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ABSTRACT 
An attempt is made to estimate the seasonal source function, Q, of CO, on the basis 
of data for the biosphere, provided by Lieth, and for other sources. The variation of 
soil respiration appears to  be the most uncertain factor. The resulting CO, variations 
in the atmosphere are calculated for horizontal exchange coefficients, K, which vary 
with latitude. Comparison with observations given by Bolin & Keeling shows that the 
results are not very sensitive with respect to the assumed variations of Q and of K with 
latitude. Previous results on the 0, budget are used to calculate seasonal variations of 
tropospheric 0, for stratospheric injection rates, and K values which vary with latitude. 
I t  is concluded that tropospheric 0, may be a useful tracer for the study of the global 
exchange mechanisms between stratosphere and troposphere, and of related problems. 

1. Introduction 

Global seasonal variations of CO, and 0, in 
the troposphere offer opportunities for quanti- 
tative studies of the budget of these constitu- 
ents and of large-scale exchange processes. 
Bolin & Keeling (1963) analyzed seasonal CO, 
variations based on data covering latitudes from 
pole to pole. Assuming the horizontal eddy 
exchange coefficient K to be constant, they 
determined the seasonal and latitudinal distri- 
bution of the CO, source function. They could 
show that for K = 3 x 1O'O cma sec-' this source 
function gives seasonal CO, variations which 
are in good agreement with the observations. 
The source function appeared to be in qualita- 
tive agreement with the expected behavior of 
the biosphere but no attempt was made for a 
quantitative comparison with independent data. 
I n  addition, the assumption of a constant K 
across the equator is perhaps a rough approxi- 
mation and the question arises to what degree 
this may affect the results. In  this paper we 
will look further into some of these questions. 

In 1962 one of the present authors made a 
study of the global 0, budget. On the basisof 
8 few available representative data on the sea- 
sonal variation of tropospheric 0, and the time 
delay between peak concentrations in the strato- 
sphere and the troposphere, a quantitative 
expression for the injection rate of 0, from the 
stratosphere into the troposphere was obtained. 
At that time, however, no attempt was made 

to study the question of the latitudinal distri- 
bution of this injection. The 0, model developed 
provides an opportunity to investigate the 
effect of various injection mechanisms on the 
tropospheric 0, variations. If i t  can beshown 
that the latitude dependence of the seasonal 0, 
variation is sufficiently sensitive to the latitude 
of injection, tropospheric 0, may be a useful 
natural tracer to study stratospheric-tropo- 
spheric exchange processes. 

The present CO, and 0, studies are both 
based on similar theoretical considera.tions and 
numerical programs. For CO,, we estimated the 
latitudinal distribution of the source function 
from biological and other data, and calculated 
the resulting CO, distribution for different 
models of K including some which show 8 

pronounced decrease a t  the equator. For 0,, we 
assumed various models for the latitude depend- 
ence of the injection into the troposphere and 
computed again the tropospheric OI distribu- 
tions. Here interest was focused on whether the 
resulting distributions are sufficiently different 
that more and better tropospheric 0, data may 
provide information on the injection mechanism. 

2. Seasonal component of the CO, source 
function 

The seasonal variation (Q(p ,  t )  of the CO,  
source function, with p =sin q, q =latitude and 
t =time, is influenced by: 
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Table 1. Net production of carbon in plants ac- 
cording to CfMMWT (1959) and Miiller (1960) 

Net production 
per year in l O I 5  g Form of vegetation 

~ ~ 

Boreal coniferous forest 
Deciduos forest 
Tropical and subtropical forest 
Transition forest 
Grassland 
Agricultural areas 
Deserts 
Total 

1.5 
1.5 

10.3 
1.4 
1.6 
4.2 
0.5 

21.0 

(a)  The biosphere over land. 
( b )  Human activities. 
(c)  Temperature variations of the ocean surface. 
(d )  The biosphere of the ocean surface waters. 

We will attempt to estimate these contributions. 
(a )  About 75 per cent of the CO, assimilated 
by plants is converted to organic material and 
26 per cent is released again to the atmosphere 
by respiration. On the average, the net uptake 
of CO, by plants is compensated by the decay 
of organic matter on and in the soil. The 
release of CO, from the soil is to a large degree 
due to bacterial action and depends on the type, 
structure and condition of the soil. The net 
uptake of CO, by plants is restricted to the 
growing season, which is the warm period in 
northern latitudes and the rainy period in sub- 
tropical areas. At the equator there is no sea- 
sonal variation of growth and decay, and the 
CO, budget will be balanced throughout the 
year. 

The net uptake of carbon from the atmos- 
phere can be determined from the yearly pro- 
duction of plant material. Table 1 gives figures 
by Gessner (1959) and Muller (1960). 

For our considerations it is important to 
know how the net uptake is distributed with 
latitude. Lieth (1965) attempted to plot the C 

uptake on a world map by making use of all 
available literature. He considers these maps 
as a first approach, and emphasizes that details 
are still uncertain. We replotted these maps on 
others of equal area and integrated the values 
for each 10" latitude belt. Table 2 gives the 
result. As to be expected, most of the C is 
exchanged in the tropics. The difference be- 
tween the hemispheres is apparent. The total 
uptake according to Table 2 is 38.4 x 1015 g C. 
This is higher by a factor of 1.83 than the value 
in Table 1, and reflects the quality of the data 
presently available. 

