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Abstract

This report describes some prel iminary studies with a new
two-dimensional atmospheric transport modeI. The transport f ields were
obtained from numerical experiments on a three-dimensional general
circulat ion model and are not subjected to any tuning or cal ibrat ion proceqg.

The model is used to study the distr ibution of CCI?F, CO, and 
'=C

in the atmosphere. I t  is found that the modelrs represe"ntat io-n of the
distr ibution of CCI"F in the troposphere is unsatisfactory. This is
attributed to the exciessively high tropical tropopause in the original cCM.
The seasonal variat ion of CO. is modelLed by using the surface
concentrat ions to determine the Gurface sources and then using the rnodel
representation of the seasonal cycle at high alt i tudes as a test on the
transport f ields used in the model. The distr ibution of radionucl ides frorn
nuclear weapons test ing is also modelled. These calcpl,at ions compare
reasonably well  with observations except in the case of 

- 'C 
which has an

anomalous seasonal behaviour.
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l- Introduction
There have been a relat ively large number of two-dimensional models

developed for describing the distr ibution of mj-nor consti tuents of the

atmosphere. The distr ibutions of such atrnospheric tracers have been modelled

in terms of atmospheric transports and sources and sinks for the various

tracers. The transports are usually represented as due to a combination of

zonal mean advection and a set of dif fusion processes that purport to

represent the effects of both transient eddies and standing eddies that can

not be represented in a two-dimensional formulation. A major dif f iculty in

sett ing up a two-dimensional model is the choice of appropriate values of

these transport f ields.
There are several ways in which transport

poss ib i l i t i es  a re :
Direct observations
Theoretical inferences from direct observations
Calibrat ion of transport f ields from observations of tracer
distr ibutions
Numerical deterrnination of effect ive transport coeff icients from

calculat ions using general circulat ion models.
Each of these approaches suffers from severe l imitat ions and in practice some

combination is general ly used. Direct observations are general ly possible

only for the advective transports and even in this case there are relat ively

few data for the southern hemisphere. More importantly, direct observations

determine an Eulerian mean for the zonal mean transports. The use of

Eulerian means is correct only i f  the dif fusive transports are represented by

diffusion tensors that are aslzmmetric, thus creating addit ional problems for

other aspects of determini-ng the transport f ields.
The approach of using theoretical inferences to estimate transport

coeff icients has mainty been used in the determination of dif fusive

transports by assuming some f ixed relat ion between the effect ive dif fusion

and certain stat ist ical propert ies of the variabi l i ty of the wind f ields.

This approach is of doubtful theoretical val idi ty and has not been subjected

to any val idation studies on a global scale.
The use of tracer distr ibutions to determine the transport

coeff icients (or to tune a set of ini t ial  est imates) suffers from the

l imitat ion that this cal ibrat ion problern is severely underdetermined. fn

part icular, there are very few atmospheric consti tuents for which the

sources and sinks are known suff iciently well  to form the basis for this

sort of cal ibrat ion. There is a real danger of developing circular arguments

when i t  becomes necessary to use observations of a single tracer to deduce

both the transport coeff icients and the sink strengths.
The use of transport coeff icients derived from a general

circulat ion model provides a possible way of escaping from these l imitat ions

and it is this approach that is investigated in this report. The transport

coeff icients were derived by Plumb and Mahlman (1987) from the GFDL
(Princeton) GCM,/tracer model (Mahlman and Moxim, 1-978). Plumb (1985)

described a number of studi-es that test how well  a two-dimensional

representation can reproduce the results of experiments performed using the

original GCM. The present report describes studies that must be regarded as

merely prel iminary for several reasons. First ly, the transport f ields that

vrere used in this study were only prel iminary values (Plunlc, personal

cornmunication) .  In part icular, the effects of small-scale vert ical

dif fusion processes in the original GCM were not included. Secondly, our

representation of these transport f ields is only prel iminary. Subsequent

f ields can be obtained.

The main
a
i i
a a a

iv



3

studies, to be reported elsewhere, have indicated that alternative
representations of the stream functions are preferable to those used here.

Section 2 of the present report reviews two-dimensional modell ing
in terrns of the development of improved representations of the transports.
The rest of the report investigates the question of how well  the
two-dimensional transport fields from the GCM,/tracer model can reproduce
observed distr ibutions of minor atmospheric consti tuents. The use of a
two-dimensional representation is not the only way of using ccM transport
f ields in the study of tracer distr ibutions. The transport f ields from
GCMS have been used to study tracer distr ibutions in three-dimensional
mode ls  by  Mah lman and Mox im,  (1 -978)  ,  Levy  e t  a l .  (1979) ,  Fung,  e t  a1 .  (1983)
and Fung (1985)  (see a lso  Fung e t  a1 . ,  1985;  Pr inn  and Go lombek,  1985 and
D r r + h a r  1  q a ( 1

The advantages of using two-dimensional- models compared to three-
dirnensional models are that with a smaller model i t  becomes practical to
perforrn a systematic investigation of a much largrer range of mechanisms for
the sources and sinks of part icular tracers. In addit ion, should i t  become
necessary to tune the model to al low for any l imitat ions in the original GCM,
this tuning process does not appear to be of unmanageable complexity, unlike
the prospect of tuning the transport coeff icients of a three-dimensional
model. I t  should be possible to develop stable cal ibrat ion techniques based
on techniques of constrained inversion. The dif ference from case ( i i i )  above
is that the GCM-based transport f ield should provide a qood init ial  guess
that can be subjected to minor ref inements as necessaryi by constraining the
refinements to be small  a stable tuning scheme should be achievable.

As a basis for this type of study, the present paper describes a
number of direct studies for part icuJ-ar tracers. The calculat ions were
performed using a new two-dimensional transport model which is described
brief ly in Section 3. In Section 4, CC1"F is studied, primari ly as a check
on the amount of interhemispheric transpo--rt in the rnodel.

The seasonal variat ion of carbon dioxide is studied in Section 5.
This problem is more complicated becauSe no atternpt is made to model the
surface sources and sinks. fn the model, the surface concentrat iong are
forced to fol low the observed behaviour. The seasonal variat ions above the
surface are used as a check on the val idity of the transport formalism. In
addit ion this calculat ion provides a way for est imates of surface source
strengths as a function of lat i tude and t ime to be calculated direct ly (as
opposed to the i terat ive procedures used by Pearman and Hyson, 1980). This
treatment of the seasonal variat ion of CO^ is just i f ied on the basis of an
argn:ment based on Greents functions. 

'

Fina11y, in Section 6, the model is used to investigate the
transport of the products of nuclear testing from the stratosphere to the
troposphere. While many of the radionucl ide distr ibutioqs, can be represented
adequately by the model, the seasonal variat ions of 

-=C 
over the period

t962-L966 are anomalous. There have been a number of conflicting
explanations of this seasonal behaviour by various woxkers of the last 20
years. While the present calculat ions can exclude some of these
possibi l i t ies, i \ /as not been possible to obtain a satisfactory model for
the behaviour of 

--C.
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2 Transport Fields Used In Other Modell ing Studies

This section brief ly reviews the development of ref inements to the
way in which two-dimensional transport models of the atmosphere have been
formulated. The main aspect of these developments concerns the rol-e of the
off-diagonal dif fusion coeff icients. This evolut ion has been reviewed by, for
example, Matsuno (1980) and Brasseur and solomon (1984). The aim of the
present section is to show how this evolut ion in concepts has inf luenced
rnodell ing studies in CSIRO.

In order to describe the development i t  is useful to make a
distinction between the formal mathematical description of the transports and
the descript ion that is actual ly used j-n computati-on. The general
mathematical expression gives the transport as the sum of an Eulerian mean
circulat ion and a general dif fusive contr ibution involving 4 independent
f ields of transport coeff icients. This type of expression is cal led
rK-theoryr and arises from taking the lowest-order closure for describing the
turbulent f luxes (see for example Peters and carmichael, 1984). This general
formal- ism is usually modif ied by using the fact that any anti-slzmmetric
component of the diffusion tensor is mathematically equivalent to an
additional advective f1ux. Thus most computational formulations use
symmetric diffusion tensors and make the appropriate adjustment to the
Eulerian mean advection.

There have been three main stages in the development of the
application of rK-theoryr to atmospheric transport.

( i)  Original ly, Reed and German (1965) presented arguments that
impticitly assumed that the antisymnetric contribution to the
diffusion tensor should be small .  This implies that there is
no need to make signif icant changes to the Eulerian mean
advection for computational purposes.

( i i )  La ter  work  by  Matsuno (1980) ,  C la rk  and Rogers  (1978) ,  Wal lace
(1978) ,  Plumb (7979) and Pyle and Rogers (19e0) suggested that
in fact the dif fusion tensor should be dominated by the
antisymmetric part in many parts of the atmosphere.

