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The transport of trace species by waves is affected by their production and/or destruction by 
photochemical processes. For this reason the transport or "diffusion" matrices used in two-dimensional 
models should be different for each constituent. This paper describes a method for altering the meridional 
and vertical dynamical transport coefficients for use with photochemically active species. The transport 
represents the net meridional eddy flux by planetary waves and the net vertical eddy flux by gravity waves. 
Output from integrations using the control (species independent) and chemical eddy transport coefficients 
are compared. The change in the meridional (planetary wave) transport results in modest, but nevertheless 
significant, changes in the distribution of trace species. In many cases, for example odd oxygen and nitric 
acid, the model changes bring the distributions closer to those observed. In contrast, the incorporation of 
the chemical eddy effect into the gravity wave transport has almost no effect on any of the model fields. 

1. INTRODUCTION Solomon, 1983]. Also several models [Holton and Schoeberl, 
1988; Garcia and Solomon, 1985; Brasseur and Hitchman, 

The chemical, dynamical, radiative interactions in the 
1987] use adaptations of the breaking gravity wave 

middle atmosphere are sufficiently complex that pararneterization introduced by Lindzen [1981]. The Lindzen 
comprehensive three dimensional models are still not parameterization, although conceptually and computationally 
available. Three-dimensional studies of the stratospheric simple, allows the impact of gravity waves to vary as the mean 
chemistry and dynamics [Mahlman and Moxim, 1978; Grose et flow varies and hence includes a degree of feedback. The 
al., 1987; Kaye and Rood, 1989; Rose and Brasseur, 1989] vertical diffusion coefficient varies with season due to the 
decouple chemistry from dynamics, use simplified chemistry modulation of gravity wave propagation by the winds in the 
and are limited to short integrations (one week to one season). middle atmosphere. Observations of gravity wave interactions 
In the mesosphere, where small scale waves play a dominant 
role in driving the circulation, a global three-dimensional (3D) 
simulation of even the dynamics alone is out of the range of all 
except the highest resolution models [Mahlman and Umsheid, 
1987]. For simulations of long time scales (one or more 
years), zonally averaged two-dimensional (2D) models are the 
best tools presently available. Numerous studies have used 2D 
models to study the middle atmosphere chemistry and dynamics 
[Garcia and Solomon, 1983, 1985; Guthrie et al., 1984; Jones 
and Pyle, 1984; Ko et al., 1985; Stordal et al., 1985; Pitari 
and Visconti, 1985; Brasseur et al., 1990]. For these models, 
zonal perturbations, such as those due to Rossby, tropical and 
gravity waves, are not explicitly modeled but their effect on the 
mean fields must be determined in some way (or omitted, as has 
been the case for tropical waves). 

Interaction of breaking or dissipating gravity waves with 
the mean flow is important in driving of the mean circulation 
in the mesosphere through vertical momentum flux divergence. 
In addition, the turbulence associated with breaking waves 
results in vertical transport of heat and chemical constituents. 
These have been parameterized by Rayleigh friction [Wehrbein 
and Leovy, 1982] with a prescribed vertical diffusion 
coefficient for eddy transport of chemical species [Garcia and 

Copyright 1990 by the American Geophysical Union. 

Paper number 90JD0•45. 
0148- 0227/90/9 0JD-00445505.00 

are sparse, so in practice the details of the parameterization are 
guided by the need to reproduce the observed structure of 
temperature and of a few trace species for which observations of 
seasonal variations and vertical structure are available. 

Rossby waves also act to drive the mean flow and to 
transport chemical constituents both vertically and 
horizontally. The treatment in two-dimensional models ranges 
from prescribing the diabatic heating rate and horizontal 
diffusion [Guthrie et al., 1984; Stordal et al., 1985] to a quasi- 
3D treatment coupling a wave model that computes wave 
transports directly [Pyle and Rogers, 1980]. Several 
approaches have been used to insure that the model mean flow 
is consistent with the eddy transport. Pitari and Visconti 
[1985] and Plumb and Mahlman [1987] used both the eddy 
transport and mean circulation derived from fields generated by 
the same 3D model; Tung [1987] specified the mean 
temperature field and derived the eddy transport needed to 
maintain it; and Hitchman and Brasseur [1988] parameterized 
the eddy transport based on the 2D structure of the model mean 
flow. 

An issue that has been considered in several studies is the 

effect of variations in the eddy diffusion, particularly the 
meridional diffusion coefficient Kyy, on the distribution of 
trace species in 2D models. Guthrie et al. [1984], Ko et al. 
[1985], and Stordal et al. [1985] all used adiabatic circulation 
based on observations and assessed the effect of variations in 

Kyy on the distribution of one or more trace species. The effect 
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of eddies in driving the mean circulation was not explicitly 
calculated in these models. This omission can result in an 

unrealistic conclusion about the sensitivity of the chemical 
distribution to Kyy. This was made evident in a recent study by 
Schneider et al. [1989]. They found that the sensitivity of the 
ozone distribution to the parameterized eddy diffusion results 
from two effects that can cancel one another. The eddy 
diffusion of ozone, which can have a large impact on the 
zonally averaged distribution, results from the presence of 
eddies in the dynamical fields, notably potential vorticity (pv). 
The eddy transport of pv is a main component to the driving of 
the mean meridional circulation. Increased Kyy in the ozone 
continuity equation tends to flatten the ozone gradient, but that 
same increase, when applied to pv transport, can lead to a 
stronger mean circulation. The increase in mean advection has 
the effect of steepening the meridional ozone gradient, and can 
therefore offset the gradient weakening effect of increased 
diffusion. Schneider et al used a single, spatially uniform, 
diffusion coefficient for the transport of pv, which gives mean 
flow driving, and for ozone. 

In all of the models mentioned here, the transport of trace 
species is represented, at least in part, by an eddy transport 
matrix K multiplied by the mean gradient of the tracer mixing 
ratio, although in some cases K is limited to its diagonal 
components (Kyy and/or Kzz). This simple flux gradient 
relationship can be inadequate if the photochemical damping 
rate of the trace species has an eddy component due to 
variations in chemical loss rate with temperature or with the 
distribution of other species. Additional contributions to the 
net flux resulting from temperature dependence and coupled 
chemistry were included in two dimensional models of Garcia 
and Solomon [1983] and Pitari and Visconti [1985], 
respectively. The primary effect of Rossby waves is 
meridional transport, so Kyy is chosen to represent this; in 
models in which Kyy varies spatially, it is largest in the winter 
stratosphere and subtropics. Gravity wave breaking and the 
associated turbulence are assumed to contribute primarily to 
vertical mixing, so Kz• is normally largest in the mesosphere. 

A number of studies have shown that K should vary with 
species for photochemically active tracers [Pyle and Rogers, 
1980; Matsuno, 1980; Garcia and Solomon, 1983; Smith et 
al., 1988]. This is due to the contribution to transport from the 
"chemical eddy" effect, resulting from variations in the 
production and loss rates as air flows through the wave. The 
effect is largest in that region between the domain of dynamical 
control (slow chemistry) and chemical control (rapid 
chemistry), known as the transition region [Hartmann and 
Garcia, 1979]. There the dynamical time scale, defined as the 
time it takes an air parcel to flow through the wave, is 
comparable to the time scale for photochemical production and 
loss. The contribution of the chemical eddy effect to the net 
eddy transport is not as strong in regions where either 
transport or photochemistry strongly dominates in controlling 
the trace species distribution. 

In this paper, the impact of the chemical eddy effect on 
parameterized meridional and vertical transport for 
photochemically active species and families in the middle 
atmosphere is calculated. The study uses the 2D model 
described by Brasseur et al. [1990]. Chemical eddy transport 
coefficients and contributions to transport from the 
temperature dependence of the photochemical loss rate are 
determined for Rossby waves and gravity waves. For this study 

the parameterizations of Lindzen [1981] and Hitchman and 
Brasseur [1988] are used. 

2. ROSSBY WAVE Ct•MICAL EDDY TRANSPORT 

2.1. Transport Matrix for a Nonconserved Trace Species 

The general form used for eddy transport is 

v).t' = -K.V• (1) 

where Ix represents the mixing ratio of tracer and the four 
components of K are identified as 

K•K• 

A number of derivations, basically similar but using 
different assumptions, have been used for determining the 
matrix K from the eddy continuity equation for a trace species 
[Plumb, 1979; Matsuno, 1980; Holton, 1981; Pyle and 
Rogers, 1980; Strobel, 1981; Tung, 1982; Garcia and 
Solomon, 1983; Smith et al., 1988]. In all cases, the 
approximation of small amplitude is used to derive K, although 
K can be determined empirically without such an assumption 
[Newman et al., 1986; 1988; Plumb and Mahlrnan, 1987]. The 
derivation of K will not be repeated here. A fairly general form 
is that given by Strobel [1981], which includes the effects of 
linear photochemical damping, temperature dependence of the 
photochemistry, wave transience, traveling waves, and 
damping of temperature by Newtonian cooling. 

With temperature dependent photochemistry, the eddy 
transport is no longer given by the simple flux/gradient 
relation (1), but acquires an additional contribution that can be 
expressed as a matrix K r multiplied by the mean gradient of 
potential temperature [Garcia and Solomon, 1983; Smith et 
al., 1988] 

v'Ix' =-K-V• + K r .(T/0V0) (2) 

or as a matrix K 2 multiplied by the mean tracer mixing ratio 
[Strobel, 1981] 

v'g'=-K.Vg + K 2 .g (3) 

In writing the temperature dependence in the form (2), we have 
expressed eddy quantities in terms of eddy displacements (q', 
•'), defined as 

d 

(v',w') =.•(q',•') (4) 
rather than in terms of v', T', etc. This allows all eddy 
quantities in K and K T to be written in terms of four 
displacement correlations, q'2, •'2, q'•', and iq'•' [Garcia and 
Solomon, 1983; Smith et al., 1988]. 

For Rossby waves, the largest contribution to the transport 
comes from the Kyy (•/•y) term, although Ky• (•/•z) can 
also be significant for a trace species that is strongly vertically 
stratified [Smith et al., 1988]. In our model we do not use the 

full matrix K but only the diagonal terms Kyy and K•, 
determined from the Rossby and gravity wave 
parameterizations respectively. 
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2.2. Eddy Transport Due to Rossby Waves in the 2D model 

The Rossby wave parameterization derived by Hitchman 
and Brasseur [1988] is based on the WKB assumption that the 
direction of wave propagation is determined by the structure of 
the mean flow. This can be quantified as a conservation 
equation for wave activity 

•)½+ V-cgA = -ct.4 (5) 
Wave activity is specified at the tropopause, is advected by 

the Rossby wave group velocity cg, and is absorbed by wave 
damping (-otA). The group velocity is determined from the 
mean flow structure. A wave activity forcing that varies with 
latitude and season is applied at the tropopause and a height- 
dependent damping rate is assumed. In the WKB 
approximation, the EP flux divergence, used to determine the 
mean flow forcing by the dissipating Rossby wave, is given by 
V-F--V. c s, A. The meridional eddy transport coefficient is 
obtained by noting that V.F is proportional to v'q', where q is 
quasi-geostrophic potential vorticity [Edrnon et al., 1980]. 
Defining the transport coefficient from the flux gradient 
relation gives Kyy =- v'q' /(B•/By). The mean pv gradient 
B•/By is a function of the mean zonal wind, and is therefore 
known. 

In the present study a modification was made to the 
Hitchman and Brasseur parameterization to account for the 
enhanced transport that occurs in the region known as the surf 
zone [Mcintyre and Palmer, 1983] that is normally located in 
or near the subtropics of the winter/spring hemisphere. The 
modification increases the damping rate of wave activity 
wherever the zonal mean potential vorticity gradient 
disappears or becomes negative. The effect of this is an 
enhancement of Kyy in the subtropics and a decrease in that 
extending across the equator into the summer hemisphere. 

In order to relate the eddy transport for an arbitrary tracer to 
that for pv, we first need to understand what physical 
mechanisms are responsible for pv transport, and how they 
combine to give the transport coefficient Kyy. The eddy flux of 
constituents results from transience and from dissipation 
[Charney and Drazin, 1961], which are contained in the first 
term on the left-hand side and in the right-hand side of (5), 
respectively. Also, if a limited wave number range or 
horizontal resolution is considered, wave-wave interactions 

can give a net transport of pv within that range. Transience 
alone will not have any net effect when averaged over long 
times, but when accompanied by mean flow variations or 
damping of any kind, it does not average to zero [Andrews and 
Mcintyre, 1976]. The dissipation of pv is assumed to be due to 
two processes: radiative damping of waves and effective 
damping because of interaction of the waves with smaller 
horizontal scales and loss of pv at those smaller scales. When 
comparing pv transport to transport of a trace species, it is 
necessary to separate those dissipation processes that act only 
on pv, such as radiative damping, from dynamical processes 
that affect any field that is not uniformly distributed. Although 
pv transport can be compared with that of a trace chemical 
species, as if both were tracers, it is also useful to remember 
that whenever there is any meridional eddy transport (v'•0), 
then pv perturbations, although not necessarily pv transport, 
must be nonzero [Hoskins et al., 1985]. The dual nature of the 
pv transport, resulting both from dissipation of pv and from 

unresolved dynamical interactions, introduces a complication 
into the present calculations since the Hitchman and Brasseur 
[1988] paxameterization applies a single damping rate to 
account for all effects. In essence, they have assumed that the 
net effect over long periods of nonlinearity or short-term 
transience can be expressed as a linear damping that can be 
added to the effect of damping of pv. o• represents the total 
effect of all "damping" processes. 

The other complication in using the Hitchman and Brasseur 
[1988] parameterization for chemical eddy calculations is that 
quasi-geostrophic pv is, by definition, transported only 
horizontally. This means that only the Kyy component of K is 
needed for pv. Additional assumptions about wave structure 
would be needed to determine the three other components of K 
due to Rossby waves. 

2.3. Calculation of the Chemical Eddy Transport 

To determine how the meridional eddy transport coefficient 
for any given species is related to that for pv, we begin with a 
general expression for Kyy for a nonconserved quantity. The 
wave form assumed is Ix' -- exp[i(kx+lJt)], where {J can have real 
and imaginary parts, representing traveling and growing or 
decaying waves, respectively. The linearized eddy continuity 
equation is 

where L represents the photochemical loss rate and G = dL/dT. 
In writing (6), we have made the approximation that the loss 
rate varies in the zonal direction only due to its dependence on 
temperature and not, for example, because of the diurnal cycle 
or because of perturbations in the mixing ratios of other trace 
species with which it interacts. In addition to all eddy 
products, advection by the mean meridional circulation and 
production/loss of Ix' that cannot be expressed as a linear 
relaxation back to a mean distribution are neglected. The real 
part of the wave frequency for Rossby waves is neglected; the 
imaginary part, i.e. that due to wave growth and decay, is 
denoted by {Ji- Combining (6) and the flux-gradient relation 
(1), and neglecting_temperature dependence of the 
photochemistry (i.e., G = 0), with K reduced to a single 
coefficient Kyy, it is straightforward to obtain an expression 
for Kyy. 

L+•3i I(k•)2 (•3i)2 KyY=(k•)2;.(-•;lji) 2 + ]•'• (7) 
It is evident from (7) that there is no transport unless either 
photochemical damping L or transience 13i is nonzero. Kyy is 
linearly proportional to L+c• i when the chemical loss rate is 
small (L<<13i) and Kyy is inversely proportional to L when it is 
large (L>>13i, k•) . For a photochemical loss time scale that is 
comparable in magnitude to the dynamical time scale, it is not 
possible to separate K into two matrices representing 
dispersion and chemical eddy transport, as was done by Plumb 
[1979] for weak photochemistry. It is evident from (7) that the 
the effect of transience is added to L so, in effect, wave 
transience acts much like an additional damping term that is the 
same for all species. The form of Kyy given in (7) follows from 
the assumptions made in the derivation (linearity, production 
and loss limited to linear damping) and is limited by those 
same assumptions. 
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For a species gt, with photochemical damping rate L B, Kyy convectively unstable, the turbulence generated by unstable 
will be related to that of pv (denoted by q, with damping rate Lq) 
by 

[' +•i] [(k•)2 +(L, +•')2 ] (KB)YY = Lq +13 i ' (k•) 2+(L B +13i) 2 '(Kq)YY (8) 
The contribution to meridional transport v'•' from 

temperature dependence of chemical reaction rates is (KT)• 
(•/•y) + (KT)y z (•/•) •[•z, where 

= 

overturning will act to keep the wave amplitude from growing 
further with height. The turbulence necessary to maintain a 
constant amplitude gives the vertical diffusion coefficient, and 
the constant amplitude assumptions gives the vertical 
momentum flux divergence that drives the mean circulation. 
Using this parameterization in its simplest form, K = K• = D, 
where D is the diffusion coefficient given by Lindzen. 

There are two sources of vertical eddy heat transport: 
turbulent motion and the flow associated with the gravity wave 
itself. The total transport associated with the gravity wave is 
given by-D(i}0/i}z) + w'O', where the primes indicate wave 
fields. Schoeberl et al. [1983] pointed out that the vertical heat 
flux divergence due to dissipating gravity waves could be 
expressed in terms of the parameterized turbulent eddy diffusion 
coefficient. Chemical tracers, like heat, should be transported 
vertically due to the assumed turbulence, with transport 
coefficient D, and should also undergo vertical transport due to 
flow through the dissipating gravity wave. Following 

(9) Schoeberl et al. [1983], we use D' to represent the effective 
transport coefficient that results from the wave structure; from 
the notation above, D' =-w'O'/(i}O/i}z). The effective total 

This follows from the derivation of Strobel [1981], with the transport coefficient is then Ktt= D + D'. 
additional assumption that the radiative damping time scale is The transport coefficients for heat (potential temperature) 
much longer than the dynamical time scale. Note that (9) and for trace chemical species are derived from the respective 
differs from those in Garcia and Solomon [1983] and Smith et wave equations, and differ only in that the 
al. [1988] in that wave transience is included (i.e., oi• 0). production/destruction rates are different. Strobel [1981] 
Since the vertical gradient of 0 is so large relative to the presented general expressions for eddy transport including a 
horizontal, the second term cannot be neglected even though number of processes such as wave transience and variations in 
Xl '2 >> Xl'•' for Rossby waves. To estimate this quantity, we the photochemical lifetime with temperature. Schoeberl et al. 
need to know Xl'•' and ixl'•'. The simplest approximation, [1983] apply the assumptions of the Lindzen parameterization 
made by Newman et al., is that mixing is along zonally to the general expressions of Strobel to derive a form of eddy 
ave_raged pot_ential temperature surfaces, giving Ky• = K•y = diffusion for trace species that is straightforward to use with the 
[(i}0/i}y) (O0/i}z) 'l] Kyy; substituting_the definitions of gravity wave parameterization. They included the turbulent 
displacem. ents (4) then gives Xl'•' • [(i}0/i}y) (i}•/i}z) '1] •r•, diffusion in the eddy equation used to derive D'. 
with hl'•' neglected. Using this in (9) and (2) results in a 

complete cancellation of the contribution to v'gt' due to i} +• +•V.•zz =_L!x,_•,T,•+•zz•pt•.•_z j(10 ) temperature dependent photochemistry, as one would expect 
from the assumption that motion occurs along isotherms. 

Including eddy variations in temperature and making use of Equation (10) also applies to potential temperature, with 
the hydrostatic and adiabatic thermodynamic equat.__ions, we can replaced by 0 and the appropriate damping rate used. With the 
derive expressions that relate x!'•' and ixl'•' to Xl '2 , for steady assumptions that the vertical wave number of Ix' is the same as 
conditions (•i: 0) that of the gravity wave •,, and that •, >> l/H, this can be 

H, 
RS 

where S is the static stability [S=T/O(i}O/Oz)] and m is the 
vertical wave number of the Rossby wave, which is calculated 
as a by-product of the Rossby wave parameterization. These 

approximated by 

37+ = +v•y-y+W'•z z -(L+¾2D)!x'-GT'g (11) 
L in the formulae from Strobel [1981] is replaced by L+72 D. 
Schoeberl et al. [1983] made the additional approximation that 
L >> (k•+o), i.e., that the time for flow through a gravity wave 
is short compared to the chemical lifetime of transported 
species. That assumption was also made by Garcia and 

were used in calculations of the role of temperature dependence Solomon [1985], who derived the chemical eddy transport from 
in the eddy transport of chemically active species presented in the chemical eddy continuity equation in the form of (6) rather 
section 4.1. than (11), i.e., they did not include turbulent diffusion in the 

3. GRAVlTY WAVE CHEMICAL EDDY TRANSPORT budget of •t'. The assumption that the chemical lifetime is long 
compared with the gravity wave dynamical time scale is valid 

The model uses an adaptation of Lindzen's [1981] in most regions for most species, and in those regions the 
parameterization for the interaction of breaking gravity waves chemical eddy contribution to the gravity wave transport is 
with the mean flow, described by Brasseur and Hitchman small. At this point we do not make the assumption of short 
[1987]. That parameterization is based on the assumption that, gravity wave advection time, but will evaluate this in the 
when the wave amplitude becomes sufficiently large to become results. 
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The expression for D' does not explicitly include wave of trace species and the impact of variations in the chemical 
transience; rather, all dispersive motion is combined into the eddy flux on the simulated model fields are shown in section 5. 
general category of turbulence and is included in D. The There are 23 transported species and families in the model and, 
complete form of D', including turbulent diffusion, is 

D'= L+T2D (k•+o)2g '-•' (12) 
(k•+ o) 2 +(L+ T2D) 

The effect of temperature dependent reaction rates is given by 

(k•+o)2+L 2 

where, as for Rossby waves, the radiative damping time is 
assumed to be much longer than the dynamical time scale. Note 
that both D' and (KT)zz require a knowledge of the zonal wave 
number k. In our implementation of the parameterization 
[Brasseur and Hitchman, 1987] we use a single tunable factor A, 
which is proportional to ek, where e is the efficiency factor 
(representing the fraction of time that breaking gravity waves 
are present). With A specified, a small k implies a larger 
efficiency factor, and vice versa. The magnitude of A at the 
boundary was selected so that the parameterized mean How 
driving matched that derived from Limb Infrared Monitor of the 
Stratosphere (LIMS) observations. A value of k = 2n/1000 
km '1 was used for the results shown in the following sections; 
it implies an efficiency factor of <•0.1. 

For potential temperature, L and G can be neglected in (12) 
and (13). When the vertical wavelength of the gravity wave is 
short T >> 1/(2H), D' reduces to D/2, as found by Schoeberl et 
al. [1983]. They also derived the other three components of 
the K matrix, which are nonzero only if the gravity wave is 
assumed to have a component in the meridional plane. These 
additional transport terms are neglected in our model. 

as expected, there is a large amount of variability in the 
importance of eddy transport in the budget of the family. Table 
1 lists the constituents included. Presentation of results will 

concentrate on a few species and families of particular interest 
(e.g., odd oxygen) and on several that are representative of the 
general pattern. 

TABLE 1. Transported Species and Families 

Individual Species Families 

N•0 

CFCI 3 
CFaCl 2 

ci-i•c• 

CH3(• 

(302 

N205 
H 

NOy = NO + NO 2 + N + HNO• + N20 • 
+ NO• + HO2NO 2 + ClONO 2 

CI, = CI + CIO + HOCI + CIONO 2 + HCI 
o. = o + odo) + % 

For the calculations presented here, the model was run for 4 Several studies have examined the relationship between the 
heat flux derived using the assumptions of the Lindzen years with Kyy and Kzt determined from the Hitchman and 

Brasseur [1988] and Lindzen [1981] parameterizations parameterization and that determined from numerical models of 
a breaking gravity wave. An important result, supported by respectively (i.e., with the same transport coefficients used for 
several studies [Chao and Schoeberl, 1984; Fritts and all species). This initial run allows the model fields to come 

into equilibrium. Those model fields are then used to calculate Dunkerton, 1985; Coy and Fritts, 1988; Schoeberl, 1988] is 
the parameterized transport coefficients using the chemical that the net transport is substantially less than that derived 

using D. The amount of decrease depends on the degree to eddy contribution, so that the relative impact of this model 
addition on the transport can be assessed. Figure 1 shows Kyy which the turbulence generated by convective instability is 

confined to that part of the wave in which the instability computed for pv averaged over the month of January. For this 
occurs. A greater degree of localization of turbulence gives a 
weaker heat flux. This reduction factor has been identified in 

some cases as an inverse Prandtl number. A smaller value of 

turbulent diffusion is also supported by observations of the 
mesospheric mean state [Strobel et al., 1985]. To represent 
this turbulence localization in our model we multiply the 
derived transport coefficient by a factor of 0.3, which is within 
the range of the values predicted. Finally, we have 
K•=O.3(D+D'), where D is derived from the Lindzen 
parameterization and D' is given by (12). K•z for temperature is 
the same as that for species g except that L in (12) is set equal 
to zero and (13) is omitted. 

4. C•-m•UCAL EDDY TRANSPORT COEFFICIENTS 

4.1. Meridional Transport Coefficient by Rossby Waves 

This section presents the meridional and vertical eddy 
transport coefficients for the 2D model, and shows how the net 

Kyy (CONTROL) January 

75 

60 
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30 

15 

90S 60S 60N 

-0.01 

-0.1 
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-10 

- 100 

30S EQ 30N 
CONTOUR FROM 4 TO 32 BY 2 

lOOO 
90N 

eddv transuort chan•es when the chemical eddy effect is gig 1 c,•,,t,.,•! t .... i,., i,,,{,.,,,.,,,4,..,,x ..,....;,•;,...o• ..,•.• 
included. The role of the chemical eddy transport in the budget coefficient (K•) for January. Units are 10s rni 
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period, Kyy has a peak in the lower stratosphere in the northern 
hemisphere with moderately large values extending to the 
upper stratosphere tropics and the high latitude mesosphere. 
Kyy is small throughout the summer extratropics. K•t for pv 
and for all trace species is restricted to be at least 3xl0 • m 2 s '! 
for reasons of numerical stability. 

In calculating the chemical eddy transport coefficient from 
(Kq)yy there is some flexibility within the constraints imposed 
by the wave parameterization and the form of the chemical eddy 
representation. The Hitchman and Brasseur [1988] Rossby 
wave parameterization specifies a total wave activity damping 
ct. In the present study, ct at individual gridpoints can be 
modified based on the local mean gradient of potential 
vorticity, as described in section 2.2. From (8) there is a 
damping Lq and an effective dissipation due to wave transience 
oi. Equating the total effective loss rates gives ct- Lq+ oi. 
Although the sum (ct) is specified, no additional constraints on 
either L q or o i are provided by the parameterization. As 
evidence in (8), the relative magnitude of Lq and oi can affect 
the relationship between (Kq)yy and (Kg)yy. We choose two 
different options that illustrate how transport of trace species 
and pv are related under different conditions. 

In the first series of calculations Lq - or, o i - O. This is, in 
effect, an assumption that dispersion does not play a role in the 
transport of pv or trace species; rather, all violation of the 
non-acceleration conditions and associated pv transport is due 
to explicit damping of wave activity. In the second 
assumption, Lq = Lra d and o i = ct - Lra d. Again the total (Lq + Oi) 
is the same, and therefore (Kq)•y does not change. The different 
value of oi affects the relative magnitude of (K•)• and (Kq)•y. 
In this second assumption, the only damping that acts 
selectively on pv is that due to radiative processes 
(parameterized based on a mean damping of temperature in the 
form of Newtonian cooling); all other effects that contribute to 
pv transport (e.g., transience, nonlinearity) can also act to 
transport trace chemical species. Lra d is computed from a 
smoothed curve fit to the height-dependent Newtonian cooling 
coefficient computing from LIMS data by Gille and Lyjak 
[1986]. Letting b represent the Newtonian cooling rate 
(thermal damping) 

•: f a l bT'• 
/-•d ß q = '•' •' •'z LP-•'- j 

Neglecting variations of b with height, then Lra d is related to b 
by the ratio of the vertical structure component of potential 
vorticity to the total potential vorticity, which is normally 
much less than one. We use the upper limit (Lrad = b), which is 
a function of height only. Since the calculation is insensitive 
to the structure or magnitude of Lra d as long as Lra d << o[, the 
impact of this simplification is minor. 

The two different sets of assumed values for L v and o i 
represent two extremes within the constraint imposed by the 
wave drag parameterization (i.e., Lv + oi = ct), and can give an 
indication of how the nature of the pv transport affects the 
transport of trace constituents. Neither assumption is very 
realistic, and therefore choosing which is most like the 
atmosphere is difficult. The most severe problem is the use of a 
specified height-dependent profile of ct. While the assumption 
that the wave damping due to diabatic effects is roughly linear 
may be an adequate approximation, there is no reason to expect 
that other processes that give pv transport can in general be 
represented by an additional linear damping. Evidence from 

observations [e.g., Mcintyre and Palmer, 1983] and numerical 
models [Plumb and Mahlman, 1987] indicates that there is 
enhanced mixing in the low latitude region where the vorticity 
gradient is weaker. A crude representation of this has been 
incorporated in the model by increasing ct at gridpoints for 
which •}•/•}y < 0. A more realistic variation of o i with the 
circulation conditions, either interactively or based on 
climatology, would be desirable. That refinement has not been 
included in the present study, which is focussed only on the 
transport of trace constituents. 

Four species or families are used to illustrate the 
dependence of Kyy on chemistry: Ox, HNO 3, N20, and N20 5. 
The Ox family consists of 03, O, and O(1D), and is dominated by 
0 3 in the stratosphere. Both Ox and HNO 3 have transition 
regions in the stratosphere, where their photochemical time 
scale is close to the zonal advection time scale, and are 

therefore expected to experience enhanced transport there. 
Global measurements of both have been made [e.g., G ille, 
1987], and meridional fluxes derived from observations can be 
used for comparison. N20 has a slow destruction rate and 
tropospheric origin; its behavior is similar to many of the so- 
called source gases, including the chlorofluorocarbons. The 
other extreme is provided by N20 5, which undergoes rapid 
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Fig. 2. Meridional eddy transport coefficient (Ky•) for January for odd 
oxygen (Ox) computed from the chemical eddy parameterization with 
the assumptions of (a) no wave transience and (b) large wave 
transience. See text for details. Units are l0 s m 2 s -1. 
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Fiõ. 3. As in Fiõur½ 2, but for nitric acid (HNO3). 

photochemical destruction. Figure 2-5 show (K•)yy computed 
from (Kq)yy using the two different assumptions described 
above for each of these four species. In the upper panel (a) of 
each plot Kyy has been calculated from the first assumption 
(L = 0t, o i TM 0), which, in effect, assumes that there is no 
transience or dispersion. 

The photochemical lifetimes for Ox and HNO 3 are 
substantially longer than the dynamical advection time in the 
lower stratosphere, so as a result the chemical eddy Kyy is small 
there (Figure 2a and 3a). The dynamical and chemical time 
scales are comparable in the middle and upper stratosphere and 
there Ky• for these two species is the same order as that for pv. 
In the mesosphere, the damping rate for pv (Lq) is quite large 
due to an imposed sponge layer in the parameterization 
[Hitchman and Brasseur, 1988]. So, for example, at 70 km the 
lifetime for pv is about 0.1 day. In comparison, the lifetime 
for Ox has strong latitudinal variations, but at 60 ø N is about 1 
day. From (8) it is evident that for Lq >> L• and L• >_k•, the 
transport coefficient for I.t will be greater than that for pv. The 
peak in Kyy for O• and certain other species depends on the very 
large decay rate for pv, which is specified in the model to 
prevent wave activity from approaching the model upper 
boundary. The large damping rate receives support from 
observational evidence that planetary waves in the mesosphere 
are perpetually "breaking" and that pv is not conserved to the 

resolution of the observations [Dunkerton and Delisi, 1985; 
Schoeberl and Smith, 1986]. In any event, this mesospheric 
Kyy maximum occurs only for species with relatively short 
decay time scales there. Because it affects transport only for 
species that are under photochemical control, its impact on the 
zonal mean distributions of trace species is negligible. 

In contrast to O• and HNO 3, N20 (Figure 4a) has a relatively 
long lifetime in the stratosphere. From (7), with oi = 0, Kyy is 
roughly proportional to Li•, which is small. The tropical 
maximum in Kyy for N20 results from the fact that the 
dynamical time scale is much longer here than in high latitudes 
due to the weak zonal wind speed and the larger distance around 
the globe. Therefore a transition region, where dynamical and 
chemical time scales are comparable, exists for N20, a 
constituent that would not normally have a large chemical eddy 
contribution to transport in the winter stratosphere. This 
tropical maximum in Kyy is seen in a number of other species 
with moderately slow photochemical destruction rates. 

A third type of behavior is seen in Figure 5a, which shows 
Kyy for N205. For this species the photochemical loss time is 
short, and the transition region is located in the lower and 
middle stratosphere. 

The assumption made in producing the lower panels b of 
Figures 2-5 is the second one, that the damping that is specific 
to wave activity is due to radiative processes only, so that (• = 
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Fig. 4. As in Figure 2, but for nitrous oxide (N20). 
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Fig. 5. As in Figure 2, but for dinitrogen pentoxide (N20•). 

Lrad + Oi). From (8), it is evident that since Lr, d is small, then 
for species with long lifetimes (L•t << c•i), (K•t)yy will be 
similar in structure to (Kq)yy. This is clearly seen in Kyy for 
N20 (Figure 4b). The magnitudes of (K•t)yy for odd oxygen and 
nitric acid (Figures 2b and 3b) are larger in the lower 
stratosphere than they were with the previous (damping 
dominated) case, but are smaller in the lower mesosphere. The 
transport coefficient for N20 5 (Figure 5b) is similar in both 
cases; for this species, L•t >> c•i even with the large value of c• i, 
so photochemistry controls the eddy transport. 

Smith et al. [1988] showed that the temperature dependence 
of the reaction rate can make a substantial contribution to 
ozone transport. Figure 6 shows the meridional transport of Ox 
by Rossby waves due to Kyy, that due to the temperature 
dependent contribution, and the sum. The temperature 
dependence was computed from (9) with the contribution from 
the asymmetric part of Kr (the iq'•' term) neglected. The 
temperature dependence of the ozone destruction rate changes 
not only the magnitude but also in some places the sign of the 
ozone flux in the transition region (30-40 kin). 

4.2. Vertical Transport Coejj•cient by Gravity Waves 

The relevant quantity for the parameterized gravity wave 
transport in the model is the net vertical transport coefficient, 
which includes turbulent transport, wave transport and the 

adjustment for the localization of turbulent diffusion. The 
combined transport coefficients Kzz = 0.3(D+D') are presented 
here. 

Calculation of Kz• show that it is almost identical to that 
calculated for a conserved tracer (with L = 0 in (12)) or heat 
(assuming wave motion is adiabatic) for most families in our 
model. In other words, the vertical transport coefficients for 
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Fig. 7. Log of control (species independent) vertical eddy transport 
coefficient (K,,) for January. Units are m 2 s 'l. 

heat and those for trace constituents are the same. It is also 

valid to adopt the approximate form of K,, given by Schoeberl 
et al. [1983] and Garcia and Solomon [1985] (i.e. assuming 
that Lg << k•) because the combined dynamical and turbulent 
transport time scale is much less than the photochemical 
damping time. However, it is almost as accurate to neglect the 
chemical eddy transport altogether and use the D' derived for 
heat (the control) for all species. Figure 7 shows K,• for heat, 
and Figure 8 shows that for O x. K•t for O x is quite similar to 
that for heat; for most other species the differences between the 
chemical eddy and control K•, are even smaller. Strobel et al. 
[1987] also found that the photochemical acceleration of the 
eddy transport by gravity waves was negligible for all species 
except O and 0 3. They found much larger differences between 
K•t of O x and that of temperature than found in the present 
study, which can be attributed to their neglect of the •2D term in 
(12). Since T2D is much greater than Lg, it has the effect of 
reducing the impact of the photochemical acceleration on 
transport. 

The only other species or family for which there is any 
significant variation in/(,, due to the chemical eddy effect is 
atomic hydrogen H, which is controlled by photochemistry and 

is relatively insensitive to K,,. Even for H, which has a very 
rapid loss rate, the change in Kat due to the inclusion of the 
chemical eddy contribution to gravity wave transport are 
moderate (<10%). Overall, it appears that the chemical eddy 
contribution to gravity wave transport can be neglected 
without much impact on the results. The contribution of the 
temperature dependent reaction rates is even smaller. 

The relatively small role played by chemistry in the 
parameterized vertical eddy transport is to some extent built 
into the model and may not correspond to its actual role in the 
mesosphere. The family approach is used to solve for trace 
species. In this formulation, species are grouped into several 
families that have relatively long lifetimes. Short-lived 
species are determined using photochemical equilibrium 
theory. It is these equilibrium species for which the chemical 
time scale is most likely to be close to the advection and 
turbulent time scales, and consequently the chemical eddy 
contribution to the gravity wave transport is most likely to be 
significant when compared to the turbulent transport. 
However, it is also true that over the long time scales that we 
are concerned with in this model, those short-lived species are 
not very sensitive to eddy transport, and therefore even a large 
variation in Kt, may have only an insignificant effect on the 
total budget. 

5. IMPORTANCE OF CHEMICAL EDDY TRANSPORT IN 
BUllETS OF TRACE SPECIES 

Even where the transport coefficient computed using the 
chemical eddy contribution differ substantially from the 
control (species independent) transport coefficients, this will 
not be important in the model simulations unless the species 
distribution is sensitive to the eddy transport. This section 
considers the direct role of the variations in the eddy transport 
on the budget of trace species in the model and the changes in 
the distributions due to variations in the K yy and K,, 
formulation. 

The processes tending to change the concentration of tracer 
I• can be separated into four terms 
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Fig. 8. Log of vertical eddy transport coefficient (Ktt) for January for 
odd oxygen (Ox) computed from the chemical eddy parameterization. 
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1 

These contributions will be referred to as I, advection by the 
mean meridional circulation; II, source term (production minus 
loss); 1T[, meridional eddy flux convergence; and IV, vertical 
eddy flux convergence. 
Figure 9 shows two plots of the processes acting to vary or 

maintain the distribution of O x as a function of latitude over the 
altitude range 30-35 km during January and February. Curve A 
corresponds to meridional eddy flux convergence using Kyy, 
curve B to advection by the mean circulation, and curve C to 
photochemical production and loss. At this level, the 
computed eddy flux divergence from gravity waves is small for 
all species, and is not shown. To create Figure 9a the control 
Kyy was used for the entire integration (4 years), while in Figure 
9b the Kyy depending on photochemistry due to the chemical 
eddy effect was used. The case with no mixing 03i = 0), 
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Fig. 9. Tendency terms in the budget of zonal mean O x for the height 
range 30-35 km for January. Curve A is mefidional eddy transport 
•[K• (•l•y)]i•y, curve B is advection by the mean circulation 
Y*(•ff'dy) + Fv*(•/•)z), and curve C is the net production and loss. In 
making (a) the control (species independent) version of K• was used y ' 

and in (b) the chemical eddy K• based on the assumption of no 
dispersion was used. Units are ppm d'l; values on the ordinate have 
been amplified by a factor of 100 for plotting. 

the polar night. Incorporation of the chemical eddy transport 
leads to significant changes in the balance, most notably a 
sharp reduction in magnitude of the eddy transport. (The eddy 
transport in the extratropical Southern Hemisphere is at the 
default minimum in both cases, and so does not change.) Note 
that the magnitude of the other two terms shown varies also. In 
middle Northern latitudes there is a simultaneous decrease in the 

rate of odd oxygen loss by photochemistry and an increase in 
its rate of transport by the mean circulation. The combination 
indicates that an approximate balance is reached, so that the 
net change in O x with time is moderate. 

The budgets for HNO 3, N20 and N205 for the same period are 
shown in Figures 10-12, respectively. As in Figure 9, the 
(KIX)yy calculated assuming no pv mixing (c•i = 0) is compared 
with the control. Note that for HNO 3 and N205 a slightly lower 
region is presented than shown for O x and N20. HNO 3 has a 
strong, photochemically driven gradient in high latitudes. 
(The model includes a conversion of N205 to HNO 3 in the polar 
night with a time constant of 20 days, consistent with the 
analysis of Evans et al. [1985].) In this region the budget is 
altered with the use of the chemical eddy rather than control 
eddy transport. Figure 10 indicates a factor of 2 decrease in the 
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corresponding to Figure 2a is used for the chemical eddy 
parameterization here. The case with larger mixing (c•i = ot- 
Lrsd; not shown) is, for most species, closer to the control case 
(Figure 9a). 

There are several aspects of the meridional eddy transport 
that can be seen in Figure 9: the importance of eddy transport 
relative to other processes in maintaining the ozone 
distribution; the differences between the meridional eddy 
transport in the two different integrations; and the differences 
in the magnitude of zonal mean transport or production/loss 
rate in the two integrations. The control case indicates that 
eddy transport, mean transport and photochemistry all play a 
role in controlling the distribution of O x in this region. O x 
tends to be produced in the tropics and transported toward the 
winter pole by the meridional eddy flux. Mean advection is 
small in low latitudes because of the weak vertical gradient near 
the ozone mixing ratio maximum, but balances the eddy flux in 
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Fig. 10. As in Fisure 9, but for HNO 3 and the height range 25-30 km. 
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magnitude of the eddy transport maximum. There is a moderate 
decrease in the magnitude of the photochemical tendency. The 
negative correlation between eddy transport and 
production/loss takes the form of a simple feedback. Decreased 
transport in the region of the mixing ratio maximum allows the 
concentration to increase there and to decrease away from there. 
The destruction rate is proportional to the mixing ratio, and 
will thus vary with the changes in the transport. Note also that 
the mean advection has changed in both sign and magnitude; 
this reflects a shift in the height of the HNO 3 mixing ratio 
malilmllTi. 

N20 (Figure 11) has a steep vertical gradient, and its 
distribution is affected by mean vertical advection. In the 
control case, this is balanced by both eddy transport and 
photochemical loss in low latitudes, and primarily by eddy 
transport in high latitudes. When the chemical eddy 
parameterization is used, there is a strong drop in the 
magnitude of the eddy transport, as expected from the much 
lower transport coefficient (Figure 3). There is a weak decrease 
in the magnitude of the mean advection in low latitudes and a 
stronger decrease in the high latitude winter. This change is a 
direct result of changes in the N20 distribution, since the mean 

circulation (to be discussed further below) is essentially 
unchanged in the two integrations. 

Unlike the other species shown, the eddy transport 
coefficient for N20 5 increases, rather than decreases, when the 
eddy transport coefficient is used (Figure 5). Note from Figure 
12 that both the eddy transport tendency and the 
photochemical production/loss tendency increase by about a 
factor of two with the chemical eddy calculation. For changes 
in the N20 5 mixing ratio to be the cause of the enhanced 
production in the chemical eddy calculation would signal a very 
large decrease in the N20 5 mixing ratio. Comparison of 
distributions from the two runs, to be discussed next, do not 

indicate that this is the case. The probable cause of the 
increased production will be discussed below. 

The final test of the importance of the chemical eddy 
contribution to transport is an assessment of how it changes 
the distributions of trace species in long-term model 
simulations. As shown in the previous section, variations in 
the eddy transport can change the magnitude or even the sign of 
other processes in the model through photochemical, 
dynamical or photochemical feedback. 
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Fig. 12. As in Fillure 9, but for N20 s and the height range 25-30 km. 
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Here the distributions of trace species after a four year 
integration with the control and chemical eddy transports are 
compared. Although the eddy transport coefficients enter 
directly only into the continuity equations for trace species, 75 
due to feedbacks any of the model fields can change. The 
feedback of variations in the chemical composition on 60 
dynamical fields is weak. The only steps in the model where 
this occurs are in the absorption of short wave radiation by 45 
ozone and in the calculation of infrared transfer due to carbon 

dioxide, ozone and water vapor. These can both modify the net 30 
diabatic heating, which then affects temperature and the mean 
meridional circulation. The changes in the dynamical fields 
associated with the Kyy modifications shown in this section are 15 
quite small (•1 K in temperature and •1 m s '1 in zonal wind). 
Variations in the dynamical transport coefficient Kyy are also 
small (•lxlO 5 m 2 s'l). The feedbacks through dynamical fields 
•, •, (Kq)yy) are sufficiently small that they can be ignored. 
The changes found with the introduction of the chemical eddy 
K• are due to the direct effect of the modified Ky• in the 
chemical continuity equation and to photochemical feedbacks 90 
such as the dependence of the production and loss rates of one 
species on the distribution of another. 75 

Figure 13a shows the odd oxygen distribution with the 
control values for Kyy and Kzz, Figure 13b shows that using the 60 
chemical eddy value of Ky• (computed using the first 
assumption of no dispersion), and Figure 13c shows the 45 
difference. The largest difference is a reduction in the O, in 
middle and high northern latitudes in the middle stratosphere 30 
(30-3 mbar) when the chemical eddy calculation is used. The 

chemical eddy value is more realistic although neither 15 
integration is successful in reproducing the observed ozone 
mixing ratio maximum in high latitudes near 3 mbar (see, for 
example, $BUV January ozone mixing ratios [McPeters et al., 
19841.) 

Nitric acid is another species for which global 
observations are available. LIM$ data for December and 

January [Austin et al., 1986] indicate a maximum mixing ratio 90 
of ~10 ppb near 20 mbar at the winter pole and a summer 
maximum of ~7 ppb at a slightly lower level. Both model 75 

calculations (Figure 14) give HNO3 mixing ratios with peak 
values that are approximately the same as the observed maxima 
near both poles. Note that the northern hemisphere maximum 60 
occurs around 10 mbar in the control run, whereas for the 

chemical eddy case it is near 30 mbar, lower by about a scale 45 
height. This change brings the level of the maximum closer to 
the observed height of maximum HNO3. Both of the 
integrations indicate weak concentrations of HNO3 in low and 
middle latitudes, while LIMS observations show that mixing 
ratios as high as 7 ppb are found at 30 ø N during December and 
January. 

Figure 15 shows the distribution of N20 from the two model 
runs. Recall that N20 is transported up from the troposphere 
and undergoes slow destruction in the stratosphere. With the 
chemical eddy parameterization, the N20 mixing ratio is 
decreased in the high-latitude middle and upper stratosphere. 
These changes are completely consistent with a sequence in 
which a decrease in K• leads to decreased transport into the 
polar stratosphere. The resulting change in the gradient also 
leads to variations in the advection by the mean meridional 
circulation. The N20 distribution can be compared with that for 
January measured by SAMS [Jones and Pile, 1984]. The 
observations, like the model run in which the chemical eddy 
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Fig. 13. Zonal mean Ox mixing ratio (ppmv) during January 
computed using (a) the control Ky• and K,,, and (b) the chemical eddy 
K• based on the assumption of no dispersion and control K,,. (c) 
Di[fercnee between Figures 13a and 13b. 

transport is used, indicate a significant meridional gradient in 
the mid-latitude middle stratosphere. Both model integrations 
show a somewhat different structure than observed, and, in 

particular, do not have the region of high N20 mixing ratio 
extending upward and poleward on either side of the equator. 
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eddy parameterization can be attributed to two factors. First, 
the stronger (chemical eddy) Kyy transports more N205 out of 
the polar region, where it is rapidly destroyed. Thus there is a 
decrease in high latitudes that is not accompanied by an 
increase in lower latitudes. Also, production of N2Os depends 
on the concentration of ozone. With the chemical eddy 
parameterization, the ozone mixing ratio is reduced (Figure 13) 
and therefore there is a reduced production of N205. 
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Fig. 14. As in Figure 13, but for HNO• •g ratio •pbv). 45 

Jones and Pyle attribute this pattern to advection by a two-cell 30 
mean circulation. 

Figure 16 illustrates the distribution of N20 s from these 15 
two model integrations. The change is significant poleward of C 

-0.1 

-1 

-10 

- 1oo 

0 60s 30 iEoq. 5 30N 560N 0 CONTOUR FROM - TO -6.75 BY •- 

about 55øN. There is a large increase in Ky• when the chemical 
eddy parameterization is adapted (note peaks at 30 mbar of 33 x 
l0 s m 2 s '• for the control and 51 x 10 • m 2 s 4 for the chemical 
eddy transport coefficients.) The reduction using the chemical 
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Fig. 15. As in Figure 13, but for log10 of N20 mixing ratio. 
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Figure 17a shows the odd oxygen distribution for a run with 
the chemical eddy parameterization used for vertical gravity 
wave transport, and with the control Kyy. Figure 17b shows 
the difference in Ox distribution between this run and the 
control case (Figure 13a). The differences are quite small 
everywhere, as expected from the similarities in the vertical 
transport coefficients (Figure 7 and 8). 

Fig. 17. Zonal mean O x mixing ratio (ppmv) during January 
computed using (a) the control K• and chemical eddy Ktt; (b) Difference 
between the control (Figure 13a) and Figure 17a. 

6. CONCLUSIONS 

Transport by waves is an important factor in controlling 
the distribution of trace species in the middle atmosphere. A 
crucial quantity for zonally averaged models is the net transport 
in the latitude height plane. Planetary Rossby waves reach 
large amplitudes in the stratosphere and lower mesosphere in 
the winter hemisphere and provide net transport that is 
primarily meridional. Gravity waves drive the mesospheric 
circulation and provide transport of heat and trace species 
there. 

Since these waves cannot be explicitly modelled in a zonal 
average description, their effects are parameterized. The 
parameterizations used in our model are derived to determine the 
mean flow driving by the waves; the transport coefficients are 
then determined from these. This paper addresses the 
dependence of the transport coefficients on photochemical 
lifetime. 

The wave transport is parameterized as independent 
meridional and vertical coefficients that require the assumption 
that eddy transport can be represented by the flux-gradient 
relation. The assumptions made in the derivation have three 
parts: (1) that all except meridional transport (Kyy) for Rossby 
waves and vertical transport (Kzz) for gravity waves can be 



SMITH AND BRASSEUR: CONSTITUENT TRANSPORT IN TWO DIMENSIONS 13,763 

neglected, (2) that Kyy and K,, are adequately represented by 
simple parameterizafions based on zonal averaged fields and a 
specified boundary forcing, and (3) that the variations in K due 
to photochemistry derived using the linearized wave equation 
are adequate. 

There is a strong theoretical basis for believing that the 
effective eddy transport coefficient (eddy flux divided by zonal 
mean gradient) varies substantially among species for those 
with a transition region, where dynamical and photochemical 
time scales are comparable. This paper describes a method of 
incorporating the chemical eddy contribution to parameterized 
transport in a 2D model and investigates its effect on the 
distribution of trace species. The conclusions are mixed. The 
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