For our present purpose, these figures have 
to be converted to ppm in the atmosphere. One 
gram C gives 3.67 g CO,. The surface area of 
the earth for a 10' latitude belt is 2nR2 cos a, 
da,, with da, =0.175 and R =6.366 x lo8 cm. 
If we assume uniform mixing up to the tropo- 
sphere, and no penetration into the stratosphere, 
the air masses, m, involved are: 

for a, > 30" and a tropopause height of 10 km 

for a, c30" and a tropopause height of 16 km 
m, = 755 g cm-8, 

ma = 927 g cm-,. 

With pair = 1.29 and eco, = 1.98 the densities of 
air and CO, a t  STP respectively, the resulting 
mixing ratio is 

Fig. 1 A ,  curve 1, gives Lieth's figures in ppm 
year-' as a function of latitude. I f  net uptake 
and the release from the soil are balanced 
within each latitude belt, as should be expected, 
and if there were no seasons, &(p,  t )  = O .  A sea- 
sonal difference between uptake and release is 
primarily due to the more pronounced variation 
of net uptake as compared with soil release. 
For a,> about 30" the growing season is deter- 
mined by higher temperatures; for a, c 30" rain- 
fall is the controlling factor. For a, > 30" we can 

Table 2. Total carbon uptake by plant8 over land for 10" latitude belts in loi5 g Lieth (1965) 

Latitude. . . 50 15' 25' 35 45O 55' 65' 75" 85' 

Northern Hemisphere 6.4 3.9 3.2 2.5 2.8 2.5 1.3 0.0 0.0 
Southern Hemisphere 7.2 4.9 2.4 1.1 0.2 0.0 0.0 0.0 0.0 
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Table 3. Climatological factor f 

p. =sin p . . , 0.0 0.1 0.2 0.3 0.4 0.5 0.6 

Norhern Hemisphere 0.00 0.00 0.16 0.48 0.58 0.8G 1 .oo 
Southern Hemisphere 0.00 0.00 0.15 0.43 0.58 0.78 1.00 

approximation. But with the biological data 
presently at hand it is hardly possible to arrive 
at much more reliable figures. After application 
of f to curve 1, we obtain curve 2, Fig. 1 A .  

In  our calculations (see Section 4) it will be 
assumed that the source function for each lati- 
tude has the form 

-10 -08 -06 - 0 4  -02 0 0 2  0 4  0 6  0 8  I 0  

P 

Fig. 1 .  ( A )  Curves: I ,  Total uptake by plants from 
Table 2 converted to ppm CO, year-'; 2, same as 
curve 1 after application of factor f ;  3, total anthro- 
pogenic source function according to Bolin & Keel- 
ing (1963); 4, estimated upper limit of the seasonal 
component of curve 3. Curves 1 and 2 should be re- 
duced by a factor 0.72. (B)  Curves: I ,  Amplitude of 
the seasonal component of the CO, source function 
assuming a 39 per cent soil respiration during sum- 
mer; 2, computed amplitudes of CO, by Bolin& 
Keeling (1963). Curve 1 is correct. 

expect that the total amount of C given in 
Table 2 or Fig. 1 A  is removed from the atmos- 
phereduring the summer.For 'p < 30" summer and 
winter will only differ by a fraction, f ,  of this 
amount, with f becoming zero at the equator. 
Since rain is the important factor in them 
latitudes we tried to estimate f by 

where N ,  and N w  is the average representative 
number of rainy months in summer and winter 
for each 5" latitude belt, respectively. These 
values for Ns and Nw were determined with the 
help of the atlas by Walter & Lieth (1960). 
Table 3 gives the result. At the equator f =0, 
as to be expected, and for p > 30" f = 1. We know 
that this procedure can only give a rough 

Q(p, t )  =a(p) x cos Znt, 

with 0 < t  < 1 for the year. The figures of a(p) 
are therefore obtained from curve 2, Fig. 1A 
by multiplication with n. However, these a(p)  
values do not include the relase of CO, from 
the soil. The seasonal variation of this release 
is not known, but it can be expected to be 
somewhat higher during the warm season. If E 

is the fraction of GO, released during summer- 
time, the actual uptake of GO, during the warm 
season is (1  - & )  CO, and the same amount is 
released from the soil during the winter. The 
actual values of the amplitude thus become 

a(p) =[CO,] x f ( l  -&)7C. 

In Fig. 1 B, curve 1, a(p) is plotted for E =0.39 
for reasons to be discussed on page 429. The 
values of a(p) assume, of course, opposite sign 
in the two hemispheres. 

( b )  The anthropogenic contribution to the 
seasonal source function is not easy to estimate 
because of inadequate statistical data. Only 
for the U.S. were we able to obtain sufficient 
data on household fuel consumption, i.e., for 
cooking and heating, to estimate its contribu- 
tion to total fuel consumption. The fraction of 
all three fuel types-coal, oil and gas-used 
for domestic purposes is about 30 per cent. 
Heating, which is the major contribution to the 
seasonal variation of the anthropogenic source 
function, is a fraction of this, perhaps 60 per 
cent. The fraction of total fuel used for domestic 
purposes is most likely higher in countries 
which are less industrialized. For lack of data 
we think that on a worldwide basis the fraction 
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may be 50 per cent, with possibly 25 per cent 
used for heating alone, i.e. causing the seasonal 
variation of the anthropogenic source. 