( i i i )More specif ical ly i t  has been suggested (see especial ly
Matsuno (1980) and Plumb (L979) ) that the effect ive advection
arising from the antisymmetric dif fusion should almost cancel
the Eulerian mean advection, particularly in nid latitudes and
the stratosphere. This means that the f inal transport wi l l
arise from the sma11 terms resulting from the cancellation of
the largest contributions. The symmetric terms in the
diffusion tensor are small  and the effect ive circulat ion is
smal1. This effective circulation is the appropriate quantity
to use in transport calculat ions (within the assumptions of
K-theory) but. it has no widely accepted convenient name. The
effect ive circulat ion is related to the Lagrangian mean
circulat ion and in special cases ( i f  the i l i f fusion is along
the isentropes) i t  is equivalent to the residual circulat ion
defined by Holton ( l-981). For further detai ls see Plumb and
Mahlman (1987) .

As remarked in the introduction, transport fielils can be obtained
from observations, deductions from observations, using tracers to calj-brate
models or from dynamical calculat ions. I t  is mainly the wind f ields that can
be determined frorir observations. The maj-n compilations of. such data are
Newel l  e t  a1 .  (1972) ,  Oor t  and Rasmusson (1971)  and Oor t  (1983) .  Var iances
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of observed wind f ields can be used to deduce estimates of dif fusion
coeff icients according to mixing length theory. This has been done by Reed
and cerman (1965) and Luther (1975). The most conmon r,ray to determj-ne
transport f ields is to model the distr ibutions of appropriate quanti t ies and
then tune the transport f ields unti l  the model results agree with the
observations. Tabl-e 1 l ists a number of studies of this type. Many of the
transport f iel-ds deduced in these studies have subsequently been used by
other workers. It should. be noted, that most other modelling studies include
some degree of tuning of the dif fusion coeff icients and for any part icular
model this tuning has evolved with the model. The fol lowing descript ions
review the development of several tnodels with part icular emphasis on the way
in which improvements in the descript ions of the transports have been
incorporated.

Table 1 Source of transport f ields and origins of transport f ields
used in some modell i.ng studies.

Murgatroyd and temperature
Singleton (1961)

Lou is  (1974,1975)  tenpera ture

R e f e r e n c e

L o u i s  ( 1 9 7 4 , 1 9 7 5 )

Hida lgo  and
cru tzen (1977)

Distr ibut ions
f i t ted

Fields derived
or tuned

'I

ri

K ' s

K ' s

K ' s

Fields taken
from other sources

tropospheric U
(Newe I I  e t  a l . 1972 )

U as above

V (rouis,  1974)

U (oort and
Rasnusson ,1971 )

ozone

ozone,  water

Whi t ten  e t  a l .  ( l -977)  ozone

The f irst model considered is that of Hidalgo and Crutzen (1977) .
This model used wind f ields from Louis (1974) and tuned the dif fusion
coeff icients to give reasonable distr ibutions of ozone and water vapour.
Later versions of the model (cidel et al. ,  1-983) obtained ref ined estimates
of the dif fusion coeff icients using the same two tracers. I t  should be noted
that the stream functions used i-n this model are approximately Eulerian means
j-n the troposphere (being based on the work of Newell  et aI.  L972, as used by
Louis, i-974) while they are closer to the effect ive transport ci-rculat j-on in
the stratosphere because Lhey are based on Louis'  inversion of the heat
distr ibution.

The original form of the model developed by Hyson et aI.  (1980) was
based on the use of the original Reed and cerman argument and so it used
Eulerian mean circulat ions (from Oort and Rasmusson, 1971,) and a symmetric
dif fusion tensor. The various versions of this model, developed within the
Division of Atmospheric Physics (CSIRO, Austral ia), are referred to below as
the 'oldr model. The dif fusion coeff icients were original ly based on those of
Hidalgo and Crutzen (1,977), but Hyson et al.  increased them in many regions
in order to give agreement with CCI.F distr ibutions. I t  is interesting to
note that Hyson et aI.  had to incre6se the dif fusion coeff iclents given by
Hidalgo and Crutzen even though the Hyson et al. model already had built in a
numerical diffusion contribution arisinq from the use of a first-order upwind
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differencing treatment of the advection. In certain regions the numerical

dif fusion was of simi. lar magnitude to the dif fusion coeff icients tabulated by
Hyson et aI.  In later work (Pearman et al.  1983) with this model, some of the

ideas fron ( i i i )  above were impl.emented by sett ing the advection to zero in

the stratosphere ( i .e. assuming complete cancellat ion) and using only the

diagonal dif fusion coeff icients. The most recent work (Pearman and Hyson,
l-986) has used the same approach in the stratosphere and has used the more

recent Eulerian mean circulat ions from Oort (1983) for the tropospheric

advection.
A similar approach was taken by Isaksen and Rodhe (1978) (see also

Rodhe and Isaksen, 1980). They also used the dif fusion coeff icients

calculated by Hidalgo and Crutzen (7977) but took the wind f ields from Newell

e t  a l .  Q9 i2)  and Lou is  1974) .
A recent modell ing stualy by Mil ler et aI.  ( l-981) took a dif ferent

approach. They used advective f jelds that were expected to direct ly

represent the residual circulat ion. These f ields had been calculated by

Murgatroyd and Singleton (1961-) direct ly from the temperature distr ibution

in the stratosphere, assuming that any imbalance between source and sinks of

heat was due solely to a purely advective transport of heat. Mil ler et al.

appl ied a correction factor to these f ields because more recent work had

refined the atmospheric heating rates used by Murgatroyd and Singleton.

I4i11er et al.  also supplemented the advective transport by dif fusion

coeff icients taken from Luther (1975) and Hunten (1975) .  In spite of the

apparent inconsistency between the assumptions used in deriving the advection

and the assumptions used in deriving the dif fusion, the combined transport

formulation appeared to give a good descript ion of the distr ibution of

various long-I ived tracers in the stratosphere.
Other two-dimensional models have been described by widhopf and

c ia t t (1980)  and by  C lough (1980)  and Derwent  and Cur t i s  (L977)  us ing

combinations of stream functions from Louis Q974) and Nevtel l  et al.  (1972)

and dif fusion coeff icients from Louis 0974) or Luther (1975). A11 of the

models mentioned above have been used in a variet l '  of studies of dif ferent

tracers - the detai ls are beyond the scope of this section.
The main aim of the present paper is to val idate the use of +-he

GgM-based f ields in transport modell ing. fn order to do this the results of

the GqM-based calculat ions are compared to observations of the distr ibutions

of various tracers. rn adcl i t ion to these comparisons, a number of

comparidons are made with the results of calculat ions using Eulerian mean

circulat ions combined with symmetric dif fusion tensors. Some of these

calculat ions were performed using the older model described by Hyson et al.
(1980). Other calculat ions were performed by using the new model described

in Section 3 with the transport f ields given by Hyson et a1.. This type of

comparison is l imited because, as described in Section 3, the new model does

not reproduce the numeri ial  dif fusion effects that occurred in the model of

Hyson et a1.. Some comparisons have been made by taking the same stream

functions used by Hyson et al.  and doubling the horizontal dif fusion

coeff icients that they used as a f irst approximation to the actual behaviour

of their model.
In order to indicate the cl i f ferences in the formalismsr some of the

fields used are plotted. Figure l-  shows a comparison of stream functions,

comparing the GCM-based values for the effect ive circulat ion with the

Eulerian mean circulat ion from Oort (1983) as used by Pearman and Hyson
(1986) .  fhe dif ferences between the Eulerian f iel i ls and the effect ive

transport f ields are quite pronounced. In part icular the transport f ields
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have a single-ce11 circulat ion in. each hernisphere unl ike the Eulerian
circulat ion which has two cel ls in each hemisphere.

Figure 2 shows a comparison of horizontal cl i f fusion coeff icients
and F igure  3  shows a  compar ison o f  ver t i ca l  d i f fus ion  coef f i c ien ts .  The
GCM-based transport coeff icients show a much larqer vert ical dif fusion than
was used in  the  'o ld '  two-d imens iona l  modeI .  The present  s tud- ies  ind ica te
that the new K may be too large in that i t  gives too much transport between
the stratosphdPe and the troposphere. In this regard, i t  has been noted
(P1umb, personal communication) that the original GCM has i ts tropopause
unrea l i s t i ca l l y  h igh  in  the  t rop ics .  In  each o f  the  F igures  1  to  3  the  p lo ts
are based on spectral expansions that are used by the new version of the
mode l  (see  Sect ion  3 .2  be low) .  In  add i t ion  the  var ious  quant i t ies  have been
converted into a cotrunon coordinate representation and conmon units. The
stream functions shown in Figure 1 are mass-hreighted stream functions in
units of atmospheric masses per year. The horizontal dif fusion coeff icients
in Figure 2 are in terms of y = sine ( lat i tude) and are in units of earth
radi i  squared per year. The vert ical dif fusion coeff icients are in terms of
height coordinates and are in units of scale heights squared per year.

