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The use of the linear wave treatment to describe the eddy motions in a zonal mean model leads to the
identification of the irreversible transient waves as the process responsible for the diffusive transport of
tracers in Lhe stratosphere. Recent estimates based on an idealized general circulation model (GCM)
calculation and the observed transient wave statistics between 20°N and 80°N suggest that, in the
stratosphere, the horizontal diffusion coefficient should be <3 x 10° em? s~ !, a value about 1 order of
magnitude smaller than values previously used in most two-dimensional models. A simple model of
zonally averaged transport of stratospheric trace gases in isentropic coordinates is developed to test this
hypothesis of small eddy diffusion. In this model, the eddy transport arising from the irreversible
transient waves is assumed to act along the isentropic surfaces and is represented by a single horizontal
diffusion coefficient, K. The advective transport in the model is effected by the zonal mean diabatic
circulation calculated diagnostically from a given zonal mean diabatic heating rate, of which no post hoc
adjustment has been attempted. We show that the observed stratospheric distribution of N,O and
HNO, may be adequately simulated in the model with small values of K that are consistent with
physical estimates mentioned above. The result that the observed concentrations of the stratospheric
trace gases can be simulated using small values of eddy diffusion coefficients is expected to be equally

applicable for models in pressure coordinates using the residual mean circulations.

1. INTRODUCTION

Recent theoretical developments over the past decade have
gradually established the physical basis for the so-called two-
dimensional zonal mean models in which the tracer transport
equation can be derived from the three-dimensional continuity
equation by averaging along the zonal (i.e., longitudinal) direc-
tion. This should be contrasted with one-dimensional models
in which the transport equation cannot be constructed by
averaging the three-dimensional equation over the two hori-
zontal dimensions.

A major problem in the formulation of a two-dimensional
model lies in the treatment and the quantification of the so-
called eddy flux terms, which must be modelled by additional
physical considerations concerning the nature of the motions
in the three-dimensional atmosphere. To define the terms that
will be used in this discussion, let us first write down the
three-dimensional form of the equation governing the trans-
port of a species whose volume mixing ratio is f. This is

2 p :
o= ()

where P is the local chemical production/loss rate of the
species in mixing ratio units and D/Dt is the substantial de-
rivative given by
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Equation (1) expresses the local time rate of change of f(&f/or)
in terms of the local rate of photochemical production (P) and
the advection of f{u-VJ) by the three-dimensional motion
field of the air (u).

When (1) is averaged zonally, with the averaging operator
denoted by angle brackets, it becomes

a
5 o+ <)V +u -V =L(P 3

The primed quantities are the deviations from the averages,
ie,( Y=( )—< D, and are referred to as eddies or waves.
Expressing V and u in component form,

vo(l 22
dx’ 8y’ oz

u=(u, v, w)

and

where z is the vertical coordinate, x and y are the horizontal
coordinates in the zonal and meridional directions, and (u, v,
w) are the velocities in the corresponding (x, y, z) directions, (3)
can be rewritten as

a . & - d o a
ALY F K0 == ) F QW= (o= ()
ot dy dz ay
0
+ - (WfD =P )

(In arriving at (4), we have assumed for the purpose of the
discussion that the velocity field in the chosen coordinates
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system is nondivergent, ie, V- u=0) Equation (4) partitions
the transport process into two parts which are referred to as
mean and eddy transports. The former refers to the advective
transport of {f) by the zonally averaged air velocities (v},
¢w>) in the latitude-height plane, whereas the latter arises
from the eddy fluxes of ¢/ in the y and the z directions,
(R

As was first demonstrated by Mahlman [1966], the par-
titioning of the transport process into the eddy and mean
components is not unique, since it depends on how the
average is taken. For instance, an average taken along the jet
stream maximum is different from the zonal average along a
coordinate axis. Similarly, the zonal average of a three-
dimensional field taken on isentropic surfaces could be very
different from the zonal average of the same quantity per-
formed on isobaric surfaces. This is the case for some of the
dynamical terms entering into the transport equation (3). The
nonuniqueness in the separation of the transport processes
opens the possibility that the role played by the eddies in the
two-dimensional transport of tracers may perhaps be mini-
mized by a judicious choice of the averaging procedure. In the
case of the generalized Lagrangian mean formulation [An-
drews and McIntyre, 1978], in which the zonal averaging is
performed along the eddy-displaced path, the eddy flux trans-
port is found to be identically zero. However, due to the fact
that this averaging procedure cannot be performed without a
knowledge of the eddy field, which is not calculated within a
two-dimensional theory, it is by now recognized that the ap-
plication of the theory to the tracer transport problem would
face insurmountable difficulties [McIntyre, 1980; Sze et al.,
1981].

Since the eddies which make up the eddy flux transport are
defined by the deviations of the three-dimensional fields from
the corresponding two-dimensional mean, they cannot be cal-
culated from within the two-dimensional model. One current
approach to resolving this difficulty is to calculate the eddy
fluxes using linear perturbation wave theory [Clark and
Rogers, 1978; Plumb, 1979 Matsuno, 1980; Pyle and Rogers,
1980a; Holton, 1980, 1981; Tung, 1982]. By subtracting (4)
from (1), an equation for f' can be obtained if one ignores,
first, the quadratic terms in the perturbation (primed) quan-
tities and, second, the meridional and vertical mean advection
of f*, which is much smaller than the zonal mean advection.
The equation for [ is given by

DN VIR PP
(5+<“>g)f+”ay<f>+“’az<f>—f’ (5)

With the assumption that 8¢ f)/ét 5 af'/dt (ie. eddy fluctu-
ation time scale much shorter than the time scale of the vari-
ation for the mean quantities), (5) can be solved (see above
references) to give
; , 0 .9 ,
fr=—n—=LfH-0<f>+a (6)
ay dz

In (6), #' and { are the eddy displacements of the air motions
in the y and z directions satisfying

a é ,
(5 + (u) 5—x)n =

(7 D)oo
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(7
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The quantity o’ arises from the eddy chemical term P’, with

2 0\, .
(EE + {uy E)U =P (8)
Using (6), the eddy fluxes take the form
o>
][ | BA ARG
oyl LK, Kadl 80D (W'
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where the elements of the eddy transport tensor may be ex-
pressed in terms of the product of the eddy displacements and
eddy velocities:

K,, =
K., = {'w

Ky}f = <n'uf>
K. =W

Note that there is no explicit dependence on {f) or /' in the
definition of the elements of the eddy tensor; thus the same
eddy tensor is applicable to all trace gases. The role of the
chemical eddy terms ({v'¢"y and {w'g'}) for specific chemical
species was first examined in detail by Pyle and Rogers
[1980b]. In its linearized form, these terms will depend on the
zonal mean concentrations of the trace gases (but not f') in
addition to eddy displacements and eddy velocities. It may
provide strong couplings between different chemical species in
certain regions of the atmosphere [Pyle and Rogers, 1980b;
Garcia and Solomon, 1983; Rogers and Pyle, 1984]. In this
work, we will concentrate on the discussion of the eddy trans-
port tensor arising from transient waves. However, the role of
the chemical eddy may be important in the calculation of
certain species.

Equations (5) through (10) provide a procedure for elimi-
nating the unknown f* from the tracer transport equation.
However, the eddy air displacement terms still remain (in the
definition of the K’s and the chemical eddy terms) and need to
be determined somehow. Different two-dimensional models
can be classified according to their treatment of the eddy
transport tensor and the manner in which the two-
dimensional advective field ({v), {w)) is obtained. The
question of whether the formulation of a particular two-
dimensional model has a physical basis can be addressed by
considering if the K’s can be derived from a physically justifi-
able procedure. Furthermore, the model can be regarded as
diagnostically useful if the magnitudes of the transport param-
eters can be constrained by rigorous dynamical principles.

