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ABSTRACT

It is shown on the basis of theoretical considerations that time and space variations
for tropospheric constituents should be approximately inversely proportional to their
tropospheric residence time if the distribution of sources and sinks is similar. Com-
pilation of available data seem to verify this. It is pointed out that such a relationship,
if confirmed by further data, is a useful tool for atmospheric chemistry.

Introduction

At a time of increasing concern with the com-
position and chemical behaviour of the tropo-
sphere even in unpolluted areas, the study of
the cycle of trace gases becomes more and more
important. One of the most important para-
meters which characterizes these cycles is the
atmospherie residence time. Together with the
concentration distribution, it supplies important
information on the global production and de-
struction rates as well as on the location of
sources and sinks. Information on the global
production and/or destruction rates is, however,
difficult to obtain and up to the present time
only very incomplete for most of the atmospheric
trace gases. Any way to improve such in-
formation is, therefore, of special interest to air
chemistry.

In this paper we try to demonstrate that the
variability of trace gases is perhaps a useful
parameter to derive information on the residence
time. For various reasons we consider here only
the tropospheric residence times: The tropo-
sphere comprises about 75% of the mass of the
atmosphere and constitutes a well-mixed reser-
voir; the sources and sinks of the trace gases
are located either within this reservoir or can
be considered to be located at its boundaries
(earth’s surface, tropopause); the exchange be-
tween troposphere and stratosphere is so slow
that the cycle of most trace gases is practically
confined to the troposphere with the strato-
spheric branch of the cyecle being of minor im-
portance, and last but not least, since we have
practically no information from the stratosphere
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it would be impossible to give complete estimates
of time and space variations for the whole at-
mosphere.

In the literature the expressions ‘‘residence
time’’ and ‘life time’’ of a gas within a reservoir
are used in parallel. In general the removal rate
8 of a trace gas can result from actual chemical
destruction S, within the troposphere including
its boundaries (e.g. the earth’s surface) and/or
from a flux S; through these boundaries (e.g.
tropopause) into other reservoirs (without chem-
ical modification)

S =8,+8, (1)

In the extreme case of S;=0, or §=S, one
would be inclined to speak of a “life time’’, and
in case of the other extreme S,=0, or §=.5;
one would prefer to speak of a “‘residence time”’.
Since for most gases we have a mixture of both,
we prefer “‘residence time’’ as the more general
notation throughout this paper.

Theoretical considerations
With

¢ =o{x;,t) =air density as a function of the
three coordinates x;(¢ =1, 2, 3) and time ¢,

m = m(x;, t) = mixing ratio of a gas G by weight
(9 gair)s

q = q(x;, t) = production rate of G, and

8 = s(z;, t) = destruction rate of G, including the
chemical processes along and the fluxes
through boundaries,

the total air mass of the troposphere is
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B where the dashes indicate the deviations from
M= thV i (2} the space and time averages. If we consider (7)

with ¢ the average value of ¢ with respect to
the volume V of the troposphere £, and cor-
respondingly

Q =gV and S=35V

The total mass of G in the troposphere is
M=J<em>dV=(g_m)V (3)
¢

by which the spatial average concentration gm
of G with respect to V is definedl. We now
introduce the Hesselberg average

1h=gm(g)”" (4)
and obtain
M=ghV (5)

Under steady state conditions which we will
assume the time averages of M, Q, &, 3, mete.
should be constant if the period of averaging is
sufficiently long. Since annual variations play
an important role for the cyele of most trace
gases this averaging period should be at least
one year. This results in

T = M1Q = gmyq = g = grivf$ (6)
with {) =8 =constant or §=35 = constant and

T =residence time. (7)

We now consider the general expression for the
transport of a tracer

a(me) Lo
o T 2 lmeus]tg-s (8)
Here the velocities of @, ug,, are almost pre-
cisely the same as those of the air w;, because
they differ only by the inclusion of the mo-
lecular diffusion term in wg, which is different
for each gas but can, for all practical purposes,
be neglected.

Following standard procedures we express
the variable quantities m, ¢ and s by

m=rh+m, q=g+q,8=5+¢ (9)

1 We distinguish between concentrations (mg) of
gases given for instance in g em~? and mixing ratios
given by weight {95 g .5, or by volume. Mixing
ratios are conservative properties of the air whereas
concentrations are not.

and the continuity equation for air equation (8)
can be written

’ 3 P
———= = 2 —lem)ugl+g - (10)

at ooy

A solution of (10) requires on the one hand
the knowledge for the whole troposphere of
(@, t) and ug,(%;, t) which are the same for all
trace gases and, on the other hand, of ¢" and s’
together with the initial values and boundary
conditions which are different for the individual
trace gases. Such solutions of (10) would make
it easy to study any relationship between the
variations of the mixing ratio, m’ and the resi-
dence time 7', the topic of this paper. Since
such solutions are only possible by the aid of
general circulation models we will attempt to
draw at least some general conclusions in this
respect by simpler considerations and model
calculations. These conclusions will then be
compared with data available from the litera-
ture.

The four important quantities of each trace
gas T, Q, S and M (or §, §, m) are related by
the two expressions (6) and (7) leaving two of
them undetermined. It is important to point
out that the source function ¢ is usually inde-
pendent of m (and therefore § of M)in contrast
to the sink function which for almost all atmos-
pheric constituents is determined by m or rather
(m-p) in a more or less complex way,

s = s(mp) (11a)
For steady state conditions we have
F(mo)=5=§ (11b)y

which determines 7 and thus 7' according to
(6). Both ¢ and s(mg) are essential for under-
standing the cycle of a trace gas but for most
atmospheric constituents our knowledge con-
cerning these quantities is very insufficient. For
a number of interesting gases such as radon,
H,0 and N,0 the important sources are all
located at the earth surface so that ¢’ is nega-
tive throughout the volume V of the tropo-
sphere but has highly positive values at the
lower boundary. The standard deviation of ¢’
is, therefore, fairly large. The sink on the other
hand is farily uniformly distributed throughout
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the troposphere (radon by radiocactive decay,
H,0 by condensation, N,O by photodissocia-
tion) so that the standard deviation of s’ is
small or at least small compared with that of ¢’.
These considerations will be useful later in ovr
discussion. If it is possible to assume for s a
first order reaction, as it is more or less the case
for the examples just mentioned, we have
s = 8,-om with s, = constant. With (4) and (6)
we then obtain the well known relationship
T =g, L

In this paper we are interested in relation-
ships between the variability of m and 7. Start-
ing point of this study was the observation that
for atmospheric gases the relative fluctuations
of m decreased with increasing T' (Junge, 1963).
This is fairly easy to understand qualitatively
but it proved to be more difficult to find quanti-
tative relationships. However, in the subsequent
discussion we will draw some general conclu-
sions which can be supported by numerical
model caleulations.

We assume the case where the standard
deviations ¢* of s* and ¢" obtained by averag-
ing over the whole troposphere and over a
suitable time period are related by
o*(s) < o*(q) (12)
If we further assume the normal case that ¢ is
independent of m (and thus ¢’ independent of
m’) m’ depends according to {10) only on ¢’
and, of course, on the meteorological transport
processes which are, however, the same for all
atmospheric constituents. Under these condi-
tions gases with identical source functions g
(and thus also ¢’ and §) should have the same
m’ and the same ¢*(m’). In view of (6) and (7)
and the fact that § is fixed, the two quantities
7 and T can still be freely chosen for the gases.
If we define the relative standard deviation by

o(m’) = c*(m’)mh (13a)
we have with (6)
o(m’) = o*(m)§/Tq (13Db)

This relation shows that for gases with the same
source function ¢, o(m’) varies inversely with
the residence time 7. Although condition (12)
is at most only approximately valid for certain
tropospheric trace gases, this result is of in-
terest to us as it indicates that an inverse rela-
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tionship between o(m’) and T may be expected
under certain conditions, in apparent agree-
ment with observations as shown below. It
should be noted that condition (12) implies
two things, considering that s =s(m): First of
all, regardless of the spatial distribution of g,
m must be fairly uniformly distributed within
the troposphere which means that the tropo-
spheric mixing time must be short compared to
the residence time throughout the troposphere.
This condition is approximately satisfied in the
model calculations discussed below. Secondly
(12) also implies that the sink function s(m)
must be rather unfiorm, as for instance with a
homogeneous gas reaction occurring throughout
the troposphere and not, for instance, a de-
struction mechanism at the earth’ surface. But
even in the almost ideal case of a homogeneous
gas reaction of first order and a well mixed
troposphere, there remains the variation of s
with altitude due to the decrease in gas den-
sity for a uniform mixing ratio.

In order to see more directly what may be
expected we studied the tropospheric behavior
of trace gases by a simplified numerical model
in more detail. In this numerical model we as-
sumed a latitude independent west wind circula-
tion with a vertical wind profile up to the tropo-
pause similar to that actually found in mid lati-
tudes (Table 1). This west wind circulation
passes alternatively over continents and oceans
of equal length of 6 000 km approximating
actual conditions. Horizontal mixing was as-
sumed to be constant with altitude with an
eddy diffusion coefficient of 3 x10'® cm?/sec a
value generally accepted to be realistic for mid
latitudes. Vertical mixing was effected by eddy
diffusion with eddy diffusion constants as a
function of altitude given in Table 1. We further
assumed the continental surface to be a uniform
sourece for the trace gas but not the ocean surface
(or vice versa). The sink function was assumed
to be first order in me throughout the tropo- -
sphere. The assumption of sources and sinks
are approximately typical for a number of at-
mospheric trace gases as discussed above. We
calculated the two dimensional (longitude and
height) steady state distribution of m which
shows, of course, only space but no time varia-
tions and from this the corresponding value of
o(m’).

This model approximates realistic conditions
in the atmosphere for trace gases. Although
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Table 1. Vertical profiles of the average hemi-
spheric speed V of the westwind circulation and
the vertical eddy diffusion coefficient D used in
the model calculations

Height 14 D
z (km)® (msec™?) (105 cm? sec—1)
0.1 2.2 1.9
0.5 2.8 1.95
1.0 3.6 2.0
3.0 8.1 2.0
5.0 12.6 2.0
10.0 17.9 2.0

% For very small z D~ 8 x 10® z (km).

o(g’) will be larger than o{(s’) condition (12) is
not quite fulfilled. The calculations covered
the range of 5 days <7 <1.5 years; we did not
go beyond 1.5 years because for these 7' values
the convergence for steady state conditions was
too slow so that the computer time became
extremely long. The results can be expressed by
am’)y=a - T-? (14)
with =216 x10-%, 6 =0.95 and 7T in years.
The deviation of b from 1.0 may reflect the fact
that assumption (12) is not fulfilled. But (14)
is certainly a fairly good approximation of (13).
More elaborate model calculations for other
space and time variations of g and s will, of
course, be necessary to see how generally valid
this result is.

In our model calculations we varied 7 but
kept the distribution of ¢ and s constant. It is
clear that with a constant 7' but with varia-
tions of ¢ and s the parameter ¢ in (14) would
cover a certain range. Fig. 1 shows that the
values given by (14) are smaller by a factor of
about three than the tentative average value
derived from the actual observations in the at-
mosphere. It is likely that the simplifications
in our model are responsible for this difference.
All the following factors will enhance the varia-
bility and, therefore, increase a:

1. In our model no time variations due to
synoptic, meso- and large scale circulations were
included.

2. Our model has no latitude variations of
any parameter.

3. ¢ was assumed to be constant over land;
under actual conditions all area sources will
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vary with soil conditions, population density,
etc.

4. Our model does not include seasonal varia-
tions nor differences between the two hemi-
spheres.

It is quite clear from this discussion that we
have to expect statistical relationships between
o(m’y and T due to the fact that the spacial
and time distributions of ¢ and s are different
for each individual gas. This will result in a
certain range of a-values in (14) and should be
considered in any evaluation of actual data on
T and o(m’) as in Fig. 1.

With respect to the constant b in (14) there
may be variations too. The actual data in Fig. 1
and our theoretical considerations seem to in-
dicate that b can be expected close to one, but
this again has to be demonstrated on a broader
basis. Recently, Gibbs & Slinn (1973) tried to
estimate the relationship between ¢ and T by
a simple model in which ¢ and s show time
variations. If the characteristic time for the
source and sink variations is short in comparison
with 7T, their model suggests a relationship
o o T-1/2; for other conditions the exponent may
have other values.

In summary we may say that the theoretical
conditions do not allow to draw general con-
clusions. It is fairly sure that if condition (12)
is valid inverse proportionality between ¢ and
T according to (13) is to be expected. But for
more realistic conditions deviations may occur
for both constants @ and b in {14), the magnitude
of which cannot be estimated at present.
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Fig. 1. Relationship between log standard deviation
¢ and residence time T for the troposphere based
on the data in Table 1,
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At the conclusion of this section a few re-
marks about the residence time 7T and the
Hesselberg average 7 should be made. Re-
cently Bolin & Rhode (1973) pointed out that
in natural reservoirs which are not well mixed
and which are not governed by first order ex-
change processes the average age of a gas mole-
cule is different from the residence time of the
reservolr (which they called turn over time).
The average transient time of a particle, i.e.
the expected life time of a molecule entering
the reservoir is, on the other hand, identical
with the residence time. Although this clarifica-
tion does not effect our discussion directly it is
certainly worth keeping these distinctions in
mind for future discussion and nomenclature.
But there is another aspect which is of concern
to our discussion. For the troposphere there are
two processes which are often overlooked in
calculating 7: The exchange with the ocean
and with the stratosphere. This exchange oc-
curs for all gases, even if there is no gradient
across the tropopause or if solution equilibrium
with the ocean surface water exists. This ex-
change reduces the residence time of all gases
including the noble gases to finite values, but
it does not result In fluetuations of m, unless
there are net fluxes across the boundaries.

Broecker & Peng (1973) have demonstrated
that the stagnant film model is adequate to
calculate the transfer rates of most gases be-
tween the atmosphere and the ocean. In this
case the flux of a gas through the air-ocean inter-
face is controlled by the concentration gradient
across the stagnant film layer which has a global
average thickness of z=3 x10-2 cm. The con-
centration of any atmospheric gas with a partial
pressure of p (atm) at the upper boundary of
the film is

¢ = p-s/v (mole/cm?)

with s = solubility coefficient = volume of gas
at STP absorbed by one volume of water if the
pressure of the gas is one atmosphere, and
v = 2.24 x 10* em? = volume of one mole at STP.

Assuming zero concentration below the film
the flux is

d
F=c¢-— (mole/em® sec)
z

with d = diffusion coefficient of the gas in water
in cm?/sec.
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If we take into account that the troposphere
comprises 0.75 of the mass M of the atmosphere
and that the ratio of total earth surface to ocean
surface is 1.41, the global average mass of an
air column of 1 em? cross section in exchange
with the ocean water is

M =0.75 x1.41 x p-Hfv =1.06p-H[v (mole/cm?3)

with H = scale height of the atmosphere = 8.4 x
10% em. The tropospheric residence time due to
ocean exchange is therefore

Ty=1.06H-z/s-d-3.15 x 107 (years).

For N, we have d=0.95 x10-% and s=0.024
for 0°C resulting in 7T, =380 years. Since d
varies little with the gases 7' depends almost
completely on s. Broecker & Peng distinguish
essentially two groups of gases: N,, O,, CO, H,,
A, CH, which have residence times of the order
of several hundred years and CO,, N,0O, which
have residence times of the order of 10 years.

The gas exchange across the air-ocean inter-
face does not result in variations of m, if solu-
tion equilibrium exist. We may call exchanges
of this type ‘“‘silent’’. Another “silent’’ exchange
occurs through the tropopause for gases which
have no gradient of m in the tropopause region,
as for instance CO,, O, etc. The residence time
of the troposphere with respect to the strato-
sphere T, is about 5 years. The total residence
time 7', for tropospheric gases is thus

1
T,

+ =+

1
T,

=Tl

1
T,
where 7' is the residence time due to net sources
and sinks as considered earlier. It is clear from
our discussion that for any relation between
o(m’) and the residence time only 7 should be
considered. If the oceans are net sources as
with CO, N,0, and H, the contribution of this
net source is, of course, to be included in T'.

A few. words about the special meaning of
the Hesselberg average value 7% may be in
order. It was necessary to introduce this average
value because the mixing ratio is a quantity

which is related to g. The spatial average m
would be defined by

1
77&=—J‘de.
Ve
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Since for most atmospheric gases the distribu-
tion is given in terms of mixing ratios m rather
than in terms of concentrations (mg), it is easier
to calculate i instead of #. It is, therefore,
necessary to know under what conditions the
distinction between # and % becomes impor-
tant.

For a trace gas which is vertically well mixed
and for which the main differences oceur in
horizontal directions, ¢ can be considered con-
stant and both average values become 1dentical
for all practical purposes. This is also true if the
vertical variations remain small. For estimating
the effect we assumed a linear variation of m
with altitude 2

m=my—2-¢€

with m, = surface value, and ¢ = vertical gradient
of m.

We further assume ¢ =g,e~*'" within the
troposphere, i.e. isothermal conditions as an
approximation. For an average tropopause
height of 12 km, the deviation of # from m is
12 % if at the tropopause m is either $m, or 2m,
and 229 if it is {mg or 4m,. For O, or CO, m
varies by a factor of about two in the vertical
within the troposphere. For gases with residence
times equal or longer than O, or CO we can,
therefore, use M instead of 7. For Rn and H,0,
however, this is not possible. Unfortunately,
the data for Rn are too incomplete to calculate
a true 7 average, so that H,O is the only gas
for which the actual 74 average is computed.

Compilation of data

In the subsequent section available data on
residence times and spatial variations of trace
gases within the troposphere will be compiled.
Such data are still extremely meager, but some
progress during the last 10 years has been made.
We will discuss the various gases in decreasing
order of their residence time. All estimates are
listed in Table 2 and plotted in Fig. 1.

He. Helium is the gas with the longest known
residence time. It is produced by radioactive
decay in the earth’s crust of U8 and TH?* at
almost equal rates and only about 29, by decay
of U=ss, The total production can be estimated
from the amount of these substances in the
earth’s crust and the fraction of helium which
is released from the soil. Both quantities are
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not too well known but the residence time of
He of about 107 years can be considered to be
accurate within one order of magnitude (e.g.
Damon & Kulp, 1958). He must escape from
the thermosphere and the mixing ratio observed
in the atmosphere is assumed to represent steady
state conditions. Because of this situation,
Glueckauf (1951) made careful analyses and
found a constant mixing ratio of 5.239 +0.002
ppm or within the relative limits of +4 x 10-4,
This uncertainty apparently reflects the accur-
acy of the method and not b» actual variations
in the atmosphere, although some measure-
ments were made comparatively near the large
helium sources of the United States. From Fig. 1
we estimate the actual variations of He to be
orders of magnitude smaller than the accuracy
of Glueckauf’s method. The He data, therefore,
cannot contribute to our present problem.

0,. Oxygen is normally considered to be a
“permanent’’ gas of the atmosphere. But the
only gases which can be considered ‘“perma-
nent’’ are the noble gases other than Helium
which have practically no net sources nor sinks,
so far as we know. All other atmospheric gases
do have sources and sinks including the main
constituents N, and O,, corresponding to finite
residence times. For O, the residence time is
primarily controlled by the biospheric oxygen
cycle. The marine part of this cyele is hard to
estimate but the data indicate that the oxygen
cycle within the ocean is closed to some degree,
so that the net exchange with the atmosphere
is smaller and perhaps comparable with the
cycle through the land plants. The cycle through
the land plants can be estimated fairly reliably
by the known CO, cycle. The best estimate
given for the total CO, production is 1.7 x 10*7 g
CO, yr—t. This is based on careful comparisons
of observed seasonal CO, variations in the at-
mosphere and model calculations under the
reasonable assumption that the rate of decay
of organic matter is about equal during summer
and winter (Junge & Czeplak, 1968). This figure
is in good agreement with those of other authors,
recently compiled in the SCEP Report (1970).
The uncertainty of this value is estimated to be
less than a factor of +1.3. With a total CO,
content of our atmosphere (for 320 ppm CO,)
of 2.6 x10'® g CO,, the resulting CO, residence
time is T'go, =15 years. This is longer than the
total T¢p, of about 6 years (see later) because
of oceanic exchange.
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Table 2. Estimates of residence times and standard
spatial variations of tropospheric trace gases dis-
cussed i this paper. Estimated uncertainty foctors
of these quantities are also included

Estimated uncertainty factors of these quantities
are also included

Resi-

dence Uncer- Standard Uncer-

time T' tainty spatial tainty
Gas (yr) factor wvariation factor
He 1 x107 3.0 <4 x104 °—
0O, 5 x 103 3.0 <24 x10-%
CO, 15.0 1.5 5x 1073 1.5
N,O 8.0 2.0 8 x 10-2 1.5
H, 6.5 2.0 8 x 102 14
CH, 4.0 3.0 1x10-1 2.0
co 0.6x10-t 2.0 5 %107t 1.3
0, 25x107t 1.5 4 x 101 1.5
H,0 2.2x10-%2 1.3 5x 101 1.2
Rn 14x10-2 1.1 1x10t 4.0

2 Only upper limits can be given.

For photosynthesis and organic decay the
exchange of O, and CO, is stochiometric. With
20.95% O, and 0.032% CO, by volume in our
atmosphere the corresponding residence time of
0, is

20.95

To,=Tco, m

= 9 700 years.

This is the value based on photosynthesis of
land plants alone. It is perhaps not unreason-
able to assume a net oceanic O, exchange with
the atmosphere of the same magnitude. This
would reduce the actual value to T, =5 x 102
years with an uncertainty factor of perhaps 2.0.
Machta & Hughes (1970) give Ty, =2 x103
years.

For an estimate of §,, the best data available
are those by Machta & Hughes (1970). They
made 78 measurements over a large variety of
locations from 49° N to 37°8 and found an
average O, content of 20.946 % by volume with
a ‘‘precision or geographical variability, or
both”, of +0.0005 corresponding to a relative
precision of +2.4 x10-5. Since O, variability
and accuracy of the measurements cannot be
distinguished, we have to take this value as an
upper limit for ¢, the tropospheric variability,
including seasonal variations by photosynthesis.
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The seasonal variations of O, can be estimated
from those of CO, which are of the order of
+4 ppm. Considering the concentration ratios
of CO, and O, as above, we obtain relative O,
variation of about +2 x 10-5. This value is close
to that by Machta & Hughes indicating that the
true spatial variations may indeed be very
close to +2.4 x 10-5. The uncertainty factor of
¢ can, of course, not be given in this case.

C0,. The residence time of CO, is usually
estimated to be about 6 years. Recently Machta
(1971) attained values as low as 2 years based
on measurements from bomb produced C™O,.
But it should be considered that these values
refer primarily to the exchange with the ocean.
As mentioned above for O, the best estimates
of the residence time due to photosynthesis of
land plants is Ty, = 15 years with an estimated
uncertainty factor of 1.5. Because the exchange
with the ocean does not contribute much to the
tropospheric variability and because we have
not included oceanic exchange for the other
gases for the same reasons it is fair to assign
this value to CO, for the present discussion.

The variability of CO, in the troposphere is
primarily controlled by the seasonal uptake of
land plants in temperate latitudes. In tropical
areas with continuous growth uptake by plants
and release from the soil compensate each other
to some degree on a local scale throughout the
year, so that effects on tropospheric variability
are much smaller. The same applies to the ex-
change with the oceans. Here there are definite
source areas in the tropics and sinks polewards,
go that the exchange is not quite “‘silent’’ as
perhaps with other gases.

Representative values for the spatial varia-
tions were provided by Bolin & Keeling (1963),
Bolin & Bischof (1970) and the Deutsche For-
schungsgemeinschaft (1971). From the Pacific
data of Bolin & Keeling one obtains ¢ =4 x 10-2
if both hemispheres are considered for an an-
nual average. Bolin & Bischof obtained values
for ¢ as a function of altitude between 2 and
10 km from data over large parts of the northern
hemisphere. ¢ decreases from 6 x10-2 at 2 km
to 3 x 10-% in the upper troposphere.

In west Germany (Deutsche Forschungsge-
meinschaft, 1971) CO, is continuously recorded
on three remote stations on mountains or high
level terrain. The standard deviation of the
daily average values from the monthly mean
values for each station, averaged over all three
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stations and for a period of about 2 years, is
2 x10-2. Although this value refers to time
variations it can be considered representative
for special variations over Central Europe. This
value can be considered a reasonable extra-
polation to zero height of the values of Bolin &
Bischof.

Comparison of all these data and considering
the troposphere as a whole, an average ¢ of
+5 x 10-° seems to be a reasonable figure with
an estimated uncertainty factor of +1.5.

N,0. A comprehensive study of tropospheric
N,O was recently published by Schitz et al.
(1970). This study supersedes the data obtained
earlier and can be used as a basis for our con-
siderations. These authors estimate that the
residence time is shorter than 70 years, perhaps
less than 10 years but this estimate is rather
uncertain. Recently Hahn (1972) obtained new
data from the Atlantic showing supersaturation
and Seiler & Schmidt (1973) compiling data on
gases In ocean water estimated the oceanic
source for N,O alone to be 2.1 x 10 g/year.
Together with a production estimate of 0.5 x
104 g/year from soil by Schitz et al. (1970} this
results in a residence time of 8 years. In Table 2
we assumed an uncertainty factor of +2.

The average mixing ratio of 0.25 ppm in the
troposphere was obtained by several hundred
measurements at the earth’s surface, on moun-
tain stations and in the upper troposphere. The
standard deviation 1s about 0.08 with an es-
timated uncertainty factor of +1.5.

H,. For hydrogen only very recently sufficient
data became available to consider this gas here.
Schmidt (1973) studied the tropospheric distri-
bution of H, and its budget in a comprehensive
way and found that it has considerable anthro-
pogenic sources (mostly from automobile ex-
haust) besides natural production by OH oxida-
tion of CH, and in ocean water. The estimated
residence time from all sources combined is 6.5
years with an assumed uncertainty factor of 2.
The study by Schmidt of the global distribution
of H, was performed with the aid of a very
sensitive recording device in ground air over the
oceans and by air eraft in the upper troposphere
so that a large volume of data became available
including the southern hemisphere. The varia-
tions of M, in the troposphere turned out to be
smaller than indicated by previous measure-
ments based on individual samples, for instance
those taken by Ehhalt, 1971 over the North
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Atlantic Ocean (private communication). On
the basis of his large number of data Schmidt
found a standard deviation of 59 within the
northern and 29, within the southern lower
troposphere with a difference between the hemi-
spheres of about 49%. From this it can be es-
timated that the global tropospheric standard
deviation is 89 with an uncertainty factor of
1.4. Recently Ostlund (1970) made measure-
ments of HT over about one year which in-
dicated o(m’) = 0.1. This is slightly larger than
the H, value. Although for both gases H, and
HT the sinks should be similar there will be dif-
ferences in g(x;, ) because HT is supposed to
originate primarily from nuclear industries.

€H,. Koyama {1963} in a study of CH, pro-
duction in paddy fields, estimated the residence
time to be 20 years. Because this estimate was
based on extrapolations of laboratory measure-
ments to the production of the whole earth’s
surface, 1t cannot be very reliable. Earlier es-
timates by Hutchinson (see Junge, 1963) gave
100 years. Ehhalt (1967) made it certain that
there are other important sources besides soil
production under natural or agricultural condi-
tions so that 7oy, may be only a few years.
Recently Ehhalt (1973) gave estimates between
4-7 years based on production and destruction
by OH radicals which can lead to values as
low as 1.8 years. We assume here an estimate
of 4 years with an uncertainty factor of 3 indi-
cating that this value may still change.

The measurements prior to 1962 were sum-
marized by Junge (1963), newer data were ob-
tained by Ehhalt (1967) and Martell (1970). All
these data show values between the limits of
about 0.7 and 1.6 ppm (volume) with a reason-
able average around 1.1 ppm and an estimated
o of +0.2. However, recent data from an east—
west voyage over the North Atlantic summer
1971 (Ehhalt, private communication) showed
only a standard deviation of 59 and data by
Lamontagne et al. (1973) from a north-south
trip in the Pacific indicate a similar steadiness,
but a 109, decrease in the southern hemisphere.
On the basis of these recent but more compre-
hensive data ¢ seems to be primarily controlled
by the hemispheric difference (similar to CO)
so that we adopt o =0.1 with an uncertainty
factor of 2.

C0. The CO cycle is recently very much de-
bated and much new information has been com-
piled. We know of at least three important
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sources of CO, anthropogenic, ocean surface
waters and oxidation of CH, by OH radicals.
Sinks for CO are the soil, the stratosphere and
again reaction with OH radicals within the
troposphere. The first estimates on the resi-
dence time based on the anthropogenic produe-
tion gave 2-3 years (Robinson & Robbins, 1969).
On the basis of C** data Weinstock (1969) con-
cluded that the residence time, most likely due
to considerable production by CH, oxidation,
was as short as 0.1 years. However, the con-
siderable difference in CO mixing ratio between
the northern and southern hemisphere is only
compatible with the assumption that the an-
thropogenic source is still the dominant one
(Seiler, 1973). The average CO mixing ratio in
the northern hemisphere is about 0.16 ppm as
compared to 0.05 ppm in the southern hemi-
sphere, with a global tropospheric average of
close to 0.1 ppm. The most recent budget evalua-
tion by Seiler (1973) gives a residence time of
0.5 years which we accept here and we estimate
the uncertainty factor of this value to be 2.

The highest concentrations of CO occur near
cities and polluted areas but these areas are
rather small with respect to the total volume
of the troposphere. There are only few data
from the lowest layers over unpolluted conti-
nental areas. In clean air masses in Central
Europe 1-3 ppm CO have been observed. Over
the North Atlantic and most likely over the
North Pacific as well tropospheric mixing ratios
vary between 0.1 and 0.2 ppm, with much lower
values in the southern hemisphere.

The tropospheric ¢ value is, therefore, pri-
marily controlled by the large difference between
the two hemispheres and must be close to 0.5
with an estimated uncertainty factor of 1.3.
This value is again based on the compilation
of data by Seiler (1973).

0;. The estimates of the tropospheric resi-
dence time of O, seem to converge toward a
value of 3 months or 0.25 years (Junge, 1962);
Fabian & Junge, 1970). We estimate the un-
certainty factor of this value to be +1.5.

The data about the O, distribution within
the troposphere are not very abundant. Most
values are obtained near the earth’s surface,
which is the sink and this results, of course, in
considerable fluctuations. We are here primarily
interested in data above the planetary boundary
layer. In general, the large scale horizontal spa-
tial variations are relatively small as demon-
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strated by Junge (1962). If we assume the sea-
sonal variations in both hemispheres to be in
opposite phase with an amplitude of +309%,
this leads to large-scale horizontal variations of
the same order. More pronounced are the ver-
tical variations. The data obtained by Hering &
Borden (1965) are perhaps the most representa-
tive, although the accuracy for the troposphere
is somewhat doubtful. Converted into mixing
ratios they found the following annual averages:

altitude 0 2 4 6 8 km

mixing ratio 5.7 5.8 6.4 8.4 13.5 (g¢,/gay) * 10°

We see that on the average the mixing ratio
decreases by a factor of 2-3 from the tropo-
pause to the earth’s surface. This gradient to-
gether with an average vertical eddy diffusion
coefficient of about 2 x 105 em? sec—! corresponds
to the above given residence time so that this
gradient seems to be reasonably well founded
(Schiitz et al., 1970).

More recent studies of the variability of
tropospheric ozone by Pruchniewicz (1970) show
that superimposed upon the large scale varia-
tions is & small scale variability at the 500 mb
level from one day to another of about +209%,.
It can be assumed that these time variations
reflect to a large extent spatial variations within
the troposphere, due to horizontal differences
and changes in the vertical motions associated
with synoptic scale pressure systems. All this
by no means very abundant observational ma-
terial from the free troposphere indicates that o
must be around 0.3, this value being domi-
nated primarily by the vertical gradient.

The O, fluctuations within the planetary
boundary layer are much larger and have to be
considered for the final value of o. Since the
boundary layer amounts only to about 109% of
the volume of the troposphere, the low O, con-
centrations often observed near the earth’s sur-
face cannot modify ¢ too much. We estimate
that o will be increased to about 4 0.4 which
we will accept as the final value for the whole
troposphere. The uncertainty factor is estimated
to be +1.5.

H,0. Water vapour is a very variable con-
stituent in the troposphere. The variability is
controlled primarily by the horizontal and ver-
tical temperature distribution. The mean resi-
dence time for water vapour is fairly well known
due to reasonably good global water vapour
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and precipitation data. It is about 8 days (0.022
years) with an estimated uncertainty factor of
+1.3 (see Junge, 1963).

The spatial variability of the H,0 mixing
ratio for the whole troposphere can be estimated
by considering the temperature variability with-
in the troposphere assuming constant relative
humidity. From average temperature cross
sections of the troposphere (Handbook of Geo-
physics, 1960) we plotted the frequency distribu-
tion of occurring temperatures. This distribu-
tion was converted into a distribution of water
vapour densities for 50 % relative humidity and
this in turn into water vapour mixing ratios by
using formulas for the air density as a function
of altitude. From this distribution the Hessel-
berg average was calculated and the logarithmic
standard deviation considering the decrease of
area towards the poles and the actual heights
of the tropopause as a function of latitude. The
calculations were made both for the January
and July cross sections. The values obtained
were:

January

¢ =0.617 x10-% 0.612 x10-%* g em™?
mg(H,0) = 2.62 x10-%  3.53 x10-% g cm~?

=424 x10"% 578 x10"% g (ga;) "

July

The geometric standard deviations are 45 and
46 respectively. Considering the fact that by
using average temperature distributions and
constant relative humidities the ¢-values will be
on the low side and that this is only partly com-
pensated by the extreme seasons, we assume
o(m’) to be 50 with an uncertainty factor of 1.2.

Rn. The radon sources are the continents.
Its residence time is for all practical purposes
identical to its radioactive life time of 5.5 days.
Within the troposphere we estimate the re-
duetion of this value by absorption in ocean and
rain water to be less than 20%,. As a final value
for our purpose we, therefore, choose 5 days
(1.4 x10~2 years) with an uncertainty factor of
1.1.

Unfortunately, the distribution of Rn in the
troposphere is not well known. Earlier data
summarized by Junge (1963) show differences
between surface air over the continents and
oceans by a factor of hundred which decreases
in the upper troposphere considerably. In Ant-
arctica concentrations range around 1-2 pem—3
(Lambert et al., 1970) whereas in normal con-
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tinental surface air in the northern hemisphere
values of 50-400 pcm—2 are normal decreasing
by factors of 10 or more in the upper tropo-
sphere.

It is difficult to obtain from these data re-
presentative ¢ values. Our estimate is ¢ =10 with
a considerable uncertainty factor of about 4.
Due to large fluctuations and the searcity of
the data, this value is the least reliable one of
all gases in Table 2.

Discussion

Fig. 1 indicates that by and large ¢ and T
seem 10 be inversely proportional to each other.
Deviations which occur can be due either to
inaccuracies of the data and/or to the scatter
expected from the theoretical considerations as
a result of the differences in the global distribu-
tion of ¢'(x;, t) and s'(x;,t). But the scatter
seems to be less than expected which may in-
dicate that the various factors responsible for
o(m’) cancel each other out to some degree or
are not so critical.

The dashed curve in Fig. 1 gives good reasons
to expect the actual He fluctuations to be smal-
ler by several orders of magnitude, perhaps
much too small to be ever measured with pres-
ently available techniques. The reason for the
deviation of H,0 may be the following: Its
distribution is primarily controlled by the ver-
tical temperature profile especially over the
tropics where the highest and lowest tempera-
tures are encountered. This distribution in turn
is primarily responsible for o{(m’). For most of
the other gases, on the other hand, it is the
horizontal difference of sources and sinks which
is important for o(m’). We mentioned this pos-
sible scatter due to differences in g¢(z;, ¢} and
s{s;, t) already in our theoretical considerations.
It should be mentioned that in the first drafts
of Fig. 1 about two years ago there were still
strong deviations for N,0 and CH, from the
dashed curve. With the accumulation of new
data of T for N,O and of o(m’) for CH, the
scatter has decreased and it was quite encourag-
ing to see that the recent values of H, fall in
line with the other data.

The approximate relationship indicated in
Fig. 1 would be

T-g(m’) = 0.14 (years)
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Such a relationship if confirmed by future stud-
ies would be of considerable interest to global
air chemistry because it would provide a possi-
bility to arrive at estimates of 7' and thus of
@ or S solely on the basis of measurements of
spatial and/or time variaticns of the respective
constituent. An interesting case is for instance
N,. It has a biological cyele which can roughly
be estimated. If the average ratio C/N in the
land biomass is 15 (see Bowen, 1966), the resi-
dence time of N, would be of the order of 10¢
years in view of the carbon cycle. On the basis
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of Fig. 1 one would expect a o(m’)~10-7, but
it remains doubtful if such low values can ever
be determined, quite apart from the fact that
N, acts as the carrier gas and a mixing ratio
cannot be determined.

Acknowledgement

I would like to thank Dr Korb of the Meteoro-
logical Institute of Mainz University for the
helpful discussions and particularly Dr Ehhalt,
NACR Boulder, for his very valuable comments.

REFERENCES

Bolin, B. & Bischof, W. 1970. Variations of the
carbon dioxide content of the atmosphere in the
northern hemisphere. Tellus 22, 431-442.

Bolin, B. & Keeling, C. D. 1963. Large scale atmos-
pheric mixing as deduced from the seasonal and
meridional variations of carbon dioxide. .J. Geo-
phys. Res. 68, 3899-3920.

Bolin, B. & Rhode, H. 1973. A note on the concept
of age distribution and transient time in natural
reservoirs, Tellus 25, 58-62.

Bowen, H. J. M. 1966. Trace elements in biochemistry.
Academic Press, New York.

Broecker, W. S. & Peng, T.-H. 1973. Gas exchange
rates between air and sea. Paper presented at the
International Symposium on Trace Gases, Mainz,
April 1973 (BRD).

Damon, P. E. & Kulp, J. L. 1958. Inert gases and
the evolution of the atmosphere. Geochim et Cos-
moch. Acta 13, 280-292.

Deutsche Forschungsgemeinschaft, 1971. Network
of clean air background stations; to be published
in “Mitteilung V der Kommission zur Erforschung
der Wirkungen luftverunreinigender Stoffe”’, Bad
Godesberg, BRD.

Ehhalt, D. 1967. Methane in the atmosphere. J. Adr
Poll. Control Ass. 17, 518-519.

Ehhalt, D. 1973. The atmospheric cycle of methane
and the stratospheric concentration of molecular
hydrogen. Paper presented at the International
Symposium on Trace Gases, Mainz, April 1973
(BRD).