The ver t i ca l  d i f fus ion  coef f i c ien ts  represent  the  e f fec ts  o f  eddy
fluxes. The GCM also includes vert ical f luxes due to small-sca1e dif fusion
and donvection effects. These contr ibutions were not avai lable for the
preI. i-minary studies presented here. They are of most importance near the
surface where.the size of the eddies is restr icted but are also signif icant
in the mid troposphere in 1o\.r to rnid lat i tudes. In the calculat ions presented
here these sma11 qcale effects were represented by sett ing a lower bound so
tha t  K  )  5  m2 s - r  ( ie .  K- -  )  3 .05p2 in  d imens ion less  un i ts )  everywhere .

zz  pp

3 The Model

The numerical calculat ions presented in this paper were performed
using a new two-dimensionaf transport model developed within the Division of
Atmospheric Research (CSIRo, Austral ia). A brief descript ion of some aspects
of this model has been given by Enting ( l-984) and a more complete account is
given by Enting and Mansbridge (1986). The present sunmary is divided into
four parts: the numerical scheme used to represent the transport equation,
the representation of the transport f ields, the modes of operation of the
modeI, and f inal ly the relat ion between this model and the older
two-d imens iona l  mode l  o f  Hyson e t  a I .  (1980) .

3 .1 -  Numer ica l  Deta i l s

The transport is calculated using a f ini te-dif ference approximation
to the two-dimensional advection-dif fusion equation:

E c  a
m -  = ;

d t  o * 1
nr,. #, + (m Kr, -

*r ,  H.r+ (m 4rr+ t )
o

o X a
z

r
l *
L
t-
t m

L ' ( 3 . 1 )
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where c is a tracer concentrat ion,
rf  is the rnass-weighted stream function

m is the atmospheric density with respect to the x coordinates

and [K .  .  ]  i s  a  d i f fus ion  tensor .

The d i f fus ion  tensor  K  is  assumed

actua l l l '  a  res t r i c t ion  because,  as  d iscussed

that any antisymmetric contr ibution to the

to be symmetric. This is not
in Section 2, i t  can be shown

d i f fus ion  can be  t rea ted  as  an

addit ional contr ibution to the advective f low'

the transport f ields have been transformed in
The present model assumes that
this way before theY are read

into the model.
The program is set up so that the horizontal coordinater xut can be

Q,  the  la t i tude ,  o r  y=s ino .  s im i l .a r ly  the  ver t i ca l  coord ina te '  
: rJ . :u "_b .

either p, the (reduced) pressure or 1n(p) representing a negative h6ight. The

model uses a grid that is equally spaced in terms of whichever coordinates

are in use. The use of an equal pressure grid gives a good representation of

the troposphere while the use of an equal height grid is better for resolving

the stratosphere. The transport f ields are transformed appropriately when

J-hev Are rearl  into the program. The number: of grid points in each coordinate

direct ion and the number of dist inct tracers that are considered can be reset

as  des i red ,  sub jec t  to  the  cons t ra in ts  o f  to ta l  ava i lab le  computer  memory '

A1l- internaf calculat ions are performed using the "dimensionless" units of

years for t j -me, earth radi i  for horizontal coordinates, scale heights for

vert ical distances and atmospheres for pressure. Tracer concentrat ions are

represented in terms of mixing rat ios (or mult iples thereof) rather than

densit ies. Masses of air are expressed in units of the total atmospheric

mass. Conversions of vert ical units between the p and 1n(p) coordinates used

in the model and actual heights or vert ical distances are performed on the

basis of an isothermal atmosphere with a scale height of 7.2km.

The spatial derivatives in Equation (3.1) are approximated by a

centred dif ferencing scheme which is essential ly equivalent to that used by

Mi l le r  e t  a l .  (1981)  .  The t ime in tegra t ion  is  per fo rmed us ing  an  Eu ler

pred ic to r -cor rec tor  method- '

3 .2  Deta i l s  o f  the  Transpor t  Coef f i c ien ts

The transport scheme requires four transport f ieId" '  K11' 
\ tZ=\Zt '

K^^ and the stream function U. These f ields are required to be speciffed'as

rdfrct ions of t ime at the set of grid points that is appropri-ate for the

part icular choice of resolut ion and coordinates. (The coordinate values at

which the transport f ietds are required are midway between the values at

which the concentrat ions are specif ied in one or both direct ions.) The model

meets these requirements by using transport f ields that are specif ied in

terms of a spectral .*pu.r" ion in both space and t ime. When the program is

started the expansions are read and the spatial sums are evaluated at the

necessary  po in ts .  A t  each po ln t  th is  g ives  a  Four ie r  ser ies  in  t ine '  Th is  i s

summed uL th. midpoint of a selected interval (which can be as often as every

t ime step) to give the coeff icients that are actual ly used by the f ini te

dif ference scheme.
The general representation of the transport f ields is as a sum

f ( p , x , t )  =  X  q , - ( p )  s  ( x )  s - ( 2 t )  
( 3 ' 2 )

-  - K  - '  ' m  - n
K r m r n

x  =  0 . 5  ( 1  +  s i n e ( l a t i t u d e ) )
p = pressure in atmosPheres
t = t ime in years

with



a n d g k ( z )  = c o s ( n k z )  k > 0
s i n ( n k z )  k  <  0

i v ) K :
yp

The relevant range of each of the spatial coordinates is half  of
the period of the functions 9u(z) that are used in the expansion. rn order to
specify a unique Fourier expaftsion i t  is necessary to define the behaviour of
the functions f over the ful l  period. This freedom is used to ensure that the
derivatives of the functions are continuous to as high an order as possible;
thus the most rapidly convergent series is obtained (Lanczos, rg-ee). For
general f ields, j- t  is assumed that the function f is slzmmetric about each of
i ts boundaries. This has two consequences: the function f w1lt Lhen be
continuous at the boundaries and only non-negative indices for the spatial
variat i-on wil l  be required. rf  the f ietd goes to zero at the boundaries then
the function f can be taken as being antisymmetric about each boundary. Then
as well  as the function being continuous at the boundaries i ts derivatives
wil l  arso be continuous, and more rapid convergence of the series can be
expected. For f ields that go to zero on one pair of boundaries but not the
other, the considerations above indicate that the appropriate expansion uses
k > 0 for expansion of the spatial variabi l i ty in one direct ion and k < o to
expand the variabi l i ty in the other direct ion.

The coeff icients were determined by least squares f i ts to various
sets of data defined on spatial grids. f t  was found necessary to exercise
considerable care in choosing which functions to expand in order to obtain
a reasonable representation throughout the atmosphere. Since least squares
techniques minirnise the sums of squares of absolute deviat ion rathef than
relat ive deviat ion, the representation can be relat ively poor in regions
where the transport f ields are sma11. Since regions with snal l  transporE
fields wil l -  correspond to rbott lenecks' in the atmospheric mixing pto"."""" u.
fai lure to obtain a good representation of these regions can severely degrade
the performance of the model,. rn order to minimise these problems itre input
f ields that were taken as representing the transport f ields from ttt .
ccM,/tracer model were chosen as least squares f i ts of the form (3.2) to the
fol lowinq quanti t ies:

i )  [ /pz  ( i .e .  the  ve loc i ty  s t ream func t ion) .  Tak ing  leas t
squares f i ts of p was found to give a poor representation of
stratospheric transports.

i i )  K__: This f ield rather than K , was chosen so as to give a
g66a-r.pr"=entation in the straRBspnere.

i i i )  K----:  The main regions in which this f ierd is snal l  are near
ttE north and south boundaries at which it goes to zero. This
behaviour can be ensured by using the sine expansion and so
the least squares f i t t ing procedure does not cause problerns.

( 3 .  3 a )

This f ield g,oes to zero on al l  boundaries, unl ike the

off-diagonal dif fusion coeff icients
systems.

in other coordinace

The model also has the faci l i ty to impose bounds on the coeff icients to
ensure that the dif fusion does not become too small  or even negative. This is
achieved by specifying lower bounds for the diagonal components and upper
bounds on the magnitudes of the off-diagonal components so that the diffusion
tensor remains posit ive-definite. These bounds can be used to ensure



stabi l i ty of the numerical scheme. fn the present calculat ions the lower

bound on K has been used to approximate the effects of the small  scale

dif fusive 1fra convective effects that were not included in the original

f ietcls obtained from the GCM/tracer model.