In early two-dimensional models using pressure coordi-
nates, the eddy transport tensor is parameterized by treating
the deviations (v, w', and 7', {') as due to turbulent motions
[Reed and German, 1965]. Instead of calculating the K’s from
derived values for ¢, w', x', and {’, the magnitudes of the K's
are inferred from observations of temperature and wind field
statistics with the assumption that the heat fluxes ((v'T") and
(wT'>) are given by the product of the K tensor and the
zonal mean temperature gradients [cf. Reed and German,
1965]. Models using these values of the K's have shown that
eddy transport is at least as important as advection in defining
the transport of the stratospheric trace gases. In contrast,
recent work attempts to derive expressions for o', w', 7', and ('
by considering the eddy motions as arising from planetary and
transient wave motions [Clark and Rogers, 1978; Plumb, 1979;
Matsuno, 1980; Holton, 1981; Tung, 1982]. The linear wave
treatment of the eddy displacements provides a physical basis

(10)
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for separating the eddy tensor into its symmetric and anti-
symmetric parts. The antisymmetric part of the eddy tensor
introduces the eddy-induced mean flow which can be com-
bined with the mean circulation to give the diabatic circu-
lation. The symmetric part of the eddy tensor gives the diffu-
sive transport arising from transient wave motions. Although
the diabatic circulation formulation has been adopted by sev-
eral models [Pyle and Rogers, 1980b; Miller et al, 1981;
Holton, 1981: Garcia and Solomon, 19837, the role of the diffu-
sive transport from the transient waves in determining the
distribution of stratospheric tracers remains unclear.

Preliminary estimates based on results from an idealized
general circulation model calculation [Kida, 1983] and ob-
served transient wave statistics [ Tung, 1984] indicate that the
horizontal diffusion coefficient has a value of <3 x 10° cm®
s !, compared with values of ~3 x 10'® cm® s~ ' derived for
the high latitudes in the winter hemisphere by Reed and
German [1965] and Luther [1973]. The recent work of Tung
[1982, 1984] showed that the horizontal diffusion should
dominate over vertical diffusion in isentropic coordinates. The
purpose of this paper is to demonstrate that the stratospheric
distributions of nitrous oxide (N,O) and nitric acid (HNO;)
may be simulated by a model using the diabatic circulation
with diffusion coefficients subject to the above constraints.
Our results indicate that, in a properly formulated zonal mean
model, the transport of tracer is primarily affected by advec-
tion driven by the diabatic circulation with diffusion playing
the role of smoothing out the large gradients created by the
diabatic circulation.

In section 2, we will review the different treatments of the
eddy flux term. The methods for assessing the importance of
eddy diffusion for the transport of stratospheric trace gases
will be presented in section 3. The model developed for this
study is described in sections 4 through 6. Results from nu-
merical simulations of the zonal mean distribution of nitrous
oxide and nitric acid are presented in sections 7 and 8.

2. REVIEW OF TREATMENTS OF THE EDDY FLUX

The two-dimensional eddy tensor (K) can be separated into
its symmetric and antisymmetric part:

|:Ky_v KJ'=:| _ |: K)‘y Kyz‘-‘):| + |: 0 ‘F:| (1 1)
K:_\' K:: K:)“:S) Kz: =¥ 0

where K, = K.,* =(K,, + K,,)/2 and ¥ = (K,. — K,,)/2.
Because a symmetric tensor can be diagonalized via a coordi-
nate transformation and a diagonalized eddy transport tensor
gives rise to Fickian diffusion, the symmetric part of the eddy
transport process represents diffusion (or mixing) along sloped
paths. The term arising from the antisymmetric part ¥ can be
written as

3 (GBI, (g KL
a\,‘(qj 0z )+B:( v E‘y)

il 12
dy 0z dz dy (12)

where W can be identified as a stream function for the advec-
tive velocity (— é¥/dz, ¥/dy) giving rise to the eddy-induced
advective transport of (). We will now review the different
treatments of the eddy flux term where specific physical pro-
cesses are invoked to provide a physical interpretation for the
symmetric and antisymmetric part of the eddy tensor.

It has long been recognized that the observed transport of

2
o)
o

tracers cannot be explained solely in terms of advection by the
observed zonal mean circulation defined on isobaric surfaces.
The so-called Brewer-Dobson circulation [Brewer, 1949;
Dobson, 19567, which is deduced from the observed directions
of tracer transport in the latitude-height plane, has a two-cell
global structure in the lower stratosphere {below ~25 km}
with rising motion in the tropics and sinking motion near
both poles. In the upper stratosphere and mesosphere (be-
tween 25 km and 50 km), the Brewer-Dobson circulation has
only one global cell, rising from the summer pole and subsid-
ing in the winter pole. The observed zonal mean circulation
when viewed in pressure coordinates (({v), {w)),) is quite
different, being opposite to the direction of tracer transport in
some regions of the lower stratosphere during winter [Reed et
al., 1963: Newell, 1963]. Thus eddy flux transports were
thought to play a significant role in determining the direction
of tracer transport in these regions i (v}, {w}), is used to
provide the advective portion of the transport.

The inability of ({v), {w}), to simulate tracer transport is
recognized by Reed and German [1965] in their classical for-
mulation of the two-dimensional tracer transport models. The
effect of eddy transport from large-scale eddies in the atmo-
sphere is included to complement the advective transport from
({0, {w),- The eddies, including those arising from planetary
waves, are however assumed to be turbulent in nature. Instead
of using (7), the eddy flux is derived using the mixing length

hypothesis where the eddy displacements »’ and (' entering
into the K’s are defined as
1’ {
— =17 —— = 13
At At (13}

As a consequence of (13), the K tensor becomes symmetric,
since

1
Ry =<0 = > = iw'y =K, =K,.©  (14)

The magnitudes of the elements of the symmetric K tensor are
inferred [Reed and German, 1965; Luther, 1973] from temper-
ature data and wind field statistics with the assumption that
the eddy heat fluxes ((v'T"», {(w'T"}) are also entirely diffusive
and are given by the product of the symmetric K tensor and
the gradients of the zonal mean temperature. In the original
study of Reed and German [1963], the two-dimensional model
was formulated to study the dispersion of nuclear debris from
bomb tests. Since the gradient of the debris is quite large,
diffusion may play a more important role than advection in
transporting the debris. In such cases, the transport of the
tracer is given by diffusion along the mixing paths determined
from the relative magnitudes of the elements of the K tensor.
These paths are found to slope poleward and downward in the
lower stratosphere in a manner similar to the observed sur-
faces of constant mixing ratio for several trace gases.

In later modeling studies, values of the eddy diffusion coef-
ficients derived in similar ways are used to provide diffusive
transport to complement advective transport in simulating the
distributions of stratospheric trace gases. With the assigned
values of the diffusion coefficients, the calculated mixing ratio
surfaces of the trace gases are found to follow the mixing
paths. Partly because the mixing paths are, to some extent,
correctly fixed by the parameterization of the K's, transport
models adopting the values from Luther [1973] and Reed and
German [1965] appear to give reasonable results for tracer
concentration when compared to available observational data
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[Harwood and Pyle, 1977, Vupputuri, 1978; Pyle, 1980; Ko et
al, 19847. Despite these reasonable agreements, the physical
basis of such models is still lacking [Harwood, 1980]. In par-
ticular, the adoption of the mixing length hypothesis (equation
(13)) which results in the vanishing of the antisymmetric part
of the eddy tensor appears to be in conflict with the recent
development [Clark and Rogers, 1978] which emphasizes the
importance of planetary wave motions in tracer transport.

As indicated in (11), the eddy transport tensor need not be
symmetric. If one follows the linear perturbation procedure
consistently, the displacement field should instead be defined
via (7), which is different from the definition (13) adopted in
the mixing length theory. If (7) is used, one can now show that
there is an antisymmetic component due to stationary plane-
tary waves. In fact, for a steady wave field,
(0n'/8t = 80'/dt = 0), an integration by parts would show

8 g
K, = <(:'<u> x ’1'> == <’?'<”> x C’> = —K,;=%¥
(15)

The net advective transport in two-dimensional models should
then be obtained by combining the advection due to the ob-
served mean circulation ({v), {w)) and the advective trans-
port from the eddy-induced circulation (— 8%¥/dz, @¥/dy). The
function W is related to the heat flux and can be expressed in
terms of the potential temperature 6 as {0V »/(8<0)/0z) in
pressure coordinates [Holton, 1981].