The total anthropogenic output a t  the present 
time is 1.6 ppm yea+, averaged for the whole 
atmosphere. Bolin & Keeling assumed the 
source to be located exclusively in the northern 
hemisphere and calculated an approximate 
latitudinal distribution which is reproduced in 
Fig. lA,  curve 3 (after reduction by a factor 
of 0.67, to adjust the value of the integral under 
the curve from 2.4 ppm in their Fig. 22, to  the 
correct value of 1.6 pprn). Twenty-five per cent 
of this would be our estimate of the variable 
component. But we have to consider the fact 
that the variable component will be confined 
to the troposphere in contrast to the long-term 
increase of CO, which penetrates into the upper 
atmosphere. For this reason, and to be on the 
safe side, we took 50 per cent of curve 3. This 
curve, 4, represents our estimated upper limit 
of the variable anthropogenic component of the 
source function. It amounts to about 15 per 
cent of the total uptake by plants in the same 
latitude regions, and to about 30 per cent of 
the amplitude given in Fig. 1 B, curve 1. It can 
therefore apparently not be neglected, but con- 
sidering the uncertainties in the biological data 
we did not include the anthropogenic contri- 
bution in Fig. 1 B, curve 1. Because the heating 
occurs during the cold season, this component 
tends to increase the natural variation. 

(c) Another contribution to the seasonal va- 
riation can come from temperature changes of 
the ocean surface waters. Kanvisher (1960) has 
shown that a k1"C change in temperature of 
15OC ocean water results in a change of kO.17 
cms CO, per liter of ocean water for atmospheric 
mixing ratios of 315 ppm. To compare the effect 
on atmospheric CO, with the previous sources 
we chose the latitude belt between 30 and 40°, 
since for this belt the annual temperature change 
has a maximum with an average amplitude of 
- +4"C. Assuming 40 meters to be the average 

thickness of the layer involved in the annual 
temperature variation, the total amount of CO, 
released or taken up amounts to kO.6 x l O I 5  g 
CO,. The uptake by vegetation of the same 
latitude belt is, 9.2 x 10I6 g CO, according to 
Table 2. Considering that the exchange time 
between atmosphere and ocean is about 5 years, 
the calculated COB exchange of the ocean water 
will in reality be much smaller. We can con- 
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Fig. 2. Comparison of average K values as a func- 
tion of latitude. Curves: I ,  Lettau (1939), Northern 
Hemisphere; 2, Wagner (1938), Northern Hemis- 
phere; 3, Moller (1950a), North Atlantic; 4, Moller 
(1950b), Northern Hemisphere; 5, Defant & Defant 
(1958), Northern Hemisphere; 6, Bolin & Keeling 
(1963), global average; 7, values based on global 
wind data by Flohn (1961); 8,9 ,  modeldistributions 
of K used in the calculations for comparison with 
curve 6. 

clude, therefore, that the seasonal temperature 
changes of the ocean surface waters do not con- 
tribute to &(p ,  t ) .  

(d) The change in biological activity in ocean 
waters and associated exchanges of CO, with 
the atmosphere are hard to assess on a global 
basis due to lack of data. The production data 
given by Lieth in his map cannot be considered 
reliable, and seasonal variation remain unknown. 
Again, the low exchange rate between ocean 
and atmosphere has to be taken into account. 
On the basis of the information available, this 
contribution appears to be negligible. 

3. Meridional eddy diffusion coefficient 
Bolin & Keeling used in their analysis a 

constant eddy diffusion coefficient for the 
whole troposphere, given by K = 3 x 1O1O om* 
sec-l. In  the subsequent discussion we will 
compare this value with other information. 
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Lettau (1933, 1939) calculated the horizontal 
austausch coefficient A =$(g cm-l sec-l), 
e =air density, on the basis of the mixing length 
concept, using surface weather maps to deter- 
mine the meridional geostrophic wind compo- 
nents. His values thus refer to the lower tropo- 
sphere and do not include the effects of surface 
friction. He computed A for the whole northern 
hemisphere and the winter, 1910, from which 
we derived average values for different latitu- 
des, Fig. 2, curve 1. The data were converted 
to K values for better comparison by applying 
a density e = lo-, g cm-, which is representative 
for the lower troposphere. The values can be 
considered a first approximation only, because 
they are based on rather old data of one winter, 
and are not representative for the whole tropo- 
sphere. 

Wagner (1938) also used the mixing length 
concept, but in a somewhat different manner. 
He determined the meridional transports by 
taking the differences between the relative 
pressure minima and maxima for each latitude. 
These pressure differences represent the geo- 
strophic wind components for the lower tropo- 
spheric layers. The mixing length is estimated 
from the average distance between the extremes 
of the surface pressure. His values are based 
on March 1931 only, and are given by curve 2 .  
They are less representative than those of 
Lettau because of the shorter time period. Both 
sets of data are based on the mixing length con- 
cept, whose application to large scale horizontal 
exchange may be somewhat dubious. 

Moller (1950a, b)  modified the mixing length 
concept by a coefficient tc (sec-l) which charac- 
terizes the speed a t  which an air parcel assumes 
the properties of the surroundings. He arrives 
a t  the expression K =02/d where f i a  is the mean 
square of the meridional wind component and 
d an average value. If d is constant with time 
and space, this concept provides a possibility to 
calculate K from v data. Moller showed that 
for a period of 13 years a is rather constant 
throughout the year at 500 above ground in 
central Europe. Assuming that the same value 
can be applied to the whole northern hemi- 
sphere, he calculated A values from surface wind 
data over the North Atlantic and also for the 
northern hemisphere during January. Conver- 
sion by e = lo-, g cm-, to K ,  and averaging for 
latitude belts results in curves 3 and 4. The 
assumption of d being constant with latitude 

was never proven and the data again have to 
be considered with caution. 