3.3 Modes of Operation

The transport scheme in the model can be regarded as evaluating the

where taking centred spatial dif ferences has approximated Equation

model representation of the form:

s T . ^ + q-  1 1  a  l

) -

( 3 . 4 )

The normal way in which such a rnodel is used is to take the transports

specif ied by Lc and the sources specif ied by s.(t) and numerical ly integrate

the set of E{:uations (3.4). An alternative us-e of the model occurs in the

situation in which the concentrat ions are specif ied as (dif ferentiable)

functions of t ime. In this case i t  is possible to deduce the sources as

functions of t ime by transforning (3.4) into

vector
( 3 . 1 )

- 1

o " i

s .  = ; G :  -  x  L i ;  c .j . a t j t r l

While the case of knowing concentrat ions at al l  points is unl ikely

to occur with any real tracer, Enting (1984) has pointed out that i t  is

possible to solve a mixed problem in which the grid points are divjded into

lwo classes. The f irst ctass is the set of grid points at which the sources

are known and the concentrat ions are unknown. The second class is the set of

grid points at which the concentrat ions are known and the sources are

unknown. The concentrat ions at the f irst set of points are deterrnined by

nurnerical ly integrating (3.4). This integration wil l  make use of the known

concentrat ions frorn the second class. Once concentrat ions are determined at

al l  points (either by numerical integration or because they were specif ied

init ial ly) Equation (3.5) can be used to determine the source strengths at

the grid points in the second class. In Section 5 below this approach is

used to determine the net surface sources of carbon dioxide given the

variat ions of surface concentrat ions in space and t ime'

3.4 Relat ion to the older Model

The main dif ferences between the present model and the 'old'  model

described by Hyson et al.  (1980) are

i) The new rnodel gives a choice of coordinates and a choice of spatial

resolut ion. Many of the calculat ions presentei l  in subsequent

sections use I laYers and 10 zones.

i i )  The new model uses dif fusion coeff icients that match the coordinate

system that is in use, unl ike the old model which uses K on what

is predominantly an equal pressure grid and Ka,A ott u" 
"q"31 

y grLd'

The new model- takes the spectral expansion dd#ined on the p-y grid

and evaluates the fields at equal intervals of p or z and y or 0 as

appropriate and then performs any necessary conversion of the

cl i f fusion coeff icients.
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i i i )  The new model uses mass stream functions rather than velocit ies to
specify the advection. This reduces the storage requirements and
automatical ly ensures the conservation of atrnospheric mass.

iv) The new model uses a spatial dif ferencing, scheme that is correct to
second order in the gri i l  spacing. rn contrast, the ord model uses
upwind dif ferencing for t-he advective terms and is correct ^hl '  to
f irst order. rhe consesuence" 

"r 
t i i "  

" . .  
1rr".  ;h:"; ; ; ; i ;""oi ' .n"

old nodel depend more strongly on the resolut ion than would be the
case with a higher order scheme. As part of this effect the upwind
d i f fe renc ing  scheme produces  a  'numer icar  d i f fus ionr  ( l loye ,  losz ;
that is so large in certain cri t ical regions that the effect ive

' dif fusion coeff icients may be more than 100% larger than the
d i f fus ion  coef f i c ien ts  tabu la ted  by  Hyson e t  a l .  (1980) .  Hyson e t
a1. do not give any analysis of the accuracy of their 'mismatchedr
dif fusion scheme (see i i  above) but i t  appears to be only accurate
to f irst order. However, any errors that arise from this aspect
are I ikely to be less serious than those arising from the use of
upwind dif ferencing of the advective transport.  The higher order
accuracy in the new model means that accurate results can be
obtained with low resol-ut ion. A number of the calculat ions
presented in subsequent sections were performed using' both L0 and
20 zones and the dif ferences were found to be very small .

v) The new model uses a spectral representation of the t ime variat ion
and so the transport coeff icients can be made to vary more smoothly
than in the old model.

vi) The new model is irnplemented in a more modular fashion than the old
model. This makes i t  possible to use i t  in a more ftexible manner.
The most str iking example of this is the use of the new model in
the  ' source-deduct ion '  mode descr ibed in  Sec t ion  2 .3  above.  Ent ing
(1994) gives an example of how using a well-structured PascaL/AIgoL
like language, only 6 statements need to be added to convert a
conventional numerical integration procedure into a procedure for
carrying out the source deduction calculat ions. The new model is
actual ly implemented in Fortran-77. In spite of the l ini tat ions of
this language, implementing a source deduction routine st i l l
consists of makJ-ng only minor changes to a numerical inteqration
rou t ine .

4 ModeIl ing Distr ibutions of CCl"F

The d is t r ibu t ion  o f  CCI .F  is  s tud ied  as  a  tes t  o f  the
interhemispheric transport in the model. Figure 4 shows the distr ibution of
sources in space and t ime as used in the nodell ing studies. The prj_mary
source of information on halocarbon sources is the Chemical Manufacturers
Associat ion (CMA, 1,982) .  The total global release is shown for 1950 to 1982
on Figure 4b. The cMA data give the division between hemisphdres as
approxinately 4* southern hemisphere sources and 962 northern hemisphere
sources. within each hemisphere we have folrowed Hyson et al.  (1980) in
assuming the distr ibution of releases is the same as for fossi l  fuel use.
(see notty, 1983). Figure 4a represents the spatial release pattern as a
cumulative distr ibution of rel-ease from south to north. This form of
distr ibution can be applied to defining the relat ive source strengths in each
zone for any grid spacing by taking dif ferences at appropri-ate intervals. A
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number of special studies were performed with BB of the release in the
southern hemisphere, to correspond direct ly 1e fossi l  fuel use. Because of
the l inearity of the model, the intermediate case of 6% southern hemisphere
re lease (as  es t imated  by  Hyson e t  a l . ,  1 -980,  on  the  bas is  o f  aeroso l  usage)
can be obtained by averaging the 4A case and the 8t case.

The observatj-ons that were used as the basis of comparison are 1980
annua l  means f rom the  ALE program (Cunno ld  e t  a1 . ,  1983) ,  nu l t ip l ied  by  a
factor 0.96 which represents the best current est imate of the correction
required to convert the ALE scale to an absolute scale (Rasmussen and
Love lock ,  1983)  .

The studies of CC1?F were undertaken to test the interhemispheric
transport.  However, in the bourse of these studies a major weakness of the
transport coeff icients t tras revealed in that the transport between the
stratosphere and the troposphere was found to be too large. I f  a real ist ic
stratospheric sink was included then the rapid transport into the tropical
stratosphere led to toc short an atmospheric 1: '- fet ime and too large an
interhemispheric gradient. Because of these dif f icult ies, the studies
presented here are for the case with no stratospheric sink. The results are
comparable to observations of CCI2F only to the extent that a l i fet ine of 60
to 90 years can be regarded as in-f ini te. This is a reasonable approximation
when considering interhemispheric gradients but is less suitable for
comparing total inventories. This means that when comparing the ealculated
distr ibution to the observations, the absolute values are of no special
signif icance; i t  is the relat ive changes that should be compared. The
calculated concentrat ions are actual ly those of the lowest layer; they have
not been extrapolated to the surface. In order to bring the observations and
the calculat ions into a singrle convenient range, the observations plotted in
Figures 5 and 6 are annual means for 1980 while the calculated curves are for
30 June and 31 December, 1979. The extent to which the increase over 6 months
is not spatial ly uniform girzes an indication of the amount of spatial
variat ion in the seasonal cycle produced by the model.

Figure 5 compares the observations against model calculat ions using
the transport f ields derived from the GCM,/tracer model. The dashed curves
were calculated using 10 zones and 10 equal height layers (each 0.4 scale
heights) with 4t of the release in the southern hemisphere. The dotted curves
were obtained using the same resolut ion, but with 8* of the release in the
southern hemisphere. The sol id curves on Figure 5 give the results of using
10 zones and 15 equal height layers (up to 4 scale heights) with 48 of the
release in the southern hemisphere. The dif ferences in the absolute
concentrat ion associated with changing the vert ical resolut ion are mainly due
to unreal ist ic small  scale features in the prel iminary transport f ields.
When improved transport f ields are used, the resolut ion dependence is greatly
reduced. fn some prel iminary calculat ions an even stronger.dependence on the
vert ical resolut ion was obtained when the bound K > 5 m"s-'  was not used.
The omission of this constraint,  which simulates 11-rJ effect of small  scale
processes, al lowed the occurrence of large concentrat ions in a shal low
surface layer during sunmer and so induced a strong seasonal signal at high
Iat i tudes in disagreement with the observations (Harris and Bodhaine, 1983,
their Figure 17). Calculat ions usingr 20 zones led to results very similar to
those shown, confirming that, because of the second-order dif ferencing
scheme, there is l i t t le resolut ion dependence in the horizontal direct ion.

Figure 6 compares the observations to calculations using transport
f ields based on those tabulated by Hyson et al.  ( l-980). The dashed curve
shows the results of usinq these coeff icients direct lv in the new model. I t
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is obvj-ous that the interhemispheric gradient is far too large. This is in
spite of the fact that the calculat ions usinq the.transport f ields from Hyson
et al.  l tere performed with 8* of the release in the southern hemisphere in
order to try to reduce the gradient. The discrepancy occurs because the new
model does not include the numerical dif fusion implici t  in the old model due
to the use of f i rst order upwind dif ferencing. As an approximation, based on
the mean value of the numerical dif fusion, the horizontal dif fusion
coeff icients used by Hyson et al.  were doubled. The result ing
interhemispheric gradient is shown as the sol id curve on Figure 6. The
agreement with observations is greatly improved. This sensitivity of the
gradients to the dif fusion coeff icients contradicts the statements by Hyson
et  a I .  ( -1980)  (see a lso  Pearman e t  a I .1983)  tha t  the  t ranspor ts  a re
determined prinari ly by the advection and are relat ively insensit j-ve to the
horizontal dif fusion coeff icients. This disagreement is because the
adjustments performed by Hyson et aI.  (1980) never changed the 'numerical

dif fusionr and so the proport ional changes that they made to the Lotal
dj. f fusion were about 509 smaller than the proport ional changes to their
tabulated dif fusion coeff icients -

interhemispheric Aradients.
Thus the transport coeff icients given by Hyson et aI.  (1980) are

highly specific to their model and cannot be expected to be applicable to
other dif ferencing schemes or other grid spacings. Conversely, general sets
of transport f ields, such as the GCM-based f ields used here, that are good
approximations to the fields applyinq to the continuum limit will be
unsuitable for use in the rnodel of Hyson et al.  In contrast, the use of a
dif ferencing scheme that is accurate to second order makes i t  possible to
use the present model with a range of grid spacings without having to re-tune
the transport coeff icients.

5 The Seasonal Variat ion of

hence the smalI effects on the

( s . 1 )

( 5 . 2 )

( 5 . 3 )

The seasonal variat ion of CO, was modelled as a further test of the
new transport f ields. Because the s6asonally varying sources of CO, are
poorly known the observations of surface concentrations of CO. were us?d to
determine these sources and. the mod.el was validated using high'altitude data.

The first step in determining the sources was to construct a
smoothed representation of the variat ion of surface CO" concentrat ion in
space and time. The function that was used was

c ( x , t )  =  c ^  +  1 . 5 t  +  a ^ ( x )  +  a .  ( x )  c o s ( 2 r t )  +  a ^ ( x )  s i n ( 2 r t )
u  

+  a 3 ( x )  c o 8 ( 4 n t )  + a a 4 ( x )  s i n ( 4 n t )  
z

w h e r e  x  =  0 . 5 ( 1 + s i n e ( l a t i t u d e ) )
The coeff icients a (x) were expanded as

n
J

u 1y ;  =  I  b  cos(mrx)
n ^ n m

m=u
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'rilre z coef f i c ien ts  descr ib ing  space- t ime var ia t ion  o f  co t

according to equation 5.

1
cos  (Tx)

cos  (  2 rx )
cos  (3 rx )

cos  (4 rx )

cos  (5Tx)

1

- 1 . 4 9 0

l  a L

?  ? R

- 3 3 4
- .  8 6 5

. 8 5 0
- . 2 6 4

1 .  8 1 0
- J .  U f , 4

. 8 1 9
- . 7 4 5

cos  (2 r t )  s in  (2 r t )  cos  (4 t r t )  s in  (4 r t )

. 1 0 7  - . 6 3 6
- . 2 2 0  1 . 0 5 8

. 4 7 5  - , 5 5 3
- .  401  .  085

Table 3 Sta t ions  used to  de f ine  spat ia l  var ia t ion  o f  seasona l  cyc le

o f  c o 2 .

S i te

Cape Grin Tas.
Macquar ie  fs .
Mawson
s a b l e  I s .
W.  Sh ip  P
Aler t
Nth Pacific
Barrow
Smoa
south Pole
Fann ing  Is .
south Pole
Baring Head

No.  months  Sca le Reference

Beardsmore  e t  a l .  (1984)

wong & Pet t i t  (1981)

W o n g  e t  a I .  ( 1 9 8 1 )

Har r is  &  Bodha ine  (1983)

M o o k  e t  a I .  ( 1 9 8 3 )

Bacas tow & Kee l ing  (1981)

Lowe e t  a1 .  (1979)

6 9
J '

5 2
6 L
a 4
6 5

1 1 3
7 2
a4
4 9

1 9 1
51,

8 1
8 1
8 1
7 4
7 4
7 4
7 4
8 1
8 1
8 1
6 I

74
74

x

. r74

. 0 9 3

. 0 3 8

.847

. 8 8 3
ooA

.425

. 9 7  4

. 3 7 7

.000

. 5 3 4

. 0 0 0

. 1 7 2

The various coeff icients in the i louble expansion are qiven in
Table 2. The interhemispheric gradient term an(x) was expanded to order J = 5

by f i t t ing the annual means obtained from GMCC surface sites (see Table 8 of
Harris and Bodhaine, 1-983) .  The other coeff icients a- (x) were expanded to

order J = 3 by f i t t ing the composite data set l isted in Table 3. This

composite data set is not suitable for determining interhemispheric gradients

because of the dif ferent cal ibrat ion scales involved. In general,  the data

fo r  each s i te  were  f i t ted  by  a  cons tan t  p lus  te rms in  t '  t2 ,  s65(2nt )1

"1(2n t ) ,cos(4?r t )  
. t rd  .1n(4n t )  a t  each s i te .  For  shor te r  records  (<52 da ta

points) the t2 term was onitted. The corresponding coeff icients describing

the cycl ic variat ion for each site were then f i t ted by a least squares f i t  to

the  fo rm (5 .3 ) .  The seasona l  con t r ibu t ion  to  c (x r t )  i .e . '  the  par t  \ ^T i thout

the a^(x) r the mean c^ and the 1.5t trend, is plotted in Figure 7. Even

though" very few of the" GMCC data were available for constructing this fit,

the contours are generalty similar to those obtained from the GMCC flask
program (Harris and Bodhaine, 1983; their Figure 9).
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Contours of seasonal variation of CO^ concentration from the
func t ion  de f ined by  Equat ions  (5 .1 )  and (5 .2 )  w i th  coef f i c ien ts
fron Table 2, excluding mean interhemispheric Aradient and secular
t rend.

The composite expression was then used to determine the surface
sources of COr. The approach used here dif fers frorn the approach used by
Pearman and Hy-son (1-980) in deducing biospheric Co. sources (see also Pearman
and Hyson 1986) .  The main  d i f fe rences  are

i) Total net sources ( i .e. biosphere + oceans + fossi l  fuel) are
deduced.

i i)  A direct computational technique is used (see Enting, L984l rather
than the iterative approach used by Pearman and Hyson.

i i i )  The present study includes a prel iminary error analysis. The
uncertaint ies in the sources due to uncertaint ies in both the
observed concentrat ions and in the modelts transport f ields are
d iscussed.

The techniques for direct ly determining the sources are described
by  Ent ing  (1984) .  Ent ingrs  ana lys is  a lso  uses  Green 's  func t ion  fo rmal isms to
demonstrate that the problem of determining surface sources from surface
concentrat ion observations wil l  formally have a unique solut ion. In practice
this unique solution is rather poorly determined by the observatj-ons because
it is ultimately the rates of change of concentration that determj-ne the
sources .

The numerical technique consists of sinply performing a stepwise
time integration to determine the concentrations at griil points above the
surface. The transport model requires values of the concentrations at the
previous t ime step (or for the predicted value at the current t ine point).
For the surface sites these concentrat ions are obtained from expression (5.1)

J
M o n t h
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Biospheric source strengths for 10 equal area zones as given by
Peaman and Hyson (1980)  in  g iga tons  o f  carbon per  year ,  (a )
noxthern henisphere, (b) southern hemisphere. The Antarctic
regions (zone 1) are assured to have no biospheric sources.

and the concentrat ions at the other grid points are generated at successive
times by the numerical integration scheme. At each t ime step, Equation (3.5)
is appl ied at al l  surface sites to determine the surface source strength. The
transport model routines are used Lo evaluate the transport terms in Equation
(3 .5) .  The t ine  in tegra t ion  is  s ta r ted  us ing  a  un i fo rm CO,  d is t r ibu t ion .  The

procedure converges rapidly and a steady periodic sour6e distr ibution is
achieved after 2 or 3 cycles. The surface CO. concentrat ion is matched to
the concentrat ions in the centres of the model 'cel ls at the lower boundary.
It is not appropriate to perform any extrapolatioie to the surface because the
bottom few ki lometres of the atmosphere are well-mixed over the t ime scale
for which the 2-d model is appl icable.