It has been found that in the lower stratosphere the two
typeé of advection are often opposite in direction and the net
advection is a small residue from the cancellation [Hunt and
Manabe, 1968; Mahiman and Moxim, 1978 Dunkerton et al.,
1981]. A physical explanation for this near cancellation can be
found in the so-called “noninteraction theorems” [see Andrews
and Mclntyre, 1976, 1978; Boyd, 1976; Holton, 1980]. The
noninteraction theorems state that if the atmosphere is adia-
batic (no diabatic heating), and the eddies are conservative,
steady, and of small amplitude, then the mean circulation
(v, {w)) exactly cancels the induced advection from the
eddy fluxes. When there is diabatic heating, exact cancellation
no longer occurs, and there is now a small residual transport
driven directly by the mean diabatic heating. The diabatic
heating is essentialy given by the radiative heating in the
stratosphere although the latent heat release in cumulus
clouds should be included for the troposphere. The portion of
the circulation driven by diabatic heating should have mean
upward motion in the region of heating and mean subsidence
in the region of cooling. It is this residual (diabatic) circulation
that Dunkerton [1978] found to have qualitative features simi-
lar to the Brewer-Dobson circulation deduced from tracer dis-
tributions.

The new generation of two-dimensional models formulated
in Eulerian coordinates attempts to take into account a priori
the near cancellation of the two types of advective transports
to arrive at the diabatic circulation directly. There are two
ways of accomplishing this objective. In the “transformed Eu-
lerian mean” models [Andrews and Mclntyre, 1976; Boyd,
1976: Dunkerton, 1978; Matsuno, 1980; Pyle and Rogers,
1980a; Holton, 19817, the observed mean circulation in pres-
sure coordinates ((v, w),) is combined with the eddy-induced
mean flow (— 0W/dz, 3¥/dy) to obtain a new “residual mean
circulation,” which reduces to the diabatic circulation respon-
sible for tracer transport provided that the eddy field is steady,
adiabatic, and of small amplitude. A second approach is to
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formulate the two-dimensional model in isentropic coordi-
nates [Tung, 1982; Mahlman et al., 1984]. In isentropic coor-
dinates, the vertical “velocity,” i.e., the time rate of change of
the vertical coordinate (in this case the potential temperature)
is directly related to the diabatic heating through the thermo-
dynamic equation. Because of this, the observed mean circu-
lation is the diabatic circulation if the zonal average is taken
on isentropic (instead of isobaric) surfaces. No “residual circu-
lation” needs to be defined. Similar to the situation for the
transformed Bulerian mean models, the diabatic circulation is
found to be the circulation for the net advective transport of
tracers, provided the eddies are adiabatic and of small ampli-
tude.

The second-generation models take care of the bulk of the
antisymmetric part of the eddy transport tensor by absorbing
it into the mean advective part. When the eddy field is not
steady, the elements of the symmetric part of the eddy trans-
port tensor become nonzero. One can easily demonstrate from
(10) that the symmetric K tensor can be expressed in terms of
time derivatives of the eddy displacement fields [see Holton,
1981: Tung, 1982]. For example,

a d d
Ky = (oG + 0 2= (7 5m)

(16)

All these components vanish when the wave field is steady or
periodic. It is the irreversible transient processes that give rise
to the symmetric K’s, which lead to diffusive transport.

3. THE RoLE oF EDDY DIFFUSION IN ZONAL MEAN
MODELS OF THE STRATOSPHERE

The values of the diffusion coefficients used in classical two-
dimensional models [Reed and German, 1965; Luther, 1973]
are quite large in magnitude. The adopted values of these
coefficients were inferred from temperature data based on the
assumption that the eddy transport of heat is related to the
same tensor without the antisymmetric components, which we
now find to be important. The validity of the previous pro-
cedure of deducing the diffusion coefficients appears question-
able. Conscquently, there is considerable uncertainty con-
cerning the magnitude of the diffusion coefficients that one
should adopt in the new generation of two-dimensional
models. It is obviously desirable to constrain the choice of
eddy diffusion coefficients by some objective means.

There have been a number of numerical implementations of
the second-generation formulation of two-dimensional models
in which a diabatic circulation is adopted [Pyle and Rogers,
1980a: Holton, 1981; Miller et al., 1981; Garcia and Solomon,
1983; Rogers and Pyle, 1984; Guthrie et al, 1984]. These
models, however, differ [rom each other in their choice of eddy
diffusion coelficients, The work of Pyle and Rogers [1980a, b]
represents the first attempt to assess the importance of the
eddy transport in their model study ol ozone. In the work of
Pyle and Rogers [1980a], a diabatic circulation is first ob-
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tained by excluding the eddy terms in calculating the wind
fields. The results showed that, in the absence of explicit eddy
terms in the trace gas equation, their diabatic circulation
failed to reproduce the observed latitudinal and seasonal dis-
tribution of the column density of O,. In contrast, a much
better result is obtained if the diabatic circulation is augmen-
ted by the eddy fluxes parameterized by Luther’s [1973] values
for the eddy diffusion coefficients. They concluded that a large
eddy transport is needed to augment the poleward transport
of O, and that the eddy terms should be interpreted as an
approximation for the chemical eddies ({v'a’>y, {w'a'D) in their
calculation. However, the result is somewhat inconclusive,
since the numerical experiment for the case without eddy dif-
fusion is not run to steady state because of the occurrence of
negative mixing ratio. In a more recent paper [Rogers and
Pyle, 1984], the chemical eddy portion of the eddy flux for O,
is calculated to have equivalent K,, values ranging from 10°
to 10'° cm? s~ !, With this smaller value of the eddy diffu-
sion coefficient, a satisfactory result for O is obtained il a
subgrid diffusion term is included in the trace gas equation.
We shall show later that, for the case of N,O and HNO;,
satisfactory results with a small eddy diffusion can be obtained
without introduction of a subgrid mixing when numerical in-
stability is suppressed by a new differencing scheme.

There is as yet no comprehensive study to determine the
magnitude and distribution of the diffusion coefficients using
transient eddy statistics and (16). Nonetheless, some order of
magnitude estimates are available. In a tracer experiment
using a simplified three-dimensional general circulation model,
Kida [1983] deduced that the horizontal component of the
diffusion coefficient, K, should have a maximum value of
about 3 x 10° cm? s~ ! in the stratosphere, while the vertical
component, K,,, is found to be at most 1 x 10 cm? s 1, in
pressure coordinates. Based on the observed magnitude of
transient large-scale eddies in the atmosphere between 20°N
and 80°N [Lau and Oort, 1982], the magnitude of K, in the
stratosphere has been estimated by Tung [1984] to be less
than 4 x 10° em? s~ ', in either pressure or isentropic coordi-
nates. These estimates for K, are about an order of mag-
nitude smaller than values deduced for the high latitudes in
the winter hemisphere by Reed and German [1965] and Luther
[1973]. Tung [1984] also gave estimates for the ratio of the
various diffusion fluxes in isentropic coordinates. From those
estimates, one can deduce values of K, and K, in isen-
tropic coordinates to be <10® cm? s~ Uand <10 em? s,
respectively.

The magnitude of the eddy flux term for a trace gas depends
on the magnitudes of the K’s as well as the gradient of {f for
the trace gas. The relative magnitudes of the contributions
from advection and diffusion in either the horizontal or verti-
cal direction for the transport of a particular trace gas with
volume mixing ratio ;> can be roughly estimated by exam-
ining the following ratios:

pie DU L, -
(BloNIK,, (B{f/0y)] K,
@R <o,
Re' = @aniK,, @Upioa K s
O @anCSy)  <wH,
R.,'= ~ 17¢
¥ = oIk, @S] | K., L
Rt 2 KDDL .

(@/02)[K,. (@flin] Ky

2317

where L, and H, are the horizontal and vertical length scales
of <[> (the distance over which A{f;) is comparable to {f))
and are species dependent. The ratios R’ and R’ (R,' and
R,) may be taken as crude measures of the dominance of
advection in the horizontal (vertical) direction. Diffusion is
important il the ratios are comparable to or smaller than
unity. Using the estimates of Tung [1984] for the K’s and
values of 0.25 m/s for ¢v) and 0.5 mmy/s for {w}, we obtain the
following estimates of the R’s for the model in the isentropic
coordinate system

R,*

0.5 km

R, <
372 %1072 km

R,' =

L

i i

R,'~
200 km

The above expressions suggest that in isentropic coordinates
the horizontal diffusion would be comparable to the horizon-
tal advection if L;~ 2 x 10° km or H;= 0.5 km. The con-
dition for the dominance of the vertical diffusion is more strin-
gent requiring that L; ~ 200 km or H; ~ 2 x 10~ 2 km.

In classical two-dimensional models where the magnitudes
for K,,, K,., and K., are as large as 4 x 10'° cm? s~ 1, 107
em? s~ !, and 10* ecm® s~ !, respectively, the corresponding
values for the ratios are

Rim—
1 ™2 % 10* km

Thus the effect of diffusion is comparable to or larger than
that of advection for a much larger range of values for L; and
H, length scales. This finding is consistent with the fact that
the calculated mixing ratio surfaces of the trace gases in model
simulations using the large values of eddy diffusion coefficients
[cf. Harwood and Pyle, 1977; Vupputuri, 1978; Pyle, 1980; Ko
et al., 19847 follow the mixing surfaces defined by the eddy
diffusion coefficients.

In view of the inherent uncertainty in the statistics of both
the observed and general circulation model generated data for
the transient waves, it is perhaps instructive to examine the
stratospheric tracer distributions calculated with different
values of diffusion coefficients. Hopefully, by comparing the
model results with observational data, additional insights may
be gained on the magnitude of the diffusion coefficients. There
are in general three diffusion coefficients, K, K., and K
that should be considered. In pressure coordinates, they are of
comparable importance. If our proposed study of model sensi-
tivity to diffusion were performed in pressure coordinates, a
combination of the three would have to be varied, a very
time-consuming task. Fortunately, it is found [Tung, 1984]
that the isentropic coordinate system behaves like a principal
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axis system for the eddy diffusion tensor. Not only is such a
tensor approximately “diagonalized” in isentropic coordinates,
the horizontal diffusion term K, is the only element of signifi-
cance in the stratosphere. Therefore if the isentropic coordi-
nate system is adopted, eddy diffusion is represented mainly
by mixing along isentropic surfaces, and only a single parame-
ter, K,,, need be varied in a series of model calculations to
determine the proper choice of eddy diffusion coefficients. It is
for this reason that the isentropic coordinate formulation is
adopted here. Our conclusion concerning the role of eddy
diffusion in determining the transport of stratospheric trace
gases should be applicable to the transformed Eulerian mean
circulation formulation in pressure coordinates as well.

In the troposphere, eddy mixing is expected to play a more
important role. Vertical mixing due to convective processes is
known to be important in the troposphere but has not been
incorporated in the above estimates, which are intended to be
for the stratosphere only. Thus a model omitting the mixing
process may not be extended to the troposphere in a straight-
forward manner. However, such a model can still be applied
to species such as nitrous oxide (N,0) and total odd nitrogen
(NOY) which are not sensitive to the detailed specification of
the eddy diffusion coefficients in the troposphere.

4. MopEL IN ISENTROPIC COORDINATES

The detailed description of the formulation of a two-
dimensional model in isentropic coordinates can be found in
the work of Tung [1982]. The key features of the formulation
are summarized in the appendix, along with an approximate
procedure for converting data in pressure coordinates into
isentropic coordinates. Here we will recast that formulation
into a pressurelike coordinate for easier interpretation.

The potential temperature is defined by

- r(@)" (18)
P

where T is the temperature, p is the pressure, pgo is 1000
mbar, and x is R/c, with R = ¢, /c,, where ¢, and c, are the
specific heat at constant pressure and volume, respectively. We
define a new pressurelike function in the isentropic coordinate

system by
'i* 1/x
0) = —=
p.9) Poo( 0)

where p, is the equilibrium pressure [Tung, 1982]. It is a
function of 0 only and can thus be used instead of 6 as the
vertical coordinate. In (19), T, is the latitudinally averaged
radiative equilibrium temperature. As far as the definition (19)
is concerned, T, can be any function of  with the dimension
of temperature. However, our choice of T, enables p, to be
within 20% of the actual pressure p.
The hydrostatic equation in isentropic coordinates is

ap

20 = —4po

(19)

(20)

where g is acceleration due to gravity, p, = p(9z/28) 1s mass
per unit coordinate volume, or “density,” in isentropic coordi-
nates. Evaluating (20) under radiative equilibrium condition

and averaging latitudinally (or globally averaging (20)), one
obtains
dp,
do

= —gp,"” (21)
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where p,© = (j,), is the basic state density profile and is a -
function of # only. Equation (21) provides the Jacobian for the
transformation from 6 to p, coordinates.

We define the vertical velocity, a,, in the p, coordinate as

d
We =~ Pe = —gpy 0 (22)
Thus
(wy = —gps' V0> (23)

where the angle brackets denote zonal averaging keeping the
latitude and 0 fixed.

In isentropic coordinates, the energy equation can be writ-
ten in the form

6 =00/T (24)

where Q is the diabatic heating rate per unit mass divided by
¢,- The zonal mean of (24) is, approximately

@
(T

assuming that [(T'/CT)-(Q/<QM)| and ((T>— T)T, are
small.
Combining (23), (25), and the definition of the static stability

parameter
T, (20
ro=_-<(—
7 (=)

(w,y = —gpa' 4@y

The form (26) is preferred here for practical purposes to the
formulae for the mass flow rate (W) used by Tung [1982].
The calculation for the latter requires the knowledge of (g,
the diabatic heating rate per unit volume, which is not readily
available in the literature. In the present diagnostic study, T
is replaced by (I') = ({T>/0X3{8>/dz) and 0% by {p>.

To calculate the zonal mean horizontal velocity {v), we use
the following approximate form of the continuity equation:

<0y ~0 =~ 0LQ/T, (25)

we obtain

(26)

d 0
= ((w) cos ¢) + — (o) =0 1)
ay 0p.
where y = a sin ¢ with a being the radius of the earth and ¢
the latitude.
(In the work of Tunyg [1982], a slightly different form of the
continuity equation
0 put> + 2 ooy =0 (28)
— {pgv — ~
3y Py a0 Pl
was shown to be a valid approximation. To go from (28) to
(27) involves the additional approximation of replacing p, in
(28) by the basic state density profile p,'®. The rationale for
such a further approximation is discussed in the appendix.)
The species transport equation used in these studies is

3<Af> s = lrems B alf> T oS>
at dy ap,
4
2 (K” cos? ¢ ﬁi) FCPY(29)
ay dy

Equation (29) describes the transport of the zonal mean
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volume mixing ratio {f by, first, the advection of the nondi-
vergent mean diabatic circulation ({v}, {®,>) and, second, the
horizontal diffusion by transient horizontal eddy displace-
ments, K, = (5/d1) L¢n'y>, where ' is the horizontal eddy
displacement to be determined from the small-amplitude per-
turbation equation [(8/81) + {uy (8/0x)]n" = v'.

The diffusion terms K, and K_. which arise from the verti-
cal transient eddy displacements are neglected in (29). Tung
[1984] has presented some observational evidence for the
stratosphere showing that the vertical cddy displacement
terms in the isentropic coordinate system are small. Conse-
quently, the contributions from the K, and K, terms are 1 to
2 orders of magnitude smaller than the horizontal diffusion
term retained in (29). On the other hand, the neglect of eddy
advective transport in (29) is less well justified. The eddy dia-
batic advective transport arises when the perturbation diaba-
tic heating rate (Q') is nonzero [cf. Tung, 1982]. It can be
neglected in comparison with the mean advection ({v), {w,))
if Q' is smaller than the mean heating {Q>. However, there is
some evidence that Q' is about 1 to 2°C/day in the strato-
sphere, about 2 to 4 times larger than {Q> in the same region.
If this is true, the eddy diabatic advective transport should be
comparable in magnitude to the mean diabatic transport.
Rood and Schoeberl [1983] estimated a value for the eddy
advective transport of about 30% of that due to the mean
diabatic circulation. Nevertheless, it seems that there is no
need at present to explicitly incorporate the eddy advection
terms because, first, they can be implicitly included in (KD,
(®,>) by redefining the diabatic heating rate {Q) to be
OO = {0 + (8/oy)n' Q' [see Tung, 19847 and, second,
with the large uncertainty in (Q} in the present diagnostic
study we cannot distinguish (@7 from {Q>*.

Finally, in the present calculation, only the mean photo-
chemical source term is included in the term (P}. The eddy
source terms include terms arising from the covariance of the
deviations of the species’ concentrations from their zonal
mean values [ Tuck, 1979] and the chemical eddy terms (v'a”y
and ¢{w'a’y [Pyle and Rogers, 1980b; Tung, 1982; Garcia and
Solomon, 1983 Rogers and Pyle, 1984]. In the present study,
both forms of eddy source terms are excluded from the trans-
port equation.

5. NUMERICAL METHOD

The present model uses the latitude () and the logarithm of
the equilibrium pressure ({, = log (po/p.) Po = 1000 mbar) as
coordinates. The two-dimensional space (latitude/altitude) is
covered by a 19 x 17 grid. There are 19 latitudinal belts
covering the globe from pole to pole, each ~10° (10* km)
wide. The vertical levels are constant in {, with A{, =05
(~3.5 km). The lower boundary, defined by p, = 1000 mbar,
corresponds to a geometrical altitude of 0-2 km depending on
the atmospheric temperature. The upper boundary is at about
55 km.

One of the purposes of this study is to assess the role of the
(horizontal) diffusion due to transient (horizontal) displace-
ments in determining trace gas distributions. OQur experience
showed that if K is set equal to zero in (29), the solution of
the equation depends rather critically on the numerical
method used. Since (29) is a partial differential equation with
nonconstant coefficients, aliasing instability can arise in the
solution [cf. Roache, 1982]. This problem is very severe if
centered differencing is used for the equation without any ex-
plicit damping term in the form of eddy diffusion coefficients
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or higher-order subgrid scale mixing. The upwind differencing
scheme alleviates this problem at the expense of introducing a
large implicit numerical diffusion [cf. Molenkamp, 1968;
Roache, 1982: Chock and Dunker, 1983]. Thus the adoption of
cither method makes it difficult to ascertain the role of K, in
the solution.

Our model uses the iterative upstream finite differencing
scheme proposed by Smolarkiewicz [1983]. This scheme is
positive definite, because it uses only upstream space differ-
encing, and conservative, since fluxes are computed at grid
box boundaries. We found it preferable to centered space dif-
ferencing schemes because it also possesses the transportive
property; i.e., perturbations in a fluid property can be advect-
ed only in the direction of fluid flow, a desirable feature in an
advective model. We also find that this scheme does not gen-
erate negalive species concentrations provided that the time
step is not too large, and so no “borrow and fill” type remedy
is needed.

The Smolarkiewicz scheme removes much of the implicit
diffusion of an upwind scheme by adding a corrective step to
each time step. The corrective step again uses the upstream
differencing scheme but substitutes an “antidiffusion velocity”
for the model wind velocities. The antidiffusion velocity is
defined as

. (24 1/2.1 A¢ — At 1’i+1;2.j2)(fi+1,j* —fis")
(fi,j* +fi+i.j* + &) Ag

*

Ditay2,j

(30)

(lo; j4 1,2 AL — At w4 1122)(ﬁ,j+1*—ﬁ.j*)
(fij* +fije™ +8) Al

Wi j+142

where [* is the result of the uncorrected upstream step and ¢
is a small value (10~'%) used to avoid division by zero. The
original formulation of Smolarkiewicz suggested the use of an
optimization factor which produces better results in his sensi-
tivity studies. This factor is not used in the present study as it
does not significantly improve our result in the limited
number of cases we tried. We have performed sensitivity
analysis using advection by a circular wind field similar to the
work of Molenkamp [1968] and Chock and Dunker [1983] and
estimated that the effective numerical diffusion coefficient cor-
responds to K,, ~ 1 x 10% cm? s~ '. The species transport
equation (29) is solved using forward time differencing with a
time increment of 4 hours.

6. DiagNosTIC CALCULATION OF THE CIRCULATION

Heating rates for January were taken from Murgatroyd and
Singleton [1961] above 25 km and from Dopplick [1979] be-
tween 25 km and the tropopause. Although Dopplick’s [1979]
result included values for the troposphere, his values are not
applicable in that region since latent heat release was not
included as evident from the fact that his result shows radi-
ative cooling at all latitudes below 15 km. We have introduced
a positive (Q) region in the tropical troposphere in accord-
ance with the recent data of Wei et al. [1983]. There is some
indication that the heating rates for the 1961 study of Mur-
gatroyd and Singleton are too high by perhaps at least a
factor of 2 around the 20- to 35-km region as compared to the
more recent result of Dopplick for the same region, To avoid
the mismatch of the two data sets near the 25-km level, we
choose to globally (instead of point by point) fit the three data
sets with a sum of hyperbolic functions, with bias toward
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TABLE 1. Parameters Used in Fitting the Heating Rate Data

A Zis
deg/d h; o; km v;
5.5000 2.8000 —85.000 62.000 2.2000
1.4000 9.0000 0.000 53.000 2.3000
1.1000 3.0000 —35.000 35.000 5.0000
—13.800 9.0000 85.000 70.000 3.3000

—3.5000 5.5000 64.000 60.000 2.5000

—2.3000 4.2000 40.000 50.000 3.5000

—0.30000 4.0000 40.000 2.0000 3.5000
0.30000 1.9000 0.0000 10.000 3.2000

— 1.6000 2.8000 —70.000 25.000 2.6000
0.20000 8.0000 30.000 18.000 4.0000
0.40000 2.0000 20.000 70.000 20.000

—1.5000 2.0000 —10.000 80.000 40.000

Dopplick’s values in the lower stratosphere:

(Q(¢, 2) = X A; sech [h(¢ — ¢)/90°]

i=1
x sech [v(z — z;)/40 km] (31)
where z is the geometrical altitude, A, h; ¢ v, and z; are
parameters listed in Table 1.
The vertical velocity in the equilibrium-pressure grid is
given by

(w,> = — {prgQ>/<T> (32)
where ¢(I') is the static stability (g/c,) + (8¢T»/dz). The value
of 8(T>/éz is usually small in comparison with g/c, for the
present study. The model calculated temperature of Harwood
and Pyle [1977], which is close to the observed, is used in the
calculation of <I'>. In evaluating (32), the function {Q} is
reexpressed approximately in the equilibrium pressure coordi-
nates (see the appendix). The quantities on the right-hand side
of (32) are evaluated as functions of ¢ and p,.

The zonal mean continuity equation (27) implies the exis-
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tic heating rate (degrees/day) used for calculating the meridional
circulation. The heating rate is obtained by fitting the results of Mur-
gatroyd and Singleton [1961], Dopplick [1979], and Wei et al. [1983]
to a sum of hyperbolic functions and making adjustment to ensure
mass conservation.
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tence of a stream function ¥ with

IR .
" acos ¢ v>_—cos¢6pe

(33)

(@e)

The boundary condition imposed on the circulation is that i
should be zero at the boundaries. The {Q) obtained from the
data set does not necessarily lead to a y that vanishes exactly
at the two poles. To ensure strict mass conservation in the
computational domain, we employed the technique used by
Murgatroyd and Singleton [1961] in which a small correction
A is added to d¢w,)/dp, at each pressure level such that

w2
j (a—<w—e>+A)cos¢)dq§:0
—-xn/2 ape

The corrected (v} and {w,) fields were used to calculate the
stream function i and also to recalculate the heating rate
{0>. This new {Q>, which is only slightly changed from the
original, is shown in Figure 1. The calculated (@} is also in
overall agreement with the heating rate of Wehrbein and
Leovy [1982] in the upper stratosphere.

The stream function for January (i) is calculated using the
{Q> in Figure 1. Annual variation is obtained by recalculating
the stream function at 10-day intervals, assuming a sinusoidal
seasonal variation with

WW+¢5+WM-_¢5COSE
2 2 365

(34)

(35

() =

where t is the day of the year (January 1 = 1), and {, is the
July stream function obtained from ., by switching the two
hemispheres. Streamlines for January 1 and September 1 are
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shown in Figure 2 where they are expressed in terms of pres-
sure coordinate converted approximately from 0 using <(T? in
place of T (see the appendix).

7. SIMULATION OF TRACE GAS DISTRIBUTIONS

The availability of recent field data for many stratospheric
species makes it possible to diagnose the appropriateness of
various transport mechanisms by comparing the model calcu-
lations with observations. The upward diffusing species includ-
ing N,O, CH,, and CFC’s are particularly useful for this pur-
pose, since they are characterized by relatively simple chemis-
try and their photochemical time constants in the stratosphere
are comparable to those of transport.

Nitrous oxide (N,O) is released at ground level and is trans-
ported into the stratosphere where it is removed mainly by
photolysis. The reaction of O(*D) with N,O

N,O + O(*D)— 2NO

is a relatively minor sink for N,O, but it provides the domi-
nant source of odd nitrogen in the stratosphere. The sum of
various odd nitrogen species [N] 4 [NOJ+ [NO,]
+ [HNO,] + [HNO;] + [CINO;] + 2[N,0s] is often re-
ferred to as total NOY. Removal of NOY in the stratosphere
is mainly due to

N+NO-N,+0

In addition. the NOY species as a group is transported into

-1

the troposphere where it is removed by heterogeneous pro-
cesses such as rainout, washout, and cloud scavenging. In its
role as a downward diffusing species, NOY, which has a rela-
tively simple chemistry, can be used as a role model for the
behavior of Q5. The concentration of HNO; may be readily
derived from the NOY distribution assuming the partition
between various nitrogen species is determined by equilibrium
chemistry. A full diurnal photochemical model [Ko et al.,
19847 is used in the calculation of the NOY species including
HNQ;. In this calculation, the distribution of ozone is taken
from Ko et al. [1984].

Our numerical results include simulations for N,O, NOY,
and HNO,. Each of these species may be used for testing the
various aspects of the transport scheme incorporated in our
model. For instance, the relatively steep vertical gradient of
N,O as revealed by observations should be useful for testing
the appropriate choice of K. in the model. However, the
horizontal gradient of N,O is relatively small; thus we expect
N,O to be less sensitive to different choices of K, Nitric acid
(HNQj,), because of its shorter photochemical lifetime of
about several weeks, is expected to be much more sensitive to
K,,. Observations [Girard et al., 1983; Gille et al, 1984] indi-
cate that the column density of HNOj varies by more than a
factor of 10 between the equator and 60° latitude, implying a
horizontal length scale as small as 10® km. A rough estimate
from (17) would suggest that the spatial distribution of HNO,
could be sensitive to K, even if its magnitude is less than
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N,O with results from other models. The calculated profiles
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3 % 10° ¢m? s~!. The present work is designed as a first step
to estimate the order of magnitude for the eddy diffusion coef-
ficient. A constant value of K, will be used in each of the
calculations. It is likely, however, that K,, could be a function
of latitude, altitude, and seasons.

The calculated stratospheric distributions of N,O and NOY
are not sensitive to the precise formulation of mixing processes
in the troposphere in our model. Nitrous oxide has a long
tropospheric lifetime and is observed to be well mixed in the
troposphere. A fixed mixing ratio lower boundary condition is
used for N,O in the simulation to maintain the observed sur-
face concentration of 300 ppbv at all latitudes. Because of the
lack of gradient in the troposphere, the calculated distribution
of N,O is not sensitive to the representation of a mixing pro-
cess in the troposphere. The total odd nitrogen is removed
rapidly in the troposphere by a heterogeneous process with a
lifetime of about 10 days. Thus little tropospheric NOY will
be transported into the stratosphere. This also means that the
choice of lower boundary values for NOY, set at 0.1 ppbv,
should not affect the model-simulated stratospheric distri-
bution.

As mentioned in section 4, we have not incorporated the
chemical eddy terms into our present model. Consequently,
(P> is calculated using the zonal mean values for the species
concentrations. In order to facilitate comparison with obser-
vations, the results calculated in the equilibrium pressure co-

ordinates will be transformed into the usual pressure coordi-
nates according to (18) and (19).

8. RESULTS AND DISCUSSION

N,O

Calculations were performed using the derived diabatic
circulation but with different values for K, (K,, =0, 1 x 10°
em? s~!, 3 x 10° cm? s~ !, and 1 x 10'° cm? s™1). In each
case, the model was run to an annually periodic state. Figure 3
shows the vertical profiles of the volume mixing ratio of N,O
for the equatorial and mid-latitude region for summer and
winter with observed data. Note that the present calculations
are performed using the values of the O, cross section in the
Herzberg continuum as recommended by World Meteorologi-
cal Organization/National Aeronautics and Space Adminis-
tration [1981] (hereinafter referred to as WMO/NASA
[1981]). If the smaller values of the O, cross section [Herman
and Mentail, 1982] were used, the calculated stratospheric
concentrations could be reduced by about 20% above 30 km.

In general, the model calculated results compare quite well
with observation in these latitudes. There is no significant
display of sensitivity to the value of horizontal diffusion coef-
ficient used for this particular species. However, we will show
below that the model results for N,O are quite sensitive to the
choice of vertical diffusion coefficient.
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To see how our advective model performs in relation to
other two-dimensional models using the residual mean formu-
lation, we present in Figure 4 a comparison with the model
results of Miller et al. [1981], Garcia and Solomon [1983], and
Guthrie et al. [1984]. The differences between these models
should be attributed, in our opinion, mainly to the difference
between the various sets of transport parameters and not to
the difference between the residual mean and isentropic coor-
dinate formulations, as all models use a similar diabatic circu-
lation approximately computed from the mean diabatic heat-
ing rate in essentially the same manner. Both Miller et al.
[1981] and Garcia and Solomon [1983] used diffusion coef-
ficients with magnitudes comparable to those used in the con-
ventional models. As discussed in section 3, these values are
probably too large by an order of magnitude in models al-
ready incorporating a residual diabatic circulation. The large
diffusion coefficients, in particular, K. for the present case,
yield a smaller vertical gradient for the N,O than observa-
tions indicate.

The calculated profiles from the model of Guthrie et al.
[1984] appear to be closest to ours (and to the observed data),
though there are still some significant differences in the mid-
latitude region. Guthrie et al. used K,, = 2 x 10° em* s ™! and
K..=2x 10 cm? s7', which are within the physical range
suggested by Kida [1983] and Tung [1984], and consequently
obtained a sharper vertical decay in the vertical profiles com-
pared to the results of Miller et al. [1981] and Garcia and
Solomon [1983]. The excess N,O in mid-latitude regions in
Guthrie et al’s model appears to be attributable to their dia-
batic heating rate, which has a discontinuity near the 25-km
level (a result of their merging the data sets of Murgatroyd and
Singleton [1961] and Dopplick [1979]). The sharp vertical
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gradient in the heating rate (and hence in the vertical velocity)
tends to give rise to an enhanced meridional advection (from
the continuity equation) which transports the richer tropical
air to the mid-latitude regions. This minor technical problem
is avoided in our model with a global definition of the diabatic
heating rate.