We applied the same coricept with the same d 
value for a height-latitude cross section of 
meridional wind components published by 
Flohn (1961). Curve 7 gives these figures, which 
are representative for the whole depth of the 
troposphere and for a whole year. 

Curves 1 through 4, and curve 7, although 
obtained by quite different and approximate 
methods as well as for different periods and 
areas, agree reasonably well with regard to the 
general level and the general tendency to 
decrease toward the equator. A possible excep- 
tion is curve 2. This seems to  indicate that the 
assumption of a constant K is only a rough 
approximation. One set of data, curve 5, ob- 
tained by A and F .  Defant (1958), shows a 
different trend, however. These authors at-  
tempted to calculate K by considering the global 
heat budget and its variation with latitude. 
Because of the uncertainty of some of the 
parameters involved, the values cannot be con- 
sidered very reliable. It should be kept in mind, 
however, that this method is the only one which 
includes the net effect of the Hadley circulation 
on latitudinal exchange, and this may partly 
account for the difference. The Hadley circula- 
tion will tend to enhance the exchange between 
the equator and cp < 30". For transport of water 
vapor and momentum (see e.g., Palmen t 
Alaka, 1952) we know that the organized cir- 
culation near the equator can exceed the tur- 
bulent fluxes considerably. But it should be 
noted that both water vapor and momentum 
have their sources in the shallow trade wind 
currents. These atmospheric constituents are 
therefore much more affected by the Hadley 
circulation than those which are rather uni- 
formly mixed vertically. 

At present we have no way of assessing the 
influence of the Hadley cell on tropospheric 
transport for such constituents as CO, and Og. 
The latitudinal variation of the net values of K 
in the tropical zone may vary between curve 7 
and the constant value of curve 6. In  order to 
study the effect of any restriction of the hori- 
zontal exchange in the equatorial region, we 
calculated the seasonal variations for CO, and 
0, for K,, K ,  and also for assumed model 
distributions like K ,  and K,. These latter K 
values show a decrease at the equator by a 
factor of 6. 
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4. Computation of CO, variations 

If p =p(p, t )  is the variation of the CO, mixing 
ratio with latitude and time around the annual 
average value q(p) ,  Q =Q(p,  t )  source function, 
R the earth's radius, and K = K ( p )  the horizon- 
tal eddy diffusion coefficient, the equation for 
horizontal diffusion in polar coordinates is 
(Bolin & Keeling, 1963) 

Bolin & Keeling assumed K to be constant and 
expanded for each latitude the observed p values 
with regard to t in Fourier series and with 
regard to p in Legendre Polynomials. From 
these data they computed the source function 
Q(p. t ) .  On the basis of CO, budget considera- 
tions and of comparisons between observed and 
calculated p distributions, they derived an 
average K value of 3 x 1O'O cmz sec-l. 

In  our calculations we tried to determine 
Q(p ,  t) directly from biological, climatological 
and other data, with the intent to obtain 
q(t, p )  for the general case of a variable K ( p ) .  
To keep the calculations within reasonable 
bounds, we assumed for the time variation of 
Q(t ,  p )  trigonometric functions with the same 
phase a t  all latitudes. For the present purpose 
this approximation is justified since we are 
primarily concerned with a comparison between 
the varous models for K .  Even with this simpli- 
fying assumption the case for a variable K ( p )  
can only be solved by numerical computations. 
For this purpose we replaced q and Q by 

N 

and with 

k, = q, + i p ,  and K, = Q ,  + iR,. (6) 

Inserting (4) ( 5 )  in (1) gives 

Tellus XX (1968), 3 

N 
n = o  2 ( K ( p P - l ) E  

+ [ K ( p *  - 1) + ZpK] P i  + i 2nR'P,) k, 
N 

= RZ 2, K ,  P,. (7) 
n -0  

Using the relation 

( 1  -pa)  P i  -2pPi  + n ( n +  1)  P ,  = O  ( 8 )  

results in 

N 

=Ra 2 KnPn.  (9 )  
n=O 

N is the number of terms in the expansion 
of Q and also gives the upper limit of the ex- 
pansion in (7). With the aid of the recursion 
formula 

( ~ ' - 1 )  ph =n(pPn-Pn-I),  (10) 

we obtain 

N 
2 [K'n(pP,-P,-,)+n(n+l)KP, 

n=O 
N 

n=O 
+ i2nR'l',]Kn=Ra 2 KnP,. ( 1 1 )  

Here 

C m n = l  for m = n  and C,,=O for m+n. 

The coefficients D are given by 
tl 
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Pig. 3. Isopleths of the seasonal variation of CO, in 
ppm. Solid lines: Observed values according to 
Bolin & Keeling. Dashed lines: Calculated q(p, t )  
values for K = 3 x 1Olo cm, sec-l. 

I f  these expansions are inserted into (1 1) com- 
parison of the coefficients and separation of the 
real and imaginary part results in 

and 

The real part of the solution of (1) considering 
(2) and (3) gives 

d p , t ) =  2 ( a n  2 n t - p ,  sin 2 n t ) P n ( p ) ,  (16) 
N 

n=o 

with q and p to be determined by (15). 
In  order to perform the numerical calcula- 

tions, Q(p, t )  and F&) have to be expanded in 
Legendre Polynomial. For functions like P,(p) 
which vary considerably in the interval 
- 1 < p  < + 1 it  is necessary to approximate 

using 4th order parabolas. It can be shown that 
expansion to n = rn = 16 gives reasonable ap- 

proximations for the eddy diffusion coefficient 
K,, K ,  and K ,  Fig. 2. 