Fabian, R. & Junge, C. E. 1970. Global rate of ozone
destruction at the earth’s surface. Arch. Mei.
Wien, Seria A, 19, 161-172.

Gibbs, A. G. & Slinn, W. G. N. 1973. Fluctuations
in trace gas concentrations in the troposphere.
J. Geophys. Res. 78, 574-576.

Glueckauf, E. 1951. The composition of atmospheric
air. In Compendium of wmeteorology, pp. 3-10.
American Meteorological Society.

Hahn, J. 1972. Nitrous oxide in air and sea water
over the Atlantic ocean. Nobel Symposium 20:
The changing chemistry of the oceans (ed. Dyrssen
and Jagner), pp. 53-69. Wiley, New York.

Handbook of Geophysics, 1960. MacMillan, New York,
pp. 2-39.

Tellus XXVI (1974), 4

Hering, W. S. & Borden, T. R. 1956. Mean distribu-
tion of ozone density over North America. 1963—
1964. Air Force Cambridge Res. Lab., AFCRL,
65-913.

Junge, C. E. 1962. Global ozone budget and exchange
between stratosphere and troposphere. Tellus 14,
363-3717.

Junge, C. E. 1963. dtmospheric chemistry and radio-
activity. Academic Press, New York.

Junge, C. E. & Czeplak, G. 1968. Variation of
carbon dioxide and ozone. Tellus 20, 422—-434.
Koyama, T. 1963. Gaseous metabolism in lake sedi-
ments and paddy soils and the production of
atmospheric methane and hydrogen. J. Geophys.

Res. 68, 3971-3973.

Lambert, G., Polian, G. & Taupin, D. 1970. Exist-
ence of periodicity in radon concentrations and
in the large scale circulation at lower altitudes
between 40° and 70° south. J. Geophys. Res. 75,
2341-2346.

Lamontagne, R. A., Swinnerton, J. W. & Linnen-
bom, V. J. 1973. Methane distribution in the
world oceans. Paper presented at the Interna-
tional Symposium on Trace Gases, Mainz, April
1973 (BRD).

Machta, L. & Hughes, E. 1970. Atmospheric Oxygen
in 1967 and 1970. Science 168, 1582-1584.

Machta, L. 1971. The role of the oceans and the
biosphere in the carbon dioxide cycle. Nobel Sym-
posium 20: The changing chemistry of the oceans
(ed. Dyrssen and Jagner), pp. 121-145. Wiley,
New York.

Martell, E. A. 1970. Hydrogen compounds in the
stratosphere and mesosphere. Paper presented at
the International Symposium on Hydrogeochem-
istry and Biogeochemistry, Tokyo, September
1970 (Japan).

Ostlund, H. G. 1970. Rapid field sampling for tritium
in atmospheric hydrogen. Technical Report, US
Atomic Energy Com., Contract No. AT-(40-1)-
3944, 29 pp.

Pruchniewicz, P. G. 1970. Uber ein Ozon-Registrier-
gorét und Untersuchung der zeitlichen und raum-
lichen Variationen des troposphérischen Ozons
auf der Nordhalbkugel der Erde. Mitt. Max-
Planck-Inst. f. Aeronomie, No. 42, pp. 1-70.



488

Robinson, E. & Robbins, R. C. 1969. Sources, abund-
ance and fate of gaseous atmospheric pollutants.
Supplemental Report, Stanford Research Institute,
Project PR-6755, 27-50.

SCEP-Report, 1970. Man’s impact on the global
environment,; report of the study of critical environ-
mental problems. MIT Press, Cambridge, Mass.

Schiitz, K., Junge, C. E., Beck, R. & Albrecht, B.
1970. Studies of atmospheric N,0. J. Geophys.
Res. 75, 2230-2246.

Seiler, W. 1973. The cycle of atmospheric CO. Paper
presented at the International Symposium on

C. E. JUNGE

Trace Gases, Mainz, April 1973 (BRD); to be pub-
lished in Tellus.

Seiler, W. & Schmidt, U. 1973. Dissolved noncon-
servative gases in seawater. The sea, vol. 5 (ed.
E. Goldberg). Wiley, New York.

Schmidt, U. 1973. Molecular hydrogen in the atmos-
phere. Paper presented at the International Sym-
posium on Trace Gases, Mainz, April 1973 (BRD);
to be published in Tellus.

Weinstock, B. 1969. Carbon monoxide: residence
time in the atmosphere. Science 166, 224-225.

BPEMSA HU3HU X USMEHYUNBOCTD TPOIIOCPEPHBIX I'A30BbIX TPACCEPOB

Ha ocnrose reopernueckmx cooOpasxenuit no-
Ka3aHO, YTO BPEMEHHBIe U IIPOCTPAHCTBEHHEHIE
M3MEHEHNs TPOHOoCepHBIX COCTABIAIOUNX IPH-
OAMKeHHO [OOMKHO OHRTHL OOpaTHO npoIop-
LHMOHAJIBLHO UX BpeMeHHU 3KUBHHU B Tpomocdepe,
eCiIM pacHpejedeHlle NCTOYHMKOB U CTOKOB IIO-

no6uo. CpaBHeHue MMEOINUXCA [JAHHBIX TOBHU-
IUMOMY MOATBEPMKJAAeT BTy TOYKY 3peHUs.
VkaspiBaeTcda, 4TO TAKOE COOTHOINEHUE, eCJH
0HO TIOATBEPAUTCHA MAANBHEAINMMH [JaHHBIMH,
ABJIAETCA IIOJNE3HBEIM MHCTPYMEHTOM arMocdep-
HOW XUMHUU.
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