

Similarly, uncertainty exists in the ocean produc-
tion rate of N,0. A large oceanic source has been
deduced by Hahn (1974) from measurements in the
North Atlantic. He extrapolated from his observa-
tions to a global N,O source of 85 Mtons (N)/yr.
McElroy et al. (1976) on the other hand, argued
that the data base of Hahn is too limited to permit
this extrapolation and suggested that a study of the
observations by Craig & Gordon (1963), and those
of Hahn and correlation of these with ocean pro-
ductivity would imply that the ocean is a sink (see
also Bates and Hays, 1967) in some regions and a
source in others. As a system they concluded that
the sea is a net sink for 25 Mtons (N) of N,O
each year. Experiments by Yoshinari (1976) in the
Western North Atlantic and Caribbean imply a
small, perhaps 1 Mton (N)/yr source. If the N,O
produced in oceans is only 1 Mton (N)/yr and the
total denitrification rate there is 100 Mtons (N)/yr
then N, would be the dominant denitrification
product in oceans. The pioneering studies of Craig
& Gordon (1963) showed signs of different oceanic
regions being undersaturated and supersaturated
but in their discussion they noted the difficulty one
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has in interpreting data from their first measure-
ments. The basic problem (now solved by Craig
et al., 1976) has been that hot wire detection gas
chromatography is not sensitive enough to permit
the required accuracy and precision. The latter
authors find, for example, no significant latitudinal,
seasonal, or daily change of N,O in marine air, as
seen in the first two samples by Craig & Gordon
(1963). The most recent data of Craig et al. (1976)
not only indicate that the crude latitudinal gradient
of N,O in marine air from Craig & Gordon (1963)
was not real, but that N,O is a long-lived at-
mospheric gas. Lifetimes of about 100 years would
mean that the atmospheric N,O burden—(1400
Mtons (N) corresponding to 0.3 ppm mixing ratio)
could be maintained by steady sources of N,O as
small as 14 Mtons (N)/yr.

There also may be other land-based sources of
N,O, e.g., in nitrification (Ritchie & Nicolas, 1972)
or (less likely) in chemodenitrification (Stevenson et
al., 1970). Sewage and nitrogen waste treatment
plants could also produce N,0. At least one other
N,O source must be considered, namely com-
bustion. Pierotti & Rasmussen (1976) have
measured N,O in smokestacks of coal-burning and
gas-burning power plants and deduced a possible
2.2 Mtons (N)/yr N,O source (see also Weiss &
Craig, 1976). By analogy, volcanoes and forest
fires could also be sources of N,O.

The only known sink for atmospheric N,O is
photolysis in the stratosphere (Bates & Hays,
1967: Johnston & Selwyn, 1975; Stedman et al.,
1976) which destroys only about 10 Mtons (N)/yr
and gives N,O a lifetime of about 150 years. Cer-
tain gas-phase reactions are not completely ruled
out. Biogenic sinks for N,O are observed in many
experiments. N,O reduction into N, might be a ma-
jor reaction of nitrogenase (Hardy & Knight, 1966)
and many denitrifying bacteria can reduce N,O
(Barbaree & Payne, 1967, Tiedje, private commun-
ication, 1976). However, no quantitative estimates
of these sinks are available.

Without good estimates of either sources or
sinks of N,O we cannot determine its atmospheric
lifetime directly. However, Junge (1974) using an
approximate mathematical analysis related the
lifetime of a trace gas to its standard spatial
deviation. Some of his assumptions (e.g. relatively
uniform sink and source function) might not apply
to N,O. Nevertheless with a derived standard
deviation of 8%, coupled with measurements by
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Hahn (1974) he deduced the lifetime of N,O to be
8 years with a factor of two uncertainty. Recent
measurements of N,O in the atmosphere (R. F.
Weiss, private communication, 1976; Craig et al.,
1976: Yoshinari, 1976; Singh et al., 1976; Ras-
mussen et al., 1976) have shown different results.
Each of these workers has multiple observations of
N,O in marine and/or rural continental air that
show little or no significant variability from day to
day, that is, standard deviations of 2% or less ex-
cept the latter reference, which showed 2.8%. The
Scripps Institute data (the former two references
above), perhaps the most convincing, were gath-
ered between 70°N and 70°S in the mid-Pacific
over several seasons and years. Little, if any, dif-
ference between 1964 and 1974 values was seen,
except for a 1.5% increase with time, possibly due
to combustion sources of N,O (Weiss & Craig,
1976). Careful separation preceded detection (in
ratio to CO,) by gas chromatographic, ultrasonic
phase shift detection. Yoshinari employed an in-
dependent method, helium ionization GC detection.
The Scripps group finds average N,O mole frac-
tions of 0.296 ppm as did Singh while Yoshinari
found (0.328 + 0.005) ppm, although Yoshinari’s
systematic accuracy is +10%. Rasmussen et al.
(1976) find a mean value of 0.330 ppm.

Earlier N,O measurements by Goody (1969),
Craig & Gordon (1963), Hahn (1974), Schutz et al.
(1970), Lahue et al. (1970) and others showed
about 0.250 ppm with significant variations that
clearly implied a relatively short (10 years) N,O
atmospheric lifetime if Junge’s (1974) analysis
holds. While much of the statistical variability of
these data may be artifacts of early analytical
methods and of sampling near sources (Hahn,
1975) there are seasonal trends (Goody, 1969:
Schutz et al., 1970) that one should not dismiss. By
putting more weight on the recent measurements
and taking into account the lack of positive iden-
tification of either a significant source or sink
(greater than 40 Mtons (N)/yr) we estimate the
lifetime of N,O to be between 30 and 100 years.
This implies, respectively, an annual N,O produc-
tion of 50 and 14 Mtons (N). If denitrification (270
Mtons (N)/yr: see Fig. 1) is the source of N,0, it
also implies an N,O to N, ratio respectively of
1:4.4 and 1:16, assuming the ratio to be the same
in the denitrification from the land and the ocean.
A 1:16 ratio was considered likely by CAST
(1976).
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4. The effect of industrial fertilizers on
ozone

To evaluate the effect that projected industrial
fertilizer usage might have on the ozone layer dur-
ing the next 50 years, we shall make the foliowing
assumptions: (a) the source of atmospheric N,O is
denitrification and (b) the rate of denitrification is
linearly proportional to the abundance of soluble
inorganic nitrogen. Assumption (b), that of linearity,
is essentially that the kinetics of denitrification are
first order in NO3 concentration. In reality, the or-
der of the kinetics depends on many parameters as
shown by Bowman & Focht (1974). Their data (for
two distinct soil types) showed regimes of first-
order kinetics and zero-order kinetics (i.e. denitrifi-
cation rate independent of NOj concentration
when NOj is very high). Similarly, Porter (1976)
has presented data on '*N-tagged fertilizer
recovered in corn fertilized at three different
dosages, 125, 252, and 376 kg/ha; the latter two
rates are very high. He found that 50—52 % of the
fertilizer N was recovered in the plants, indepen-
dent of fertilizer rate. Also, indications that fer-
tilizer losses are mostly due to immobilization
(Hauck, 1971) should not be ignored. There would
be little incentive for farmers to use more nitrogen
fertilizers if the combined loss of nitrogen through
immobilization and denitrification is more than
70%. Thus, it may not be realistic to assume that
fertilizer loss percentages increase with fertilization
rate. Nonetheless, to explore a wide range of pos-
sible effects later in this section, we shall alter
assumption (b) as suggested by Sze & Rice (1976).
We also assume: (c) the N,O to N, ratio in de-
nitrification is the same for the land and the ocean,
but we will discuss the case where oceans are not a
source of N,O. We will parameterize the atmos-
pheric lifetime of N,O to 30 years and 100 years
(assumption (d)).

As we have pointed out most of the nitrogen
fixed as artificial fertilizer will go through the
plant-humus cycle at least ten times. The rate of
fixation, of exchange from one reservoir to another
and of denitrification will all change with time.
Thus, the fluxes and concentrations involved in the
nitrogen cycle will have to be calculated with a
time-dependent model.

The flux of N,O from arable land at time ¢, will
be given by

(ng)a
Pa = ¢O

2 )
(ngi)a
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where the subscript (a) is for arable land and (ng)
denotes soluble inorganic nitrogen abundance, the
superscript (0} denotes the value when appreciable
use of artificial fertilizer begins. The total N,O
flux, however, will be composed of the sum of that
from cultivated and untilled land and ocean.

. (n)a + (ng)w

(%), + (MW)w

d=¢ + ¢gcean (8)
where the subscript (w) stands for wild or unfarmed
land. For the reasons already given @ocean Wwill
be constant within the next century. The column
abundance, Nx,0, of N,O in the atmosphere Nn,0
will be given by the continuity equation

o M,0 Nno
=¢- 9

ot ™N,0

where 7,0 is the atmospheric lifetime of N,O.

To obtain the N,O flux we need to know how the
amount of soluble fixed nitrogen ng varies with
time. Since the lifetime of soluble inorganic
nitrogen in the soil is less than one year we can take
the amount at any time to be proportional to the
rate at which it is then being produced, that is

A

Pi=—
Tsi

(10)

where pg is the production rate and 7 is the
lifetime of soluble inorganic nitrogen. Further-
more, we assume this lifetime to be constant year
after year even if ng and p5; change. Therefore,

ng = n"~f—s-i an
S1 St 0

si
Now, according to Figs. 3 and 4

Lt

Psi=pe+prt —+—
Th T

(12)
where p; is the contribution of precipitation and dry
deposition, p¢ that of industrial fertilizer, nn/Th the
mineralization rate of humus, 7y and 7, being re-
spectively the amount of humus and its lifetime and
finally n;/t; is the rate of release of insoluble
inorganic nitrogen from clay by nitrifying bacteria.
pr is assumed not to vary with time, because the
contribution of arable land to the total amount of
fixed nitrogen in the atmosphere will be small com-
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pared to that from all the land even when (p,), is
twice the present rate.

We must know how the amount of fixed
nitrogen in humus and clay-bound nitrogen varies
with time to determine the rate of production of
soluble inorganic nitrogen. Since the lifetime of
nitrogen immobilized in humus and sequestered in
clay is long, we must determine these quantities by
solving the differential equations

dnh ny

e . (13)
dt Pr Ty

and

dn; n

dt — A T (14)

where the meaning of the symbols should be clear.

In the case where the yearly sequestration and
nitrification rates are 500 Mtons the percentages
for the losses of soluble inorganic nitrogen in the
upper line of Fig. 3 apply. Immobilization and the
death of plants contribute to pn. If we neglect
natural fixation as unimportant when we are grow-
ing crops using fertilizer then 42% plus 21 % of the
total rate of production of soluble inorganic
nitrogen is the rate of production of fixed nitrogen
immobilized in humus

= 0.63pg (15)
Thus

dm, n; y,

— =063 | p+pr+ —|—-037— (16)
dt ii Ty

By assuming that 7, and 7;; do not change with time,
we get

dny, n;; ny
I=0.63 P+ pe+ps — | —037p0 amn

n

i

Similarly, for the amount of sequestered nitrogen

My n;

pi=021{ — +p.+ pr+ — (18)
Th Tjj

dny 02( ny, njj

— =021\ p+pr+pb — |- 0.79p% —

" Pr+pr+ ph " P 0 (19)

Since p, is known and pr has projected values, (17)
and (19) may be solved together to give n, and n;,
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hence pg and ng; at any time ¢. As we have pointed
out the flux of N,O from arable land is pro-
portional to (ng), according to (7), and the total
flux of N,O is given by (8).

If ¢ is to be large compared to ¢° because of the
use of fertilizer then (ng), must be large compared
to (ng)w. (n%)a at the present time is only about 10%
of (n%)w. For (ng)a to grow large, then it is
necessary that pr becomes a very important term in
Fiiz under present circumstances pr is only { of p.
Increasing pr by a factor of 5 by the year 2000 will
bring this ratio to about 1, an increase in (1), that
leaves it still small compared to (ng)w. It is for this
reason that the contribution of artificial fertilizers
to the total N,O budget by the early 21st century is
expected to be small.

We have carried out calculations of the amount
of ozone reduction to be expected by the year 2025
under the following assumptions: 6 % increase in
fertilizer use per year from 40 Mtons (N)/yr in
1974 to 200 Mtons (N)/yr in the year 2000, con-
stant use thereafter, a 30-year lifetime of N,O in
the troposphere and a 100 year lifetime, an ex-
change rate of 500 Mtons (N) per year and a rate
of 10 Mtons (N) per year between the soluble and
insoluble inorganic reservoir via sequestering and
nitrification. Finally, we take the annual denitri-
fication rate to be its deduced natural value, 7% of
the total annual input to the soluble N pool (see
Fig. 3), and triple that value (Sze & Rice, 1976).
The scaling factor between atmospheric N,O
change and ozone reduction was taken as 5 in the
CIAP Final Report (Grobecker et al., 1974), but
recent OH measurements (Anderson, 1976) imply
the factor should be around 10. Future stratos-
pheric concentrations of inorganic molecules con-
taining Cl atoms could alter the stratospheric sen-
sitivity to added N,O. We choose 8 as our scaling
factor. The results are summarized in Table 2.

In Table 2 it can be seen that increasing the rate
of exchange between the soluble and insoluble
pools has the effect of lowering the increase of
fixed nitrogen in the soluble reservoir, but only very
slightly for a 50-fold change in the rate. Obviously,
a strong departure from linearity in the relationship
between the rate of denitrification and the rate of
application of fertilizer to croplands has a large ef-
fect on the ozone reduction. Tripling the denitrifi-
cation percentage of applied industrial fertilizers
more than doubles the ozone reduction, in agree-
ment with the finding of Sze & Rice (1976).
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Table 2. Calculated ozone reduction by the year 2025 due to projected industrial nitrogen fertilizers

Exchange rate between
soluble and insoluble

Same N,O/N,
in ocean and
land denitrifi-
cation

Land is the only
source of N,O

N,O Industrial fertilizer inorganic nitrogen
Lifetime (yrs)  denitrification percentage {Mtons (N)/yr) Percentage O, reduction
100 8.4 500 0.17 0.33
10.5 10 0.21 0.4
25 500 0.37 0.7
32 10 0.5 0.9
30 8.4 500 0.6 1.0
10.5 10 0.7 1.3
25 500 1.3 2.4
32 10 1.5 2.8

If the total denitrification rate is truly set by the
system just described, a change in the tropospheric
lifetime implies a change in the ratio of N,0O to
total gas (N, + N,O) in the emergent flux. Thus,
the flux of N,O when the N,O tropospheric
lifetime is 30 years, is about 3 times as great as
when it is 100 years, although the total denitrifi-
cation flux remains the same. Hence, the ozone
reduction possible by A.D. 2025 is much smaller
when the lifetime of N,O is longer.

5. Conclusion

There are still many uncertainties in our inven-
tory of the nitrogen cycle. The sources and sinks of
N,O are very poorly understood. We do not even
know that denitrification of the fixed nitrogen in
soils and oceans is the dominant source of atmos-
pheric N,O. Furthermore, the lifetime of N,O is
quite uncertain. By assuming denitrification to be
the major source of atmospheric N,0, and based

on our limited knowledge, we estimate the ozone
reduction due to possible future growth in the
usage of industrial fixed nitrogen fertilizers to be
between 0.2 and 2.8% by the year 2025. But long
term (> 300 years) ozone reductions could be as
high as 10%. Because of the long time constants in-
volved, the threat posed by extensive large scale use
of artificial fertilizers may eventually be serious for
the biosphere. It is essential for interdisciplinary
research to be undertaken now to further our un-
derstanding of the nitrogen cycle, as Crutzen
(1976) and McElroy (1976) have also advised.

6. Acknowledgements

We thank NASA for Grants NSG-7209 and
NSG-7187 and the National Science Foundation
for Grant DES74-11478, and the Elsevier Scien-
tific Publishing Company, Amsterdam, for permis-
sion to reproduce Fig. 2.

REFERENCES

Alexander, M. 1971. Microbial ecology. Wiley and Sons,
Inc., New York, 425 pp.

Allison, F. E. 1973. Developments in soil science, 3,
Organic matter and its role in crop production.
Elsevier Scientific Publishing Company, New York.

Anderson, J. G. 1976. The absolute concentration of OH
(X?n) in the Earth’s stratosphere. Geophys. Res. Lett.
3,165-168.

denitrification by a marine bacterium as revealed by
gas chromatograph. Mar. Biol. 1, 136.

Bartholomew, W. V. 1965. Mineralization and im-
mobilization of nitrogen in decomposition of plant and
animal residues, Soil Nitrogen (Am. Soc. of Agron.,
Madison, Wisc.). Agronomy. 10, 285.

Bates, D. R. & Hays, P. B. 1967. Atmospheric nitrous
oxide. Planet. Space Sci. 15, 189-197.

Barbaree, J. M. & Payne, W. M. 1967. Products of Bremner, J. M. & and Tabatabai, M. A. 1973. Nitrogen-

Tellus 29 (1977), 3



262

15 enrichment of soils and soil-derived nitrate. J. En-
viron. Qual. 2, 363-365.

Bolin, B. 1970. The carbon cycle. Sci. Amer. 223, 124—
132.

Bowman, R. A. and Focht, D. D. 1974. The influence of
glucose and nitrate concentrations upon denitrifi-
cation rates in sandy soils. Soil Biol. Biochem. 6, 297—
301.

Buckman, H. O. & Brady, N. C. 1971. The nature and
properties of soils. MacMillan Co., New York, 653 pp.

Burford, J. R. & Stefanson, R. C. 1973. Measurements
of gaseous losses of nitrogen from soils. Soil Biol.
Biochem. 5, 133-141.

Burns, R. C. & Hardy, R. W. 1975. Nitrogen fixation in
bacteria and high plants. Springer-Verlag, New York,
Heidelberg-Berlin.

CAST (Council for Agricultural Science and
Technology) 1976. Effect of increased nitrogen fixa-
tion on stratospheric ozone. Report No. 53, January
19.

Climatic Impact Assessment Program (“CIAP”). 1975,
Monograph 3, The stratosphere perturbed by propul-
sion effluents, pp. 1-27 to 1-31.

Chameides, W. L., Stedman, D. H., Dickerson, R.,
Rusch, D. W. & Cicerone, R. J. 1977. NO, produc-
tion in lightning, J. Atmos. Sci. 34, 143-149.

Craig, H. & Gordon, L. 1. 1963. Nitrous oxide in the
ocean and the marine atmosphere. Geochim. Cos-
mochim. Acta 27, 949.

Craig, H., Weiss, R. F. & Doud, W. 1976. Paper presen-
ted at Halocarbon and N,O Measurements Work-
shop, Boulder, Colorado, March 25-26.

Crutzen, P. J. 1976. Upper limits on atmospheric ozone
reductions following increased application of fixed
nitrogen to the soil. Geophys. Res. Lett. 3, 169—172.

Crutzen, P. J. 1974. Estimates of possible variations in
total ozone due to natural causes and human ac-
tivities. Ambio 3, 201-210.

Crutzen, P. J. 1972. SST’s: A threat to the Earth’s ozone
shield. Ambio 1, 41-51.

Crutzen, P. J. 1971. Ozone production rates in an
oxygen-hydrogen-nitrogen oxide atmosphere, J. Geo-
phys. Res. 76, 7311-73217.

Crutzen, P. J. 1970. The influence of nitrogen oxides on
the atmospheric ozone content. Quart. J. Royal Met.
Soc. 96, 320--325.

Deevey, E. S., Jr. 1973. Sulfur, nitrogen, and carbon in
the biosphere. In: Carbon and the biosphere (edited by
G. M. Woodwell & E. V. Pecan), pp. 182—-191. United
States Atomic Energy Commission.

Delwiche, C. C. 1970. The nitrogen cycle. Sci. Amer. 23,
137-146.

Denmeade, O. T., Simpson, J. R. & Freney, J. R. 1974,
Ammonia flux into the atmosphere from a grazed pas-
ture. Science 185, 609—610.

Gerasimov, 1. P. & Glazovskaya 1965. Fundamentals of
soil science and soil geography. lsrael Program for
Scientific Translations, Jerusalem, 382 pp.

S. C. LIU ET AL.

Goody, R. 1969. Time variations in atmospheric N,O in
Eastern Massachusetts. Planet. Space Sci. 17, 1319—
1320.

Grobecker, A. J., Coroniti, S. C. & Cannon, R. J., Jr.
1974. Report of Findings: The Effects of
Stratospheric Pollution by Aircraft. Department of
Transportation, Washington, D.C., December.

Hahn, J. 1975. N,O measurements in the northeast At-
lantic Ocean. Meteor. Forsch. Ergebnisse. A-16, 1—
14.

Hahn, J. 1974. The North Atlantic Ocean as a source of
atmospheric N,O. Tellus 26, 160—-168.

Hardy, R. W. F. & Knight, E., Jr. 1966. Reduction of
N,O by biological N,-fixing systems. Biochem. Bio-
phys. Res. Commun. 23, 409-414.

Hardy, R, W. F. & Havelka, J. D. 1975. Nitrogen fixa-
tion research: A key to world food? Science 188,
633-643.

Hauck, R. D. 1971. Quantitative estimates of nitrogen-
cycle processes, Concepts and Review. In: Nirrogen-
15 in soil-plant studies. International Atomic Energy
Agency, Vienna, 65-80.

Hitchcock, D. & Wechsler, A. E. 1972. Biological cycl-
ing of atmospheric trace gases. Final Report, NASA
Contract NASW-2128, Arthur D. Little, Inc., Cam-
bridge, Massachusetts.

Johnston, H. S. & Selwyn, G. 1975. New cross section
for the absorption of near ultraviolet radiation by
nitrous oxide (N,0). Geophys. Res. Lett. 2.

Johnston, H. S. 1971. Reduction of stratospheric ozone
by nitrogen oxide catalysts from supersonic transport
exhaust. Science 173, 517-522.

Johnston, H. S. 1975. Global ozone balance in the
natural stratosphere. Rev. Geophys. Space Phys. 13,
637-649.

Junge, C. E. 1974. Residence time and variability of
tropospheric trace gases. Tellus 26, 477-488.

Kononova, M. M., Nowakowski, T. Z. & Greenwood, G.
A. 1961. Soil organic matter. Pergamon Press, New
York, 450 pp.

Lahue, M. D., Pate, J. B. & Lodge, J. P. 1970. At-
mospheric nitrous oxide concentrations in the humid
tropics. J. Geophys. Res. 75, 2922-2926.

Liu, S. C., Cicerone, R. J., Donahue, T. M. &
Chameides. W. L. 1976. Limitation of fertilizer in-
duced ozone reduction by the long lifetime of the
reservoir of fixed nitrogen. Geophys. Res. Lett. 3,
157—-160.

Lodge, 1. P., Pate, J. B., Basbergill, W., Swanson, G. S.,
Hill, K. C.. Lorange, E. & Lazrus, A. L. 1968.
Chemistry of United States precipitation, National
Center for Atmospheric Research Report, August.

McElroy, M. B. 1976. Chemical Processes in the solar
system: a kinetic perspective. To be published in M7P
international review of science (ed. D. Herschbach),
preprint.

McElroy, M. B. 1975a. Testimony to U.S. House of
Representatives, Committee on Science and

Tellus 29 (1977), 3



SOURCES AND SINKS OF ATMOSPHERIC N,0

Technology, Subcommittee on the Environment and
the Atmosphere. See pp. 196199 of transcript, U.S.
Government  Printing  Office No. 57-788,
Washington.

McElroy, M. B. 1975b. Testimony to U.S. Senate Com-
mittee on Aeronautical and Space Sciences, Subcom-
mittee on the Upper Atmosphere. See pp. 1025-1049
of transcript, U.S. Government Printing Office No.
60—183, Part 2, Washington.

McElroy, M. B., Elkins, J. W., Wofsy, S. C. & Yung, Y.
L. 1976. Sources and sinks for atmospheric N,O. Rev.
Geophys. Space Phys. 14, 143-150.

Pierotti, D. & Rasmussen, R. A. 1976. Combustion as a
source of nitrous oxide in the atmosphere. Geophys.
Res. Lett. 3,265-268.

Porter, L. K. 1976. Recovery of fertilizer '*N by corn
and “N percolation beneath plots under different fer-
tilizer N and water rates. Paper presented at Nitrogen
Res. Rev. Conf., Ft. Collins, Colorado, October 12—
13.

Rasmussen, R. A., Pierotii, D., Krasnec, J. & Halter, B.
1976. Trip report on the cruise of the Alpha Helix
research vessel from San Diego, California to San
Martin, Peru.

Ritchie, G. A. F. & Nicolas, D. J. D. 1972. Identifi-
cation of sources of N,O produced by oxidative and
reductive processes, Nitrosomonas Europea. Biochem.
J. 126, 1181-1191.

Robinson, E. & Robbins, R. C. 1968. Sources, abun-
dances and fate of gaseous atmospheric pollutants.
Final Report, SRK, Project PR-6755, Stanford
Research Institute.

Singh, H. B., Salas, L. J. & Cavanagh, L. A. 1976. Dis-
tribution sources and sinks of atmospheric
halogenated compounds. Paper presented at Air Pol-
lution Control Association Meeting, Portland, Oregon.

Schutz, K., Junge, C., Beck, R. & Albrecht, B. 1970.
Studies of atmospheric N,O. J. Geophys. Res. 75,
2230-2246.

Skirrow, G. 1965. Chemical oceanography, Vol. 1

263

(edited by J. P. Riley & G. Skirrow). Academic Press,
London, New York.