The main results of these calcufat ions are described in the
fol lowing f igures which give source strengths deduced for various cases. For
comparison, Figure 8 shows the biospheric source strengths given by Pearman
and Hyson (1980) grouped into 10 equal area zones. Figure 9 shows the total
source strengths deduced using the techniques described above with Eulerian
mean stream functions and the dif fusion coeff icients from Hyson et a1. (1980)
and the K rs mult ipl iecl by 2 as described in Section 4. Figure l-0 shows the
source st lSngths deduced using the transport coeff icients from the GCMltracer
model. For each set of transport coeff icients, the calculat ions vrere
performed- using the model with B equal pressure layers and 10 equal area
zones. While Lhe source strengths are general ly similar in the northern
hemisphere, there are signif icant dif ferences in the southern hemisphere.
Relat ive to the case calculated using Eulerian stream functions, the sources
deduced using the cCM results have an addit ional component representing a net
transport of carbon from low to high lattitudes in the southern hemisphere of
several gigatons per year. I t  should be noted that the source deduction
problem is relat ively i l1-condit ioned (Enting, 1985b) in that small-scaIe
detai ls wi l l  be swamped by errors in both the concentrat ions and the model.

M
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Plots of net source stfength in gigatons carbon per year for 10
equal area zones 1 (southernmost) to 10 (northermost) calculated
using surface concentrations with coefficients from Table 2 in
Equat ion  (5 .1 )  and us ing  Eu ler ian  mean c i rcu la t ions  in  the  modet .
(a) northern hemisphere sources. (b) southern hemisphere sourceg.

while the major contr ibutions to the northern hemisphere sources
were similar with each set of transport f ields and similar to the biospheric
sources deduced by Pearman and Hyson ( l-980) some init ial  calculat ions using
the cCM based transport f ields without the constraint K-- > 5m'/sec implied
source i l istr ibutions that vrere more highly local ised in f t ia- lat i tudes of the
northern hemisphere. This result underscores the importance of the
small-scale vert ical transports. Fung (1985) has pointed out that the GISS
GCM treats such transports in a highly simpli f ied manner. This may be the
reason for the vert ical attenuation of the seasonal signal in Fung's study
being smaller than is observed and, as discussed by Enting and pearman
(1986) '  being consistent with much stronger biospheric sources than those
deduced by Pearman and Hyson (1980). This point is discussed further by
Pearman and Hyson (1986) .
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Fig lot As for Figure 9 but calculated using transport f ields from the
GCM/t13gg; P66t1'

The 'val idation' tests are shown in Figures 11, i .2 and 13 which
compare the model calculat ions with observations in the mid-l-at i tude southern
hemisphere, the mid-lat i tude northern hemisphere and the tropics respect-
iveIy. In each case the model results refer to the same two cases that were
considered above: f i rst ly the case with the transport coeff icients from the
ccV/tracer modeI, plotted as dashed curves, and secondly with the transport
coeff icients derived from those given by Hyson et al.  (1980) with the K
field doubled, plotted as dotted curves. Figure l- j-  shows the southeFX
hemisphere results for lat i tude 44S and levels of 438mb (upper curve of each
pa i r )  and 938mb ( the  sur face  ce l l ) .  Equat ion  (5 .1 )  de f ines  the  lower
boundary condit ion and so was the same for each of the calculat ions.

DN0SMAM
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Fig L1: Seasonal cycle at high altitude in the southern henisphere. Pairs

of curves are for 438mb (upper curves) and 563rnb (lower curves),

all at latitude 44s. Dashed curves are calculated using transport

f i e l d s f r o m t h e G c M , / t r a c e r m o d e L . D o t t e d c u r v e s a r e c a l c u l a t e d
u s a n g t r a n s p o r t f i e l d s w i t h E u l e r i a n m e a n s t r e a m f u n c t i o n s . T h e
solid cune is the surface concentration that was fitted'

The relevant data for comparisons are from the CSIRO air.craft

sampting program (Pearman and Beardsmore, 1984). The model calculat ions do

not replesent the observed phase of the seasonal cycle part icularly well '

However the nodel results, part icularty those using the GCM transport f ields'

do represent the observed ampli tudes reasonably well  and in part icular they

show how the arnpl i tude increases with height. In addit ion, the model results

reproduce the observed feature of having the peaks occur earl ier as the

height increases through the troposphere. Given this gual i tat ive agreement,

i t  is possible that the disagreement in the phases is due to the

uncertaint ies in the phase of the surface variat ions since the seasonal cycle

in the southern hemisphere is poorly determined and is subject to signif icant

interannual variat ions (for further discussion see Thompson et al. .  1986).

/ \ ,
\
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ELg L2: Seasonal cycle at high altitude in the northern hemisphere at 438mb
and 44N. Dashed curve is calculated using transport f ields from the
ccMltracer model. Dotted curve is calculated using transport f ields
with Eulerian mean stream functions. The circles connected by the
solid l ine are detrended data for 5 to 6km from Tanaka et aI.
( 1 9 8 3 ) .
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Figure 12 shows the results for the northern hemisphere (44N at

438mb). The data shown on the f igure are from Tanaka et aI.  (1983) with a

trend of 1.5 ppmv/yr removed; the height is from 5 to 6 km. rt  wi l l  be seen

that the model calculat ions give too small  an ampli tude in each case.

Original ly i t  was thought that this discrepancy may arise from the fact

that, as described in Section 2, the present calculat ions do not include a

complete representation of the small-scale dif fusion processes. Subsequent

tests with complete K", f ields have shown that the discrepancy remains.

p p m v
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3

2
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t  1 9  r J :
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M on th

seasonal cycl-e at high altitude in the tropics (6S) at 563mb.

Dashed curve is calculated using transport f ields from the

c]Ll/Eracer nodel. Dotted curve is calculated using transport f ields

with Eulerian mean stream functions.

Figure 13 shows the variat ions at 65 and 563mb. This location would

correspond to the Cosmos station in the GMCC network. The relevant data have

not been published in numerical form but are plotted in Figure 5 of Bodhaine

and Harris OgB2). While the observational record defines the seasonal cycle

rather poorly, i t  appears that the observed cycle has a peak to peak

anplitude of about 5 ppmv which is more than twice the value calculated using

the GCM fields and 4 or 5 t imes the value calculated using the Eulerian mean

ca lcu fa t ions .
Fina1ly, the uncertaint ies in the sources obtained by the

techniques described here must be discussed. The most obvious indication of

the possible uncertaint ies is given by a comparison of the sources deduced

from the two dif ferent sets of transport coeff icients. As mentioned above,

the main differences occur in the southern hemisphere where for the same

surface concentrat ion values the dif ferent circulat ion patterns imply

signif icant dif ferences in the locations of the regions which act as net

sources and sinks.

DN0SAMAM
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Fig 14: Changes in source strengths due to changing the truncations used in
fitt ing the spatial variations as calculated using the transport
fields from the cCM tracer mode1. (a) northern hemisphere (b)
southern hemisphere.
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The other contr ibution to the uncertaint ies in the sources is, of
course, the uncertainties in the concentrations that are fitted. Because the
source deduction calculat ions are l inear, i t  fol lows that errors in the
sources can be obtained by applying the source deduction procedure direct ly
to estimates of the errors in the concentrat ions that are f i t ted. As an
indication of the possible uncertaint ies, Figures L4 and l-5 show the
changes in source strengths in each zone associated with changing the order
of the expansion of the seasonal variat ion. The dif ferences in
concentrat ion are the dif ferences obtained by changing the l ini t  of the
sunmat ion  f rom J  =  3  to  J  =  2  fo r  n  >  O in  Equat ion  (5 .3 ) ,  i .e .  we cons idered
truncation errors in the function plotted in Figure 7 but no change was made
to the interhemispheric gradient or the secular trend. Since the data are not
obtained from uniformly spaced sites, changing J wil l  lead to a change in al l
of the coeff icients obtained by a least squares f i t .  An inspection of the
curves shows that rnuch of the uncertainty is associated with the distribution
of the sources within each hemisphere at any particular time.