Although the calculated vertical profiles of N,O above the
equator and mid-latitudes (Figure 3) do not show large sensi-
tivity to different choices of K, examination of the calculated
latitude-height contours of N,O (Figures 5, 6, and 7) reveals
the dependence of the calculated N,O isopleths on different
K,, near the mid-latitude region. In the case in which K, is
set equal to zero (Figure 5), the calculated isopleths tend to
slope steeply downward near the poles. This feature may be
readily explained in terms of the balance between the advec-
tion by the diabatic circulation (see Figure 2) and the removal
of N,O by photochemical processes. As air crosses the tropi-
cal tropopause, it carries relatively high concentrations of
N,O into the tropical stratosphere. Part of the N,O is deple-
ted by photolysis and the reaction with O('D) in the strato-
sphere. As a result, the return flow of stratospheric air into the
polar troposphere must carry lower concentrations of N,O.
Introducing diffusion or mixing along the isentropic surfaces
has the effect of smoothing (see Figures 6 and 7) the very large
horizontal gradient (Figure 5) implied by the balance between
the photochemical removal and advection by the diabatic
circulation. The results in Figures 6 and 7 show that the
smoothing of horizontal gradients of N,O may be effectively
achieved with a relatively small K, about 1-3 x 10° cm* s~ .

The observed N,O mixing ratio deduced from the
NIMBUS 7 SAMS measurements [Jones and Pyle, 1984] is
also available for comparison. Qur calculated values are
somewhat smaller than the measured values, although they
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are within the quoted precision estimates [Jones and Pyle,
1984]. In addition, the satellite data reveal significantly more
robust features in the seasonal variations than our model indi-
cates. This discrepancy could be due to the lack of seasonality
of the eddy coefficient used in our model.
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NOY and HNO,

The mixing ratios of NOY calculated with K, =0 and
3 % 10° ¢cm? s~ ! are shown in Figures 8 and 9, respectively.
Since N,O is the precursor for NOY in the stratosphere, the
calculated abundance of NOY varies linearly with N,O con-
centration. As noted in the preceding section, the stratospheric
abundance of N,O is somewhat sensitive to the choice of O,
cross section in the Herzberg continuum. The use of the
smaller O, cross section [Herman and Mentall, 1982] would
yicld lower NOY concentrations (by about 10%) than those
presented in Figures 8 and 9, which are calculated with the
larger O, cross section as recommended by WMO/NASA
[1981].

The shape of the NOY mixing ratio isopleths in Figures 8
and 9 is similar to those of N,O (Figures 5 and 7) calculated
with the corresponding K. Air entering the stratosphere from
the tropical troposphere contains relatively low mixing ratio
of NOY. Since NOY is formed in the middle to upper strato-
sphere over the tropics, the return flow of stratospheric air
into the high-latitude troposphere contains high mixing ratio
of NOY. The steep downward slope (from equator to pole) of
NOY isopleths calculated with K,, = 0 (Figure 8) reflects the
balance between the production of NOY in the tropical mid-
stratosphere and the advection by diabatic circulation (Figure
2). As eddy mixing along isentropic surfaces is incorporated in
the model, the slope of NOY isopleths becomes less steep
(Figure 9). That NOY isopleths slope downward from equator
to pole implies lower stratospheric column abundance of
NOY above the tropics and higher column abundance above
the high-latitude region.

In the lower stratosphere, where the distribution of the
NOY is most sensitive to dynamic transport, the bulk of the
NOY is in the form of HNO,. Figure 10 shows the column
abundances of HNO; in December calculated for different
values of K,,. We have included in Figure 10 the observed
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Fig. 10. Calculated latitudinal distribution of the stratospheric column density of HNOj;. The calculated results are for

(curve a) K,

s~'. The data are April/May 1980 (bars) from Girard et al.

=0, (curve b) K,, =1 x 10° cm® s ', (curve ¢) K,,

=3 % 10? cm? s ', and (curve d) K, =1 x 10'° cm®
[1982], May (dash-solid circle curve) and December (dash—

open circle curve) from Gille et al. [1984]. The calculated column density from Ko et al. [1984] (dashed curve) is included

for comparison.

abundances reported by Girard et al. [1982] and Gille et al.
[1984]. Earlier observations by Coffey et al. [1981] and Mur-
cray et al. [1975], which have been shown to be in good
agreement with the more recent results [Gille et al., 19847,
have been left out for clarity. The observed abundances show
an order of magnitude increase from the equator to 60°. The
calculated results with K,, =1 x 10° cm* s™! and 3 x 10°
cm? s ! (curves b and c¢) produce a gradient similar to this
observed trend. The case with K, =1 x 10'° ¢m?® s~ ' (curve
d) exhibits a latitudinal gradient too small in comparison with
the observation, with only a factor of 4 change from the equa-
tor to the high latitudes. Judging from the observed column
density of HNQ, at the equator and the latitudinal gradient, a
value of K,, between 1 x 10° cm* s™* and 3 x 10? cm? g2
would appear to yield the best results.

The observed column abundance of HNO, from the
NIMBUS 7 LIMS measurements [Gille et al., 1984] also re-
veals interesting seasonal behavior of HNO,. The data (Figure
10) show that, for the month of December, the abundance at
the high latitudes in the winter hemisphere (80°N) is about a
factor of 1.5 higher than that in the summer hemisphere
(60°S). Given the location of the photochemical source of
HNO, (in the midstratosphere over the mid-latitudes of the

southern hemisphere and equator), this behavior is consistent
with the direction of the circulation shown in Figure 2 where
downward motion in the winter hemisphere would enhance
the HNO, abundance at the high-latitude winter. Our calcula-
tion shows a similar trend in the seasonal behavior, although
the difference between the hemispheres is only about a factor
of 1.2,

Comparison with other model calculations is complicated
by the fact that the calculated HNO; distributions depend on
the different photochemical treatments used in the models as
well as the different dynamical treatments. Included in Figure
10 is the result from Ko et al. [1984] which uses the same
photochemical treatment. The result there is similar to curve d
(K,, =1 x 10'° cm* s™"') both in the absolute magnitude and
the latitudinal trend. Calculated values for HNO, are also
reported by Solomon and Garcia [1983] and Miller et al.
[1981]. The calculated gradient from Solomon and Garcia
[1983] is similar to our curve d. In contrast to what we find,
they reported no significant change in their result when K is
changed from 1 x 10° em? s™! to 1 x 10'° cm? s™! [Garcia
and Solomon, 1983]. The result of Miller et al. [1981] is similar
to our curve c, although the values for K in their model,
which are taken from Luther [1973], are about an order of
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magnitude larger. The difference may be attributed to the use
of latitudinally dependent values for K, in their model (which
are somewhat arbitrary).

The observed latitudinal and vertical distribution of the
zonal mean mixing ratio of HNO; for November from the
NIMBUS 7 LIMS [Gille et al., 1984] is shown in Figure 11a.
The mixing ratio surface can best be described as saddle
shaped, with the saddle point occurring in the midstratosphere
(~20 mbar) above the equator. Higher mixing ratios are
found toward the poles in both hemispheres, with higher
values of HNO, occurring in the winter (northern) hemi-
sphere. Also, note that the altitudes at which HNO; peaks
tend to follow a slope directing downward from the equator to
poles in both hemispheres.

Our model results reproduce all of the above features quali-
tatively, although some notable quantitative differences
remain. Figure 11b shows the latitude/altitude dxstrlbutlon of
HNOj, for December calculated with K, = 3 x 10° cm? s~
The agreement between Figure 11a (observed) and Figure 11b
(calculated) is quite satisfactory, although the model results
reveal less seasonal contrast (hemispheric differences) than
suggested by observation.

9. CONCLUSION

In this paper, we presented results from the numerical simu-
lation of the distribution of N,O, NOY, and HNO; from a
two-dimensional model and found them to be in good overall
agreement with observations. We have made no attempt to
exploit the latitudinal and seasonal dependence of K,, to
obtain better agreement with observations. Our model results
appear to support the contention that the large-scale system-
atic dynamical transport in the stratosphere for globally dis-
tributed tracers is mainly advective in nature, with the eddy
diffusion playing an important role of smoothing out the large
gradient created by the diabatic circulation. This conclusion is
expected to be equally valid in models using the residual mean
circulation in pressure coordinates.

Compared to the classical models using mean circulation
with large diffusion coefficients, our model is conceptually
simpler. Transport of tracer, to a large extent, may be de-
scribed by the advection of the mean meridional circulation,
which is in turn related in a simple manner to the distribution
of the diabatic heating rate. Additional diffusive transport
along isentropic surface is represented by a single horizontal
eddy diffusion coefficient. The value of the diffusion coefficient

-1

can, in principle, be calculated explicitly from the eddy dis-
placement field (equation (16). In contrast, the classical
models require the detailed specification of three to four diffu-
sion coefficients, none of which can be rigorously validated.

Our results include numerical calculations for stratospheric
gases that are transported from the troposphere (N,0) as well
as those that are produced in situ in the stratosphere (NOY,
HNO,). In the case of N,O, comparison of the model results
with the observed altitude profiles at different latitudes sug-
gests that good agreement may be achieved by setting K., =
0. However, values of K_, of about 10® cm? s™' may be
needed in the upper stratosphere in order to bring the calcu-
lated concentrations of N,O closer to the observed values
reported by Jones and Pyle [1984]. By comparing the calcu-
lated latitudinal distribution for HNO, with observation, we
conclude that the best result can be obtained using a constant
value of K, of about 3 x 107 em? s~ ! which is consistent with
the mdependcnt estimates of Kida [1983] and Tung [1984].
Larger values of K,, would lead to too small an equator-to-
pole gradient for columnar HNO; as compared with observa-
tion, although our studies do not rule out the possibility of
large K,, (>10'® cm? s77) in localized regions of the strato-
sphere.

Since the response of O to dynamic transport as a down-
ward diffusing species is similar to that of NOY, it is likely
that a diabatic circulation model may also be successful in
simulating the behavior of ozone. The simple picture of the
diabatic circulation having a one-cell structure above 25 km
with upward motion in the summer hemisphere and down-
ward motion in the winter hemisphere suggests that there will
be enhanced transport of O in winter from the midstrato-
sphere to the lower stratosphere and upper troposphere where
it is less prone to photochemical removal. This quasi-
horizontal advection of O, into the winter hemisphere pro-
vides a transport mechanism which appears to work in con-
junction with photochemical processes to produce the ob-
served springtime maximum in the column abundance of O,
[Diitsch, 19787 as well as the observed enhanced tropospheric
concentration of O in winter [Wilcox et al., 1977].

In this paper, we have studied the effect of eddy motions on
tracer transport by using a diabatic circulation diagnostically
calculated from a given diabatic heating rate. As a result, the
effect of eddy motions on defining the heating rate is not
considered. It is sometimes argued that the presence of any
diabatic heating is ultimately due to presence of eddies which
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drive the atmosphere away from radiative equilibrium. In ad-
dition, eddies may also provide some additional advective
transports for the cases when Q' # 0 [Tung, 1982, 1984; Rood
and Schoeberl, 1983]. Finally, the effect of eddies can also
manifest itsell in the form of chemical eddy terms [Matsuno,
1980; Pyle and Rogers, 1980b; Tung, 1982; Garcia and Solo-
mon, 1983; Rogers and Pyle, 1984]. Although all these effects
can be incorporated in some form into two-dimensional
models in a diagnostic manner, they cannot be included prog-
nostically unless the wave field itself is calculated in a self~
consistent manner. The present study, which evaluates the
effect of eddy motion that manifests itself as explicit eddy
diffusion transport, is intended only as a first step in the direc-
tion of exploring the limits of the zonally averaged models.
Further studies of the effect of eddy motions on diabatic heat-
ing, chemical eddies. and eddy advection as well as the deter-
mination of the spatial and temporal dependencies of K,
would help to define the future role of zonal mean models.
Because of its better physical basis, we feel that a properly
formulated two-dimensional mode] can best assimilate the dy-
namic variables from a general circulation model for improved
simulation of tracer transport.

APPENDIX: PROCEDURES FOR CALCULATING
THE DIABATIC CIRCULATION

In the work of Tung [1982], a slightly different set of zonal
mean equations was derived in a more systematic manner
than that presented in section 2. However, to use available
observational data in pressure coordinates, one needs to make
further (sometimes ad hoc) approximations. The resulting set
of equations is equivalent to the set presented in section 4 for
practical purposes.

The following formulae for zonally averaged mass circu-
lation have been shown in the work of Tung [1982] to be
valid approximations:

CWH = (/<> (A1)

d il
— <KV — (W) =0
oy ko ad W2

(A2)
where W = py0, V = pgv cos ¢, g = pQ. A further approxi-
mation of replacing (I'y by I''®, the radiative equilibrium
value of I', can also be made for prognostic models. For the
present diagnostic model, this approximation is not needed.

Once the mass circulation ({¥), (W) is known, the mean
diabatic advection of the tracers is given by the mean veloci-
ties ({V3/<pa>. {W>/{ps>), where the mean density, {py>, is
either calculated separately in a two-dimensional model or
further approximated by the radiative equilibrium value py'®.

In a prognostic model, (V> and (W are calculated at each
time step, given {g». They are then used in the prognostic
momentum equations to predict the new mean zonal flow and
mean temperature. The latter is then input into the calculation
for {g», along with the predicted distribution of the radi-
atively active species such as ozone and carbon dioxide. The
procedure is then repeated with this new value of (g} at the
next time step.

Our present purpose is more limited, as only a diagnostic
study will be performed. That is, we take the mean diabatic
heating rate as known from observation. This is used to
deduce the advective velocities ({V)/{py>. {W>/{p,y»), which
are then used in a tracer transport model to calculate the
distribution of a [ew species. Favorable comparison of the
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calculated species distributions with observations will hope-
fully give a limited validation of our transport model.

Although Wei et al. [1983] recently calculated the zonal
mean diabatic heating rate in the troposphere in isentropic
coordinates using the FGGE data, available information on
the mean diabatic heating rate deduced from observation is
mostly presented in pressure coordinates (e.g., Murgatroyd and
Singleton, 1961; Dopplick, 1979; Wehrbein and Leovy, 1982]
for the stratosphere. Once the zonal average has been taken in
pressure coordinates, the averaged quantity can no longer be
transformed to the isentropic coordinates without the original
three-dimensional data set. We hope this technical problem
can be alleviated in the future when more analyses are pre-
sented in isentropic coordinates. In the meantime, the avail-
able data in pressure coordinates will be adopted after apply-
ing the following transformation:

(A3a)
(A3h)

0 = {TH(poo/p)
Q1 p) = @OLys Pool{TH/0)'"]

The right-hand side of (A3b) is then taken as a zonal averaged
function of y and ¢ in isentropic coordinates. The procedure is
admittedly crude. Nevertheless, given the rather large uncer-
tainty in the “observed” values of {Q), as evident in the dis-
crepancies from different data sets (e.g., Murgatroyd and
Singleton versus Dopplick in the lower stratosphere), we hope
that such a resorting procedure is permissible within the error
bounds. Also consistent with this procedure, the mean diabatic
heating rate per unit volume, (g}, is deduced from {p><{0>.
At this degree of approximation, it may not be worth the
effort in distinguishing {p,0>/{pe> from <{@). Consequently,
we shall replace the mean advective velocities ({V>/{py>,
{W3>/{pe») by another set of mean advective velocities ({v}
cos ¢, {0%). This step can be accomplished by setting p, in the
mean advective velocities to its basic state value p,'® (analo-
gous to the Boussinesq approximation), resulting in (26) and
7).
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