Sodertund, R. & Svensson, B. H. 1976. The global
nitrogen cycle. In: Nitrogen, Phosphorus and Sulphur
—Global Cycles (edited by B. H. Svensson & R.
Soderlund). SCOPE Report 7. Ecol. Bull. (Stockholm)
2223-73.

Stedman, D. H., Cicerone, R. J., Chameides, W. L. &
Harvey, R. B. 1976. Absence of N,O photolysis in the
troposphere. J. Geophys. Res. 81, 2003—-2004.

Stefanson, R. C. 1973. Evolution patterns of nitrous ox-
ide and nitrogen in sealed soil-plant systems. Soil Biol.
Biochem. 5, 167-169.

Stevenson, F. J., Harrison, R. M., Wetselaer, R. &
Leeper, R. A. 1970. Nitrosation of soil organic mat-
ter: II1. Nature of gases produced by reaction of
nitrite with lignins, humic substances, and phenolic
constituents under neutral and slightly acidic con-
ditions. Soil Sci. Soc. Amer. Proc. 34, 430-435.

Sze, N. D. & Rice, H. 1976. Nitrogen cycle factors con-
tributing to N,O production from fertilizers. Geophys.
Res. Lett. 3, 343-346.

Tsunogai, S. 1971. Ammonia in the oceanic atmosphere
and the cycle of nitrogen compounds through the at-
mosphere and the hydrosphere. Geochem. J. 5, 57-67.

Vaccaro, R. F. 1965. Chemical oceanography, Vol. 1
(edited by J. P. Riley & G. Skirrow). Academic Press,
London, New York.

Weiss, R. F. & Craig, H. 1976. Production of at-
mospheric nitrous oxide by combustion. Geophys. Res.
Lett. 3,751-753.

Whittaker, R. H. & Likens, G. E. 1973. Carbon in the
biota. In: Carbon and the Biosphere (edited by G. M.
Woodwell & E. V. Pecan). United States Atomic
Energy Commission, pp. 281-302.

Yaalon, D. H. 1964. The concentration of ammonia and
nitrate in rainwater over Israel in relation to environ-
mental factors, Tellus 16, 200-204.

Yoshinari, T. 1976. Nitrous oxide in the sea. Marine
Chem. 4, 189-202.

HUCTOYHUKH U CTOKU ATMOCPEPHOI'O U;0 1 BOSBMOXHOE YMEHBIIEHUE O30HA
BJIATOJAPSA MMPOMBIIWIEHHbIM A30THBIM YAOBPEHUAM

B nonbiTKE YACHMTL, KaK KOHTPOJHpPyeTCs coae-
pxanue B armochepe W,0, paccMaTpupaloTCs
HOYBEHHBIH M MODCKOH LMKABI a30Ta. Mbl Jaem
0630p NOCTYMHBIX HAHHBIX MO pa3/MYHbIM pe3e-
pByapaM CBA3aHHOTO a30Ta, MO CKOPOCTAM oOMeHa
MEXIOy 3ITMMHM pe3epByapaMH M OLEHHBAaEM, Kak
CONEPXAHHA pEe3epBYyapoB M CKOPOCTH oOMeHa
MOTYT MEHATLCA MOA BruaAHHEM uenoBeka. Oxas-
BIBAETCS, YTO MCTOYHUKH, CTOKH M BPEMEHA XU3IHM
armochepHoro U,0O mnoka HenOCTATOYHO XOPOILO

Tellus 29 (1977), 3

u3BecTHbl. Ha OCHOBE HAlMX OrpaHMYEHHBbIX 3HaHHH
06 ycroiuupoctn atMmocdepupro MO Mbl nenaem
BbIBOA, YTO OyayluM#i pocT B HCIIONb30OBAHMHU a3o0-
THBIX YHOOpeHMit, DPOM3BOOMMBIX INPOMBILLIEH-
HOCTBIO, MOXET BbI3BaTb B TEYEHHE ClEAyHOLHX 50
JIET 1106ansHOe YMEHbLUCHHE O30Ha Ha BC/IHYMHY
ot 1 no 2%,. OpnHako, COyCcTs CTOJETHSA, CJIOH O030HA
MOXeT OblTb yMEHBbUIEH Ha Benu4uHy 1o 109, ecnn
no4Ysa SIBJISETCS OCHOBHBIM HCTOYHHKOM aTMOC-
¢eproro K,0.