As noted above, the source-deduction problem is i I l -condit ioned in
that the sma1l-scale detai ls of the sources are very sensit ive to errors in
both the model and the concentrations. This has been appreciated since the
work of Bol in and Keeling (1963) who concluded that rno detai ls of the
distr ibution of sources and sinks are rel iable'.  The condit ioning of a
model can be described by the behaviour of the error amplification as a
function of the meridional wave number. The one-dimensional dif fusion
model used by Bolin and Keeling had the error anplification growing as the
square of the wave number. As reported by Enting (1985b) the present model
gives a l inear growth in the error arnpl i f icat ion as a function of
meridional wave number. Subsequent tests .using the transport f ields from
Hyson et al.  (1980) show that a similar l inear growth also occurs j-n that

case. Although the i l l -condit ioning in the present model is not as severe as
in the less real j-st ic model of Bol in and Keelin9, i t  st i l l  leads to serious
problems, part icularly when attempting to deduce southern hemisphere sources.
In the southern hemisphere, the seasonal cycle is relat ively
poorly-determined and these uncertaintj-es will be magnified by the source
deduction process. one possibi l i ty for improving the rel iabi l i ty of
estimates of surface sources is to perform some type of constrained inversion
by using upper tropospheric data. A series of studies to determine the
extent to which such data might stabi l ise the source-deduction problem is
currently in progress.
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6 Carbon-14 And Other Products Of weapons Testing

The radioactive debris from the test ing of nuclear weapons has
often been used in the cal ibrat ion of atmospheric transport models,
part icularly one-dimensional (height only) models. Such tracers would seem to
be ideal for this purpose because in many ways the release pattern can be
interpreted in terms of the mathematical ideal isat ion of a 'point-sourcer.

While the test programs of the USA and USSR spanned the period 1945 to L962,
each test series involved releases that were much greater than any previous

series. Therefore at most t imes since 1950 the amount of any long-l ived
rad.ioactive tracer in the atmosphere has been determined mainly by whichever
of the najor test series had occurred most recentlY,

Our attempts to model the behaviour of 
'=C 

in the atmosphere have
however encountered considerable dif f icult ies. Some of these dif f icult ies are
to be expected because, l ike most other tracers, there are uncertaint ies in
the atmospheric transports (which are our primary j-nterest here), the sources
(much of the j-nformation is classif ied as secret) and the biospheric and

oceanic sinks (since the isotopic equi l ibr iat ion wil l  be determined by the
gross carbon f luxes rather than the net f luxes involved in carbon cycle
modell ing). These dif f{gult ies have led to much confusion concerning the

seasonal variat ions of 
* 'C 

during the period 1'962-1'967.
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ir the northern troposphere as calculated by Hyson
( p e r s . c o m . ,  s e e  a l s o  P i t t o c k ,  1 9 8 3 )  .

6.1 Diff icult ies with the Seasonal Variat ion of Carbon-14

The, ocurve in Figure 75 is a representation of the observed
variat ion of 

^-c, 
expressed as A-14, the deviat ion of the isotopic rat i-o from

the standard rat io. f t  is based on samples col lected at coastal si tes (al l  on
the west of the et lantic) using 7-day col lect ion periods (Nydal and Lovseth,
1983). The most str iking feature of the curve is the seasonal variat ion which
showed a peak in August 1963 and had peaks in July in subsequent years.

The main possible explanations for the seasonali ty are:

i)  The seasonali ty ref lects the seasonali ty of the stratospheric inject ion.
i i )  The seasonpli ty ref lects the stratospheric inject ion, modif ied by the

fact that 
* -C 

is not "rained out" l ike other radioactive tracers and so
continues to accumulate even when the net inject ion rate is fal l ing.

i i i )  The seasonali ty ref lects the combination of seasonal j-nject ion as
described above with the amount of accumulation. ,,;rnodulated by strong
seasonal variat ions in the rate of loss of 

'=C 
to the southern

hemisphere.
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The surface variat ions observed by Nydal and others simply do not
represent the behaviour of the bulk of the troposphere and that above
the surface the seasonal behaviour is quite dif ferent to that shown in
Figu4e, L6.
rhe 

--c 
signal is due to local sources and so the signal observed by

Nydal and Lovseth is not zonally representative.
vi) The season,ar| variat ion is due to seasonal variat ions in the rate of

uptake of 
-=c 

bv the oceans.
vi i)  r ire seasonali ty is due to biospheric effects.
vi i i )The seasonali ty is due to contamination effects from fossi l  fuel COr.

6.2 Seasonal Inf luences On Carbon-l4 From Atnospheric Transport

rhe f irst four of the eight possible explanations of the seasonal
variat ion of 

t*C 
involve the detai ls of the zonally averaged atmospheric

transports. The other explanations invoke effects that require the modell ing
o f  add i t iona l  p rocesses .  These o ther  poss ib i l i t i es  a re  d iscussed
quali tat ively in Section 6.3 below.

First ly, in connection with explanation (v) above' i t  must be noted
that surface data from Barroy (Young and Fairhal l ,  1968) and Central Europe
(Munnich and Voge1, 1-963) confirm the seasonal cycle described by Nydal and
Lovseth. I t  should also beonoted tha! the seasonal variat ions of most other

radioactive tracers (e.g. -"Sr 
qqd "H) show peaks in the northern spring

compared to the sulilner peaks of 
'*C. 

A large number of data sets for such

tracers are reviewed by Reiter ( l-978).

Figure 17 ql;ows the results of a prel ininary modell ing study of

the distr ibution of 
'=C 

in the atmosphere. These results were obtained by

Hyson (personal communication) using the 'old'  two-dirnensional model. The

ocean sink uses the formalism described by Pearman et al.  (1993) to determine

seasonally varying gross f luxes of COr. The isotopic f luxes are determined by

taking the isotopic ratios of the sou-rce reservoirs and. applying appropriate
fract ionation factors. A similar approach is used for the biospheric

exchange, but a rather crude representation was used for the gross f luxes.

These were represented by a rescal ing of the net f luxes. A ref ined biospheric

model for userin isotopic studies is described by Pearman and Hyson (1986).

The input of 
'=C 

vras based on estimates of nuclear tgaSt yields assembled by

Enting 0982) and using a conversion factor of 2xl-0-- atoms per megaton. A

brief acqo,;:nt of the calculation with some contour plots of the zonally

averased 
'=C 

distr ibution has been given by Pittock (1983).

Comparing the calculations shown in Figure 17 to the observations

shown in Figure 16 i t  wi l l  be seen that the init ial  rate of increase is too

small  and the seasonal variat ion is virtual ly absent. There are two possible

reasons for the slow rate of increase. First ly because heightprwere based on

cumulated yields the model calculat ions tended to inject the 
--C 

at a higher

alt i tude than that given by Peterson ( l-970). Secondly, and probably more

importantly, the slow rate of increase is due to the l imited accuracy of the

assumption, used by Pearman et a1. in the old modef, that the Eulerian mean

circulat ion in the stratosphere is exactly cancel led by the off-di irgonal part

of the dif fusion tensor.
calculations performed using the new model with the transport

fields derived from the GCM/tracpp model have also failed to reproduce the

seasonal variat ion shown by 
'=C. 

In order to perform a systematic

investiqation on the way in which the model distr ibutes the products of
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nuclear test ing, a series of calculat ions of the distr ibutions from single
point releases was undertaken. The t ime of release was in the (northern)

fa1l of year 1 to correspond approximately with the peak releases of 1961-

and L962. The releases were at the lat i tudes of either Bikini (11-N) or

Novaya Zemlya (75N) and at various heights in the stratosphere.
The most important influence on the observed behaviour at the

surface was found to be the height of release. Most of the tests !{ere
performed using the requa| height '  gr id in order to obtain adequate

resolut ion in the stratosphere. As an example, Figure 1-8a compares the

calculated behaviour at the surface in the northernmqst zone for a release

between 1 .9  and 3 .8  sca le  he igh ts  (so l id  curve)  and a  re lease be tween 2 .7

and 5.3 scale heights (clashed curve). rt  wi l l  be seen that for low

releases the seasonali ty tends to disappear while for higher releases the
peak is several months too early. The cal.culat ions seem to contradict

explanatibn ( i)  above that attr ibutes the seasonali ty direct ly to the

seasona l i t y  o f  s t ra tospher ic  in jec t ion .  S ince ' ra inout '  p rocesses  were  no t

included in the calculat ions leading to Figure 1Ba while of course

interhemispheric transports were included, the results shown are also in

contradict ion to explanations ( i i )  and ( i i i )  above. I t  wi l l  be recal led

that the calculat ions for CCl"F presented in Section 4 suggest that the

G(M/tracer model fields gi\te approximately the correct amount of

interhemispheric transport.  The inclusion of a 'rainoutr effect seems to

have relat ively l i t t le inf luence on the t irning of the peak. I ' igure 18b

compares the northern hemisphere concentrat ions for a release at 29.5 km with

no r ra inout '  (dashed curve)  and w i th  a ' ra inout r  te rm tha t  cor responds to  a

residenc'e t ime of 0.1 year below 300 mb (soIid curve). The reason for this

lack of dependence on the rainout seems to be that so far as the northern

hemisphere is concerned, losses through rainout serve simply as an

alternative to losses through interhemispheric transport.  This would seem to
lre nerf i  crr ' l  ar]v true in the three-dimensi-ona1 calculat ion of Mahlman and

Moxim (1978) where the 'rainout '  was predominantly in the tropics. The

comparison between the data and the direct two-dimensional calculat ions

seems to preclude any of, fhe f irst f ive explanations proposed above for the

seasonal variat ion of 
-=C. 

The t iming of the peaks is signif icantly

dif ferent from the t irnes expected on the basis of seasonal variat ions in

vert ical transport regardless of whether the transBort variat ions are

deduced from the GCM,/tracer model or from observatj-ons of other radioactive

t racers .
The present calculat ions support the conclusion by Karol (1970)

that the spring fallout maximum of most tracers is due to maximum y6rtical
transport . in wi-nter. The rnodetl ing studies would indicate that 

- -C 
does

not continue to build up in the northern hemisphere fgq much lonqer than

other tracers - loss to the southern hemisphere caused 
'=C 

to decl ine in a

manner sirni lar to the way in which other radionucl ides decl ine due to

rainout.
I t  shoutd be noted that neither the calculat ions, nor low lat i tude

observations (Uydat and Lovseth, 1983) support the suggestion of strong

seasonal variat ions in the interhemispheric transport being a cause of the

northern hemisphere variat ions.
The fai lure of the modell ing calculat ions to obtain a consistent

descript ion of the seasonali ty is in agreement with two earl ier studies.

Munnich and Vogel (1963) used a one-dimensional dif fusive model of the

troposphere. They used tr i t ium data to determine the seasonal vari l l ion of

stratosphere to troposphere transport but could only reproduce the 
- -C 

data
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if they used very low values for the horizontal transport.  Young and
Fairhal l  (196e) estimated transports from wind .,$ata and acl justed the
stratosphere to troposphere tr:ansports to f i t  the 

--C 
data. They obtained

maximum inject ions late in spring in contrast to the winter maximum
expected on the basis of other tracers and on dynamical consideration.
Final ly, i t  should be noted that i f  the seasonal cycles of the upper and
lower troposphere were 6 months out of phase the result inq gradients.,  yould
imply f luxes far in excess of what is possible given the amount of 

- -C 
in

the atmosphere. This would suggest that the upper tropospheric cycle
discussed by Fishnan et aI.  (1'979) with peaks in January 1964 and Apri l
1965, arises from the l imitat ions of data that are both noisy and sparse.

6 .3  Other  Seasona l  E f fec ts

There are also considerable dif f icult ies with the other nefhanisms
proposed in Section 6.1 as explanations of the seasonal variat ion of 

--C. 
The

suggestion that the seasonali ty described by Nydal and Lovseth is not zonally
representative would seem to be inconsistent with the data. The high degree
of coherence between dif ferent lat i tudes would seem to preclude any
possibi l i ty of the seasonali ty being due simply to local sources. Tn
addit ion, the observations from Barrow and Puget Sound (Young and Fairha1l,
1968) or from Germany (Munnich and vogel, l -963) give the same seasonal
pattern with peaks in JuIy.

The possibi l i ty of the seasonali ty being due to seasonal variat ions
in ocean uptake was suggested by Young et a1. (1965) on the grounds that the
decrease in the (northern) faI1 must be due to the exchange of carbon into a
reservoir of lower activity. Although this suggestion explains the phase of
t-he signal, because the ocean uptake should be largest in winter, there are
sti t l  a number of dif f icult ies. fn part icular i t  would be expected that the
ampli tude of the seasonal signal would be proport ional to the mean dif ference
in A-14 between the atmosphere and the ocean mixed Iayer. However the
northern hemisphere signal decays more rapidly than would be predicted on
this basis. AIso, the seasonal signal in the southern henisphere is smaller
than would be expected, even without making allowance for the greater area of
ocean. However, as mentioned above, a later study (Young and Fairhal l ,  1968)
which did include a s?Asonal variat ion in ocean uptake, was only able to
describe tropospheric 

- 'C 
variat ions by having the maximum inject ions occur

late in spring. In addit ion, as wil l  be seen from Figure 17, the prel iminary
modell ing study by Hyson which also included a seasonally varying ocean
uptake rate fai ls to give an appropriate season4'1 A-1-4 variat ion.

The last two possibi l i t ies mentioned in Section 6.1 were only
included for completeness and can be readi ly dismissed as giving too small  an
effect to explain the seasonali ty. In principle there are two biospheric
inf luences on the seasonal behaviour of A-14. The f irst inf luence is sinply
a dilution effect due to the seasonally varying, release of CO^ from the
biosphere. This co. wi l l  be of relat ively low 

a=c 
activi ty in the period

immediately following testing and so the dilution would lead to a maximum
in the (northern) faII .  However this cycle would amount to only about 2 to
3t signal in A-14 compared to the 20t that is observed. The biosphere wil l
also affect the L-1,4 seasonali ty by being a seasonally varying sink of
carbon. However, since the maximum uptake occurs in sumrner, the phase is
the opposite of what is required.

The effect of tcontarnination' by locaI
has been discussed bv Tans (1981-) on the basis

sources of fossi l  fuel CO.
of his measurenents in th6
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Netherlands. He estimated a contamination effect of 2t in summer and 4% in
winter. Similarly, Munnich and Vogel (1983) found serious contamination
effects at only a few sites in Europe. Thus in general the effect is far too

small to give the observed seasonal changes even without allowing for the

fact that si tes such as Nordkapp (Nydal and Lovseth, l-983) wil l  have much
less contamination than inland sites in western Europe.

Conclusions

Preliminary transport fields obtained from the GcM,/tracer model of
Mahlman and Moxim (1978) have been used in two-dimensional modell ing of the

distr ibution of several tracers. In view of the fact that the transport
f ields have not been "tuned" in any way, the general agreement between the

model calculat ions and observations of tracer distr ibutions is rernarkably
good. There are however a nurnber of anomalies that suggest that it nay

ult imately be necessary to tune the transport f ields in some way. I t  must

be enphasised that i f  the effect ive transport circulat ion is given by the

smaIl residual arising from the near-cancellat ion of the Eulerian mean

circulat ion and the antisymmetric part of the cl i f fusion tensor then i t  is

to be expected that some aspects of the effective circulation may be poorly

determined.
The studies of the distr ibution of products from nuclear test ing

suggest that the transport fields from the GCM give a reasonable description

of some aspects of transport betweenrrthe stratosphere and the troposphere.

However, as discussed in Section 6, 
-=C 

st i l l  appears anomalous and further

work wil l  be reguired to choose between the various confl ict ing explanations

of the seasonal variat ion.
, While i t  is possible that al l  of the anomalies noted in the studies

presented in this paper could be due to uncertaint ies in the tracer sources

and sinks or uncertaint ies in the observations, i t  seems more piobable that

at least some of the discrepancies are due to the transport formulation.

Subsequent studies, to be reported elsewhere, have used a ref ined

representation of the transport mechanism and revised values of the f ields.

These changes have led to improvements in transport between the stratosphere

and troposphere. In addit ion, i t  may be necessary for the transport

coefficients to be tuned in some way to improve the agreement between the

modell ing studies and the observations of tracer distr ibutions. Such tuning

represents a very complicated process because, in principle'  i t  is necessary

to consider a number of constibuents simultaneously while also taking into

account the uncertaint ies in the various sources. The most appropriate

approach to this type of problem would seem to involve some form of

constrained inversion enploying one of the formalisms used in oceanography
(see for example Wirnsch, 1978, Wunsch and Minster, 1,982) '  ocean chemistry
(Bo l in  e t  a l . ,  l_983) . ,  se ismology  (Wigg ins ,1972,  Pav l i s  and Booker ,  1980)  o r

carbon cycle modell ing (Enting, 1985a, Enting and Pearman, l-986). Further

discussion of such possibi l i t ies is outside the scope of this paper. The

important point to note is that constrained inversion formalisms are helped

considerably by having a good first approximation to the uhknown fields. The

studies presented in this paper would suggest that the transport f ields

derived from the GCM,/tracer model give a good set of 'untuned' transport

coeff icients for use as a basj-s for any systematic ref inement procedure.
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