5. Results of CO, computations 
A s  mentioned in Section 2, the seasonal varia- 

tions of soil respiration, i.e. the value of E ,  is 
the most uncertain parameter for determining 
the amplitude of Q(p,  t )  from curve 2, Fig. 1 A .  
We found in our calculation that the amplitudes 
given by curve 1, Fig. 1 B, give q ( p ,  t )  distribu- 
tions which agree reasonably well with the 
observations. Curve 1, Fig. 1B was obtained 
from curve 2, Fig. 1 A by assuming E = 0.39 for 
all latitudes. Fig. 3 gives a comparison in 
isopleths of Bolin & Keeling's observations with 
our computations of q, using the amplitudes of 
curve 1, Fig. lB, together with a constant 
K = 3  x 1O'O cma sm-l. A better comparison for 
selected latitudes is afforded by Fig. 4. 

In this first set of data the calculations were 
intentionally made for the same constant K 
used by Bolin & Keeling, in order to allow 
comparison with their analysis. It can be seen, 
particularly in Fig. 4, that the magnitude of 
our calculated amplitudes comes out reasonably 
well, considering both summer and winter con- 
ditions. The deviations from the observed data 
refer primarily to the phase. They are due to 
the unrealistic assumption of a simple trigono- 
metric function for the time dependence of 
Q(p,  t ) .  The observed data show a pronounced 
asymmetry between summer and winter, which 
cannot, of course, be reproduced by our model. 
The uptake of CO, in summer occurs during a 
shorter period than the release during winter, 
resulting in higher amplitudes during the warm 
season. Further southward the agreement both 
for amplitudes and phase becomes quite good, 
except near the south pole. 

We should discuss this result a little further. 
The comparison between the observed and the 
calculated values in Figs. 3 and 4 is somewhat 
subjective, and slightly smaller amplitudes of 
our source function may have resulted in even 
better agreement. But if we accept curve 1, 
Fig. 1 B as a good choice the question remains 
to what degree this confirms curve 2, Fig. 1A. 
In  order to convert curve 2, Fig. 1 A into curve 1, 
Fig. 1 B, E must be 0.39. But we do not know 
how good curve 2, Fig. 1A really is. If for 
instance this curve is replaced by another which 
differs by a factor 6 2 1 we are able to compen- 
sate this by replacing E by c1 according to 
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a - 0.61 
a 

a( l -~ ' )=0.61;  e1 = --. 

Since el has to be 0 <cl < 1, a cannot be smaller 
than 0.61. The total uptake figure of Muller & 
Gessner was lower by a factor of 0.54 than that 
of Lieth. If we assume this factor to be indepen- 
dent of latitude a = 0.54. We see that this is not 
possible and that the figures of Muller & Gess- 
ner are apparently too low. On the other hand 
it is likely that the decay of organic matter is 
higher in summer than in winter, i.e. that 
E > 0.5. If this is correct a > 1.22:This suggests 
that the correct net uptake may be even some- 
what larger than the values of Lieth, but since 
we know practically nothing about E it is not 
possible to draw any further conclusions. We 
feel, therefore, that comparison with atmos- 
pheric CO, data supports the data of Lieth but 
that better data for E are needed. 

It is of interest to compare our source func- 
tion with that obtained by Bolin & Keeling. 
Since the latter is expanded in a Fourier series, 
there is no simple amplitude which can be 
compared directly with our curve 1, Fig. 1B. 
The best alternative is to determine from their 
source function data (Fig. 27) by integration 
the total uptake or release, and to convert this 
to amplitudes by multiplying with 7c. The result 
is given by curve 2, Fig. 1 B. The increase 
toward the poles is, of course, unrealistic and 
is partially due to truncation errors of their 
series expansions. In  middle-north latitudes 
their data show values about one half of ours, 
but further south the agreement is better. 

They found no sources in the southern 
hemisphere, but they adjusted their analysis in 
such a way as to give minimum values south of 
the equator. 

Although Q is not negligible in the southern 
hemisphere the effect on q is small, as is evident 
in a comparison between the CO, observations, 
the computations by Bolin & Keeling and our 
q values in Figs. 3 and 4. Considering the differ- 
ences between curves 1 and 2, Fig. lB, it 
is apparent that the resulting q values are not 
very sensitive to variations in Q .  Atmospheric 
CO, observations are therefore hardly suitable 
to obtain information on the latitude distribu- 
tions of the seasonal source function. 

We calculated q for our source function, 
curve 1, Fig. lB, and for a variety of K(p) ,  
including those of curves 7, 8 and 9, Fig. 2. The 
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Fig. 4. Same as Fig. 3, but for discrete latitudes to 
show more detail. Solid lines: Observed values 
according to Bolin & Keeling. Dashed lines: Cal- 
culated q(p, t )  values for K = 3  x 1O'O cm* sec-l. 
Dotted lines: Calculated q(p, t )  values for K accord- 
ing to curve I, Fig. 2. 

differences among the resulting three sets of 
q data were so small that we included in Fig. 4 
only those for curve 7. But even the differences 
compared with a constant K are not large. In  
low latitudes in the northern hemisphere the 
amplitudes of q for curve 7 are slightly larger 
with about the same phase; south of the equator 
there is a phase delay but no change in ampli- 
tude. This is what can be expected if the ex- 
change across the equator is restricted. 

The insensitivity of q with respect to latitu- 
dinal variations of K is an interesting result. 
It shows that it will hardly be possible to obtain 
information on variations of K from CO, data, 
unless the number and quality of the data are 
considerably increased and better knowledge 
for the source function is available. On the 
other hand, we see that calculations of global 
variations of tracers, a t  least in cases similar to 
that of the CO,, can give quite satisfactoryresults, 
with the simple assumption of a constant K .  
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Table 4. Information on the seasonal variation of 0, on 4 stations in  the Northern Hemisphere 

Name 
of station 

Amplitude of 
0, variation Time of spring 

Latitude w maximum 

Arosa 41" 14 May 
Srinagar 34" 10 May 
Ahmedabad 23" 14 Februar y-March 
Mauna Loa 19" 12 April 

6 .  The seasonal component of 
the 0, source function 

In a study of the global 0, budget Junge 
(1962) arrived a t  a value for the hemispherical 
rate of injection of stratospheric 0, into the 
troposphere 

I =c,( l  + c ,  sin 2nt) [go8 year-'], 

with c = 4.7 x 1014 g year-', c, = 0.6 and 0 4 t < 1. 
t = 0 should be chosen so that  the maximum of 
I occurs about the middle of March. This injec- 
tion is balanced by destruction of 0, a t  the 
earth's surface, a t  a rate assumed to be propor- 
tional to the concentration q(p, t )  of 0,, i.e. 
equal to co x q(p, t ) ,  with co remaining constant 
with time and space. On the basis of the data 
available the most likely value for the tropo- 
spheric residence time of 0,, T = cn-' is 3 months, 
or en =3.6 year-'. This destruction rate results 
in a delay of the phase of q against that of I 
by 1 to 2 months, so that the spring maximum 
of q(p, t )  in May agrees with observations. 

This quantitative model of the tropospheric 
0, budget is certainly only a first approach, but 
has provided the best figures on tropospheric 
0, obtained so far. It was derived on the basis 
of only four available representative recordings 
of lower tropospheric 0, in the northern hemi- 
sphere, and the occurrence of a time difference 
of 1 to 2 months between the spring maximum 
of 0, in the lower stratosphere and the tropo- 
sphere. Some important information for these 
stations is given in Table 4. All these stations 
are located in unpolluted areas, and with the 
exception of Ahmedabad, all are located on 
mountains. For evaluation only the daily 
maximum values were taken, which occur 
mostly around noon when turbulence reaches 
a maximum. These values can be considered 
reasonably representative for the lower tropo- 

sphere because under these conditions the 
ozone-depleted layer near the earth's surface 
is to a large extent, eliminated. 

Table 4 derived from Fig. 1, Junge (1962), 
shows that the amplitudes do not differ much 
considering the large differences in location of 
the stations, the different years of observations 
and the different methods used. This immedi- 
ately suggests a rather uniform source and sink 
of O,, or a sufficiently long residence time, or a 
combination of these factors. The times of spring 
maxima are also very much similar, except for 
Ahmedabad. This station, however, is strongly 
influenced by air masses from the southern 
hemisphere during the monsoon season, and 
can therefore not be considered representative 
of northern hemisphere conditions. 

Warmbt (1964) has recently discussed results 
from a network of seven stations in Central 
Europe, where surface 0, concentrations were 
measured over several years four times or more 
a day. Two of the stations are located on 
mountains at 1200 and 1100 meters above sea 
level and two stations are located at the coast 
of the Baltic Sea. The average values of the 
daily maxima of these four stations agree well 
with those listed in Table 4 and this confirms 
our concept. The three other inland stations 
show lower values and it is likely that they are 
influenced by air pollution or other local effects. 

Another interesting set of data was provided 
by the North American 0, network (Hering & 
Borden, 1965). They gave bimonthly average 
values for 2 km layers in the troposphere for 
10 stations ranging in latitude from Thule to  
the Canal Zone. Although these data confirm 
very nicely the uniform distribution of tropo- 
spheric O,, the number of data and their 
accuracy a t  the low tropospheric concentrations 
is not sufficient to derive reliable Q values. 

Representative data from the southern 
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hemisphere are available from Antarctica sta- 
tions, Little America and Mirny. At both sta- 
tions the amplitudes are not much different 
from the values in Table 4, but surprisingly, the 
phase is delayed only by about 3 months in- 
stead of 6, as should be expected if the hemisphe- 
rical circulation is symmetrical. Also the maxima 
are broader and the minima sharper than for 
the stations in Table 4. This must be due to 
some basic difference in the hemispheric circu- 
lation pattern and is itself a very interesting 
fact. Due to the lack of information for latitudes 
between Antarctica and Hawaii, it is hard to 
judge how far this can be assumed for the whole 
southern hemisphere. For this remaon we assumed 
symmetry of the source function in both hemi- 
spheres for our exploratory calculations. 

The tropospheric 0, budget requires a decrease 
of the 0, mixing ratio towards the earth's sur- 
face to compensate for the destruction. 

The data from the North American network 
(Hering & Borden, 1965) show that the con- 
centmtion of 0, in pg m-8 does not change 
with altitude. This means that the mixing ratio 
increases with altitude approximately inverse 
to the air density. 

Since tropospheric 0, data are normally given 
in ngm-', we can assume a uniform concentra- 
tion to simplify our calculations, emphasizing 
that this assumption has no effect on the results. 

If b ( p )  is the latitude dependent amplitude 
of the seasonally-variable component of the 0, 
source function, we have 

&(p, t )  =a(,) sin 2nt-coq(p,  1 )  
with 

IO1 b ( p )  dp = 10'zc, x c, (2nR'H)-' [ p g ~ n - ~  year-'], 

H =  10' cm aa the average height of the tro- 
posphere neglecting higher values a t  tropical 
latitudes. In complex form, and expanded in 
Legendre Polynomials, we have 

N 

n-o 
Z ( p , t ) =  2 ( iRn+c,k , )P , (p)e '2nt  

and K n  = qn + ip,. 
By inserting Z(p, t )  in equation (1) the solution 
is obtained in a similar way as for CO,. 
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The model of the O8 budget provides no in- 
formation on the latitudinal variation of the 
amplitude of the injection rate, i.e. on b(p) .  This 
dependence of b on p reflects the stratospheric- 
tropospheric exchange process which is of con- 
siderable importance for meteorology. Up to 
the present time we know very little about this 
mechanism, and opinions on this subject differ 
widely. Danielsen (1964) demonstrated the 
occurrence of large scale folding processes of 
the tropopause near jet streams, leading to 
intrusions of stratospheric air into the tropo- 
sphere. Although individual cases of this 
process are now decumented very well by studies 
of such slow changing atmospheric properties 
as the potential vorticity or the concentration 
of radioactive fission products, the question 
remains as to the fraction of the total hemi- 
spherical air exchange between stratosphere and 
troposphere due to this mechanism. 

This process will occur primarily a t  those 
latitudes in which the tropical jet stream is most 
frequent, i.e. between about p =30 and 40". 
Observations by Feely (1960) on the distribu- 
tion of fission products in the lower strato- 
sphere, and by Briggs & Roach (1963), on the 
distribution of water vapor and ozone in the 
vicinity of jet streams, support the idea that the 
latitudes of the tropopause break are important 
for the exchange. The increase of 1 in spring- 
time is most likely due both to an intensification 
of jet stream activity, and to the greater rate 
a t  which 0, is supplied from higher strato- 
spheric layers at lower latitudes to the lower 
stratosphere a t  higher latitudes a t  late winter. 

Curve 1, Fig. 5A gives a model for b(p )  
based on these considerations. However, several 
authors have presented data which indicate that 
the polar tropopause is another region of pre- 
ferred injection, e.g. Martell & Drevinsky (1900), 
Lockhart et al. (1959, 1960) and Munnich & 
Vogel (1963). Curve 2, Fig. 5 A  includes this 
possibility based on a subjective estimate. 

A third possibility, e.g. considered by Staley 
(1862), suggests exchange at  all latitudes > 30". 
Lifting and lowering of the troposphere due to 
seasonal temperature changes or due to dy- 
namic effects of pressure systems can result in 
such effects. Curve 3, Fig. 6 A ,  represents a 
corresponding model for b(p ) .  In  reality we will 
probably find a combination of all these pro- 
c e s s ~ ~ ,  as suggested by curve 4. 

These models of b ( p )  were used together with 
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Fig. 5. ( A )  Assumed models of the 0, amplitudes b ( p )  
based on various concepts about the exchange 
mechanism between stratosphere and troposphere. 
( B )  Calculated amplitudes of q(p, t )  for the b ( p )  mod- 
els in A and K = 3  x 10'0 cma 8ec-l. Included are 
the observed amplitudes at the stations listed in 
Table 4. 

the distributions of K ( p )  to calculate possible 
distributions of q(p, t ) .  Figs. 5 B and 6 serve to 
illustrate the important features of the results. 
The q(p, t )  values, Fig. 5 B, were obtained with 
a constant K ,  curve 6, Fig. 2, in order to show 
the influence of the b ( p )  distributions. We see 
that the amplitude of q for p < 40" is influenced 
only slightly by differences in b ( p ) ,  but that for 
p > 40" this is different, a t  least for this K model. 
The q values in Fig. 6 were obtained by applying 
the K models, curves 6, 7, 8, and 9, Fig. 2, to 
the same b ( p )  distribution, curve 4, in order 
to show the effect of K on the 0,distributions. 
The higher va.lues of the K model 6 a t  lower 
latitudes result in lower q values, but for p > 40" 
the differences are small. 

Our calculations were based on the assump- 
tion that b ( p )  is symmetrical with respect to 
both hemispheres. The data from Antarctica 

LATITUDE 
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20, I I I I I I l ) I  

0 I I I 
0 0.2 0.4 0.6 0.8 1.0 

P 
Fig. 6. Calculated amplitudes of q(p, t )  for b ( p )  
model 4, Fig. 5A and K ( p )  according to curves 6 
t o  9, Fig. 2. Curve 6 is the same as curve 4 in 
Fig. 5B. Included are the observed amplitudes at 
the stations listed in Table 4. 

suggest that this may not be so. In  this case the 
amplitudes at the equator would not be zero. 
Clearly any asymmetry between the ' hemi- 
spheres with respect to stratosphere-troposphere 
exchange could easily be detected by 0, data 
from equatorial regions in addition to data 
from the southern hemisphere. 

The data of Table 4 are included in Fig. 5B 
and 6. The amplitudes agree reasonably well 
with the calculated values. This is to be expected 
since the budget considerations of tropospheric 
ozone (Junge 1962) which resulted in the ex- 
pression for I were based on the amplitudes of 
the annual variations. The amplitude a t  Mauna 
Loa is somewhat large with respect to the cal- 
culated drop of q toward the equator. 

If the data can be accepted as correct, this 
could point to either a pronounced reduction 
of K a t  the equator or to hemispherical asym- 
metry, or to both. But the latitude range of 
the present data is too narrow and their quality 
not good enough to draw conclusions in this 
respect. 

The model calculations of 0, presented here 
intend to demonstrate the general features to 
be expected, and the sensitivity of q(p, t )  with 
respect to both K ( p )  and b ( p ) .  The results seem 
to indicate that any uncertainty of K ( p )  a t  
lower latitudes or any asymmetry in b ( p )  affects 
primarily the q values at p <40°. For p >40°, 
on the other hand, q is quite strongly influenced 
by the variation of b with p because here the 
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uncertainties of K ( p )  are neither large nor 
influential. Reliable and representative tropo- 
spheric OI data may therefore be quite useful 
in settling such questions a the asymmetry in 
tropopause exchange, the behavior of K in the 
tropics and the contribution of high latitudes 
to the global exchange between stratosphere 
and troposphere. 

7. Conclusions 

We can summarize the conclusions as follows: 

(a) The seasonal variation of CO, is controlled 
by the biosphere over land, although the 
anthropogenic component is not negligible. The 
most uncertain factor is the seasonal variation 
of soil respiration, i.e. the value of E .  Until we 
have better data on this it will not be possible 
to draw quantitative conclusions concerning 
biological data, from observations of C 0 2  fluc- 
tuations in the atmosphere. The maps of Lieth, 
however, seem to give quite reasonable figures. 

(6) It seems hardly possible that detailed in- 
formation could be obtained on the latitude 
dependence of K and the CO, source function 
from atmospheric CO, observations, even if the 
number and quality of the data were consider- 
ably increased. 

(c) The model calculations for tropospheric 0, 
suggest the possibility of studying global char- 
acteristics of the air exchange between strato- 
sphere and troposphere. Reliable data on tropos- 
pheric 0, for tp < 30' may give information on 
hemispherical asymmetry of tropopause ex- 
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change processes and on the behavior of K in 
equatorial regions, whereas data for p > 30" may 
provide valuable information on the role of tropo- 
pause exchange in polar regions. 

Studies of this kind require, however, that 
the various aspects of the tropospheric 0,model 
used here be carefully checked. 
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Note added in proof. On page 431 we men- 
tioned that the observations of vertical 0, dis- 
tribution by Hering and Borden shows a roughly 
constant concentration of 50 pg/ma or a mixing 
ration inverse proportional to the air density. 
With our average value for I = 4.7  x 1014 g sec-1 
we obtain an average vertical eddy diffusion coef- 
ficient for the troposphere of 7 x 104 cms sec-1, 
which appears very reasonable. If  we assume 
the same flux for the average vertical profile 
a t  the lower stratosphere we obtain 6 x 10s cm* 
sec-1, also in agreement with other estimates. 
This seems to us another indication that our 
budget figures for 0, are quite consistent with 
other data. 
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HEKOTOPbIE ACnEKTbI  C E 3 0 H H b I X  kI3MEHEHBm ABYOKHCM 
YrJIEPOAA kI 0 3 0 H A  

A e J I a e T C R  I I O n b I T H a  O q e H A T b  C e 3 0 H H y K l  @YHK- 
qAKl HCTOqHAKa Q RJlR co, H a  OCHOBaHAA A a H -  
HbIX 0 6aoc@epe, I IOJ IyqeHHbIX Z e f i C O M ,  EI A a H -  
H B X  0 A p y r H X  MCTOqHAKaX. k I 3 M e H e H A e  PeCI IH-  
P a q A H  IlO’iBbI RBJIReTCR, IIO-BHHHMOMY, H a A -  
6onee HeOIIpeAeJ IeHHbIM (PBKTOPOM. P e 3 y J I b -  

CYHTbIBaeTCR C YYeTOM r O p H 3 O H T a J l b H O r O  KO- 
3 @ @ A q A e H T a  0 6 M e H a  K ,  KOTOpbIf i  A3MeHReTJFI  C 
IUApOTOfi .  C p a B H e H M e  C HaHHbIMA H a 6 J I I o a e H H f i  

T a T b I  H e  CJIllUlKOM qYBCTBHTeJIbHbI  no OTHOIUe- 

T a p y I o U e e  B ~ M ~ H ~ H A ~  COI B amoc@epe pac- 

Eonma A Kmmira  n o ~ a a b ~ ~ a e ~ ,  w o  pesynb- 

HAW K n p e n n o n a r a e w o M y  A ~ M ~ H ~ H M I O  Q A K c 

B e n H s m i a  K, M e m m U a n c n  c I U A P O T O ~ ~ ,  A 

HHX E I ~ M ~ H ~ H H ~  T p o n o c @ e p H o r o  0 3 o ~ a  npa 3a- 

c@epbI. A e n a e T c R  ~ ~ K J I I O ~ ~ H A ~ ,  w o  T p o n o c Q l e p -  

c T p a T o c @ e p o f i  M T p o n o c @ e p o f i  A npo6new, CBR 

IUApOTOfi. 

I I p e A B a p H T W I b H b I e  p e 3 y J I b T a T b I  IIO 0 3 0 H H O M Y  
6 a n a ~ c y  WCIIOJIb30BaJIACb gJIH P a C q e T a  C e 3 0 H -  

A a H H b I X  CKOPOCTRX B B O a a  0 3 0 H a  A 3  CTpaTO-  

HbIf i  0 3 0 H  MOXWT 6 H T b  I IOJ Ie3eH aJIR ACCJIeAO- 
B a H A R  P J I 0 6 a n b H O r O  M e X a H k i K a  0 6 M e H a  M e X R y  

3 a H H b I X  C HIIM. 
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