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This paper investigates the atmospheric circulation and transport character-

istics of the Martian atmosphere (as modeled by a Mars GCM) for three sets of
conditions. The conditions are based on a combination of season and dust loading

(as parameterized by the optical depth, r). The first experiment is for the North-

ern Spring Equinox with no dust loading (i- = 0). Experiment 2 is for Northern
Hemisphere Winter Solstice with no dust loading. Experiment 3 is for Northern
Hemisphere Winter Solstice under moderately dusty conditions (r = 1.0). These
cases allow a comparison between seasons and a look at the effects of dust in the
atmosphere on the circulation and transport processes.
After presenting some of the theoretical and mathematical background per-

tinent to atmospheric transport and circulation the results of the study are given.
These

include

analyses of the zonal-mean winds, the time-evolution of the mean

tracer field, the mean meridional circulation, and the effective transport circulation

[Plumb and Mahlman, 1987]. In addition we estimate the time scales for "strato-

spheric" overturning and calculate a set of eddy diffusion, coefficients (K

and

K) for each case.
These coefficients are a means of parameterizing the strength of eddy mixing.

Others [Conrath, 1971; Zurek, 1976; Kong and McElroy, 1977; Toon et al., 1977;
Anderson and Leovy, 1987] have estimated, using various methods, values for the
vertical diffusion coefficient

of the order of

iO3

m2/s. The results here show

that there is no "typical" value of K (or K) which can be used to characterize the
atmosphere globally, and

seldom reaches iø m2/s except in isolated regions

and/or under dusty conditions. Both K and K2 are dependent upon season, dust
loading, and location in the atmosphere. In addition to identifying the regions of
strong mixing, probable sources of the eddy activity which is responsible for the
mixing are discussed.

In all three cases the effective transport circulation (which includes both
advection and diffusion) is structurally similar to the mean meridional circulation
but somewhat more intense. The Martian equinox circulation is structurally similar

to Earth's circulation; both are characterized by a dual Hadlley cell system with
rising branch over the equator, poleward flow aloft, and return flow at low levels.

The mean zonal winds are westerly in both hemispheres with easterlies near the

ground and at high altitudes over the equator. The jet stream in the northern
hemisphere peaks at 45 rn/s at equinox.
Unlike the Earth, Mars' circulation changes dramatically with the seasons.

For solstice conditions the mean meridional circulation is characterized by a

large, intense cross-equatorial Hadley cell which dominates the circulation pattern.

The mean zonal winds are now predominately westerly in the northern winter
hemisphere and easterly in the southern hemisphere. The westerly jet reaches 95

rn/s while the easterly jet reaches 30 rn/s. There is a band of westerlies (up to
10 mIs) found in low southern latitudes near the ground. Dust in the atmosphere

acts to intensify the strength of the circulation (while having little effect on the
structure); there is a two- to three-fold increase in the strength of the mean winds
between the two winter solstice experiments.
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Tracer Transport in the Martian
Atmosphere as Simulated by a Mars GCM
Chapter 1:

Introduction

Transport can have a strong influence on chemical and photochemical processes that take place in an atmosphere. Transport efficiency has often been char-

acterized by eddy diffusion coefficients (K values), which are frequently used by
chemists and photochemists who wish to represent the various atmospheric trans-

port processes in terms of diffusion. While work has been done [e.g., Plumb and
Mahlman, 1987] to generate values of these coefficients for Earth's atmospheric
transport, comparatively little has been done to evaluate them for the Martian atmosphere. The values being used at present (by photochemists) are rough estimates

at best. The research presented here seeks to improve upon these estimates.
With the continuing interest in space exploration, Mars has become a focus of

increased study. America's Space Exploration Initiative includes a program which

hopes to land men on Mars sometime in the next century. However, before this
happens there is still much that needs to be learned and understood about Mars and

its atmosphere. By making use of data from previous Mars missions and general
circulation models (GCