Lawrence Berkeley National Laboratory
Recent Work

Title
NEWLY RECOGNIZED VITAL NITROGEN CYCLE

Permalink
https://escholarship.org/uc/item/2xr206c4

Author
Johnston, Harold.

Publication Date
1972-09-01

eScholarship.org Powered by the California Diqital Library

University of California



https://escholarship.org/uc/item/2xr206c4
https://escholarship.org
http://www.cdlib.org/

Published in Proc, Nat,
Acad, Sci. 69, pp. 2369~
2372, 41972

NEWLY RECOGNIZED VITAL NITROGEN CYCLE

Harold Johnston

September 1972

Prepared for the U, S, Atomic Energy Commission
under Contract W-7405-48

[ o )
For Reference |

Not to be taken from this room

N _

<y

LBL-1485

<

9eyT-1dT



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



'

Reprinted from

Proc. Nat. Acad. Sci. USA
Vol. 69, No. 9, pp. 2369-2372, September 1972

Newly Recognized Vital Nitrogen Cycle

(nitrogen oxides/stratospheric photochemistry/ozone balance)

HAROLD JOHNSTON

Department of Chemistry, University of California, Berkeley, Calif. 94720

Contributed by Harold Johnston, May 22, 1972

ABSTRACT Soil and sea bacteria produce a small
amount of nitrous oxide (N;0); a small part of this N,O is
photochemically converted to nitric oxide (NO) in the
stratosphere. This process has recently been shown to be
the principal source of the active oxides of nitrogen (NO
and NQy) in the stratosphere. The active oxides of nitrogen
catalytically destroy ozone, and NO and NO; appear to be a
principal factor in the natural ozone balance. Strato-
spheric ozone is the only effective shield for the surface of
the Earth against the harsh ultraviolet radiation between
300 and 250 nm. Thus, soil bacteria indirectly control the
intensity of ultraviolet radiation reaching the Earth’s sur-
face. This subcycle of the major nitrogen cycle involves a
relatively small amount of nitric oxide, estimated to be
between 0.26 and 1.2 X 10° kg of NO per year on a world-
wide basis. A recent estimate of the future nitric oxide
emission in the stratosphere by the Concord supersonic
transport is 0.37 X 10° kg/year on a world-wide basis,
which is similar to the amount estimated from the nat-
ural source.

The fixation of atmospheric nitrogen, its utilization by plants
and then animals, and its return to the atmosphere by deni-
trifying bacteria constitute a well-known cycle, vital to all life
on Earth (1). Recent considerations of the probable environ-
mental impact of supersonic transports (SST) have identified
several specific processes, which link up to constitute another
vital c¢ycle. This minor loop of the nitrogen cycle couples the
activity of soil bacteria (through oxides of nitrogen in the
stratosphere) with the level of ultraviolet radiation at the sur-
face of the Earth.

In the soil there are certain bacteria—for example, Pseu-
domonas denitrificans (1)—that use oxygen to oxidize organic
material when it is abundant but use nitrates or nitrites to
oxidize organic compounds under anaerobic conditions. In
this process, most of the nitrates and nitrites are reduced to
molecular nitrogen, N,. However, a small amount of this re-
duction terminates with nitrous oxide, N2O. The formation of
nitrous oxide occurs actively in rich, wet soil (1-4) and in sur-
face ocean waters (5). Nitrous oxide is a rather inert gas,
resembling carbon dioxide in several respects. It is unreactive
toward air and water, and it is essentially unaffected by solar
radiation in the troposphere. Nitrous oxide is thus a natural
trace constituent in the troposphere at about 0.25 parts per
million (ppm) (3, 4). Nitrous oxide slowly diffuses upward
from the turbulent, well-mixed troposphere into the strato-
sphere, which by virtue of its steep temperature inversion
is relatively stable against vertical mixing. As slow eddy
diffusion processes lift nitrous oxide up to elevations of
about 20-30 km, it is destroyed both chemically and photo-
chemically. The mean lifetime of nitrous oxide from formation
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in the soil to destruction in the stratosphere is estimated to be
between 10 and 70 years (5).

Bates and Hayes (3) worked out the quantitative problem
of the eddy diffusion of nitrous oxide into the stratosphere
and its photochemical destruction there

N,O 4+ UV radiation - N, + O

The oxygen atom adds to an oxygen molecule to form ozone,
which is an exceedingly minor source of stratospheric ozone.
Nitrous oxide reacts with singlet oxygen atoms (6)

O(ID) + N0 — N, + 0,
0('D) + N,O — NO + NO

These two fast reactions occur with very nearly equal probabil-
ity.

The principal source of singlet oxygen atoms is the pho-
tolysis of ozone at wavelengths shorter than 310 nm (7, 8)

0; + UV (below 310 nm) — Os + O(D)

Singlet oxygen atoms are rapidly deactivated by collision with
either nitrogen or oxygen (9)

oD+ M—-0+M

However, on rare occasion a singlet oxygen atom collides with
nitrous oxide to form two molecules of nitric oxide. Nitric
oxide, NO, unlike nitrous oxide, is chemically very active, and
it undergoes many fast reactions in the stratosphere (10, 11).

Crutzen (10b) appears to be the first to propose that nitrous
oxide is the principal natural source of “odd nitrogen” (NO
and NO,) in the stratosphere. There is & large uncertainty
concerning the rates of atmospheric motions and an addi-
tional smaller uncertainty about the rate constants for the
reactions of singlet oxygen atoms in the stratosphere. Within
the range of uncertainty, Crutzen estimated the worldwide
average flux of nitric oxide into the stratosphere from this
source to be between (0.29 and 1.5) X 108 molecules cm~?
see—. Similar caleulations were made by McElroy and Me-
Connell (12) and by Nicolet and Vergison (13). The formation
of nitric oxide occurs largely between 20 and 30 km.

The nitric oxide produced from nitrous oxide very rapidly
reacts with ozone to produce nitrogen dioxide (6)

NO 4+ O; > NO, + O

Singlet oxygen atoms also react with water to form hydroxyl
radicals (14)

0('D) + H,0 — 2HO
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F1c. 1. Comparison of calculated and observed ozone at the
equator (solar equinox). The observed ozone is based on Diitsch’s
(20) long-term average profile. The calculation is based on pure
air and a static atmosphere.

Among other reactions, these radicals in the lower strato-
sphere form and destroy nitric acid (11d)

HO + NO; + M — HNO; + M

Nitric acid has been observed in the lower stratosphere (15),
and the integrated column of nitric acid vapor is about 6 X
109 of the total column of air above 15 km. This nitric acid
slowly diffuses downward into the troposphere, where it is
rapidly removed by rain, and it slowly diffuses upward where
it is destroyed by short wavelength ultraviolet radiation
(16)

HNO; 4+ UV — HO + NO,
or H 4+ NO;

As recently observed in this laboratory, the free radical NO;
is rapidly destroyed by visible light to reform nitric oxide

NO; + red light > NO + O,

and nitric acid strongly absorbs ultraviolet radiation around
200-210 nm; it is destroyed with a quantum yield close to
one.

Although the stratosphere has a strong temperature in-
version, with consequent stability against vertical mixing,
there is some vertical turbulent diffusion, which acts toward
the equalization of inhomogeneities of composition. The
vertical turbulence itself is a random mixing process, and the
direction of flow of any substance is from a high mole fraction
towards a low mole fraction. Nitrous oxide (N,0) is formed at
the Barth’s surface, mixed throughout the troposphere, and
destroyed chemically and photochemically in the stratosphere.
Thus, the gradient of nitrous oxide is a decrease with elevation,
and the direction of turbulent diffusional flux is upward. On
the other hand, the active oxides of nitrogen, NO., (NO and
NO,) are produced in the ionosphere, in the stratosphere, and
in the troposphere; the principal sink (interconversion of
NO, NO,, NO;, N;05, HNO;, and HNO, does not constitute a
sink) of NO, is wash-out by rain in the troposphere. The
average, natural composition of NO, in various regions of the
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atmosphere is about: 50 parts per billion {10°] (ppb) in lower
mesosphere, 3-12 ppb in the stratosphere, and 1-3 ppb in the
troposphere, with the lower limit applying in the upper
troposphere. The direction of turbulent diffusion of NO, is
downward from the mesosphere, through the stratosphere,
to the troposphere. In the course of the same turbulent diffu-
sional process, NsO moves upward from troposphere to strato-
sphere and NO, moves downward from the stratosphere to the
troposphere. Thus, the sources of NO, in the troposphere
(combustion, etc.) have little or no effect on the NO, com-
position of the stratosphere. Nitric acid is formed from NO,
between 15 and 25 km (HO 4+ NO; — HNOj3); it is destroyed
photochemically above 25 km, and it is washed out by rain in
the troposphere. The turbulence in the lower stratosphere,
which transports N,O up and NO, down, moves nitric acid
both up and down to its two regions of destruction and re-
moval.

In addition to a wide variety of turbulent motions that tend
to transfer material to and from the stratosphere, there may be
a systematic component of wind vertically upward near the
equator and downward near the poles and elsewhere. A direct
vertical wind from the troposphere into the stratosphere
would tend to increase N2O in the stratosphere, but it would
decrease the active oxides of nitrogen (NO and NO,), since it
would displace NO,-rich stratospheric air by the much lower
mole fraction of NO, of the troposphere.

Ozone in the stratosphere is the only significant shield for
the Earth against radiation between 250 and 300 nm. Such
radiation is damaging or lethal, depending on wavelength and
dosage, to plants and animals on the Earth’s surface (17).
Ozone is formed by the photolysis of molecular oxygen in a
two-step process

0O, + UV (below 242 nm) - O + O
0+0:+M—>0,+M

In the natural atmosphere, “odd oxygen” (O and Os) is de-
stroyed primarily by two processes. One of these is the direct
reaction of an oxygen atom and ozone

04+ 0:—0;4+ 0,

and the other is a catalytic cycle brought about by the oxides
of nitrogen (10, 11)

NO +03~> N02+02

net: O + O3 — Oy + O,

where the second reaction is the rate-determining step (11a, b)
The oxides of nitrogen are true catalysts; they may be reused
over again in this eatalytic cycle. A year ago it was thought
(on the basis of an extrapolations from room temperature)
that the rate constant for the reaction O 4+ NO; — O, + NO
was about 5000 times larger (11a, b) than that for O 4 O; —
0, 4+ 0,; however, recent direct measurements (18) of these
reactions at stratospheric temperatures shows the factor to
be just over 10,000. Thus, if NO, is 0.01% of ozone, the NO,
(NO plus NO,) catalytic cycle will destroy ozone at a rate
equal to the destruction rate in pure air. In the principal ozone
layer, ozone is present at a mole fraction the order of magnitude
of 10~¢, nitric acid is about 1078, and NO, is estimated (11d) to
be about 109 of HNO;—or 10~* at 20 km—and to be greater
than HNO; above 30 km. Even at these low values, NOz is an
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important factor in the current natural balance of ozone
(11e). :

Ozone profiles and vertical columns have been measured
for many years at numerous stations around the world (19).
Diitsch has been a leading adviser in this enterprise, and he
summarized a large volume of data in 1969 (20). Fig. 1 shows
the average observed ozone profile at the equator (solar
equinox) as derived by Diitsch (20). Included in Fig. 1 is the
ozone profile calculated with the latest available photo-
chemical constants (21) on the basis of static, pure air. Be-
cause of the model of static air, the quantitative details of the
calculated curve in Fig. 1 are not exactly 1009, especially
below 25 km. Above 30 km, the photochemical rates are fast
compared to North-South transport rates, and these calcula-

tions based on static air are fairly realistic, even if not exact.

On a worldwide basis, the instantaneous rate of ozone pro-
duction is three times faster than the rate of destruction,
caleulated on the assumption of pure air. The only known
mechanism sufficient to explain this ozone deficit (1le) is
catalytic destruction of ozone by the oxides of nitrogen. Ozone
profiles at the equator for various uniform distributions of NO,
throughout the stratosphere are given in Fig. 2 for a model of
static air. Because of the assumption of a static atmosphere,
the quantitative aspects of Fig. 2 are not 100%, exact, but the
capacity of NO, to reduce ozoneis so powerful that this approx-
imation does not change the essential argument. A comparison
of Figs. 1 and 2 shows that NO, between 1 and 10 ppb is suffi-
cient to explain_the ozone deficit at the equator. From the ob-
served distribution of nitric acid vapor in the stratosphere, it is
probable that NO, is about 1 ppb around 20 km, and about
10 ppb above 30 km. These quantities are very nearly what
is needed to explain the ozone deficit on a world-wide basis.
It appears that nitric oxide naturally produced from nitrous
oxide is the dominant factor in controlling the present ozone
conecentration.

The newly recognized nitrogen cycle is given by the right-
hand portion of Fig. 3. Life processes on the surface of the
Earth deposit nitrate in the soil; bacteria under relatively
anaerobic conditions produce some N,O from nitrates, N,O
diffuses up to the stratosphere to form some NO, NO,, and
HNO;, and some nitric acid diffuses back to the troposphere
to be returned to the Earth’s surface by rain. This cycle is
only a small fraction of the main nitrogen cycle, in that only
a small fraction of soil nitrate is converted to N,O, and only a
small fraction of the N,O is converted to NO,. However, this
cycle is vital to life on Earth because it controls the concentra-

TaBLE 1. Comparison of estimates of natural and artificial
source of nitric oxide in the stratosphere on an annual,
world-wide basts

Estimated natural flux, kg/year Refs.

Crutzen (10b)
Nicolet (13)
McElroy (12)

(2.3-12) X 108
(4-20) X 10
(2.0-5.1) X 108
Avg (2.6-12) X 108

Estimated flux from
the Concorde in
1985, kg/year

3.7 X 108 (22)
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F1g. 2. The effect of oxides of nitrogen on the calculated
ozone profile at the equator (solar equinox). The calculations
are based on uniform NO, (NO and NO.) distributions and a
static atmosphere.

tion of ozone in the stratosphere and, thus, the ultraviolet
radiation flux at the Earth’s surface. Plants and animals

“have active mechanisms for repairing damage from ultra-

violet radiation, and there is now a dynamic balance in living
things between ultraviolet radiation damage and repair (17).
Thus, the biological process of anaerobic dinitrification is
coupled through the stratosphere with the biological struggle
against ultraviolet radiation damage.

This new nitrogen cycle has been recognized from con-
sideration of the probable environmental impact of super-
sonic aireraft operating in the stratosphere. The natural flux
of nitric oxide in the stratosphere from nitrous oxide according
to three different investigators is given in Table 1. The average
estimated range is between (2.6-12) X 108 kg/year for the
entire world. According to estimates made by the Australian
Academy of Sciences (22), the fleets of Concorde SST in 1985
would constitute a world-wide average flux of NO in the
stratosphere of 102 X 10* kg/day or 3.7 X 10® kg/year.
This figure is compared with estimates of the natural NO flux
in Table 1. It can be seen that the stratospheric source of nitric
oxide from the Concorde, as given by the Australian Academy
of Sciences, is approximately equal to the natural source of
nitric oxide in the stratosphere. The Concorde gives 1.4 times
as much NO as the average minimum estimate in Table 1 and
319, as much NO as the average maximum estimate of the
natural source. The American SST would have emitted about
3 or 4 times as much NO, as the Concord, by virtue of its
greater fuel consumption. '

UV Radiation
Attenuated
by O3 Ozone Controlled by NO and NO,
] uv

——
YN
Np <Y 1,0 010 No “3no, 1O 1o,
Ho

N

Stratosphere

14

Animals < Plants
|
| Fixujion [l)eninification

Sail !

Ammonium, Nitrate, Nitrite

Fra. 3. The nitrogen cycle and the newly recognized secon-
dary cyecle involving stratospheric NO. and ozone.
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The stratosphere is a highly complicated system of air
motions and photochemistry. A complete understanding of
global air circulation coupled with photochemistry and radia-
tive heat balance is not available, and it appears to be several
years away, even with a ‘““crash’ research program devoted to
the subject (23). The active oxides of nitrogen now naturally
formed in the stratosphere from nitrous oxide are subject to
the great complexities of the stratosphere: a wide range of
horizontal and vertical motions, slow transport to the tropo-
sphere, the intense ultraviolet radiation field, formation and
destruction of nitric acid, and many other reactions involving
trace substances. In spite of these poorly understood complex-
ities, the oxides of nitrogen appear now to be a dominant
factor in the natural ozone balance. Unless information is
developed to the contrary, it is reasonable to assume that
artificial oxides of nitrogen will have an effect in the strato-
sphere similar to the natural oxides of nitrogen. Since the nat-
ural NO, reduces ozone by about a factor of two below the
value it would otherwise have (world-wide) an artificial
doubling (more or less) of the present input of NO, could be
a major intrusion on this vital nitrogen cycle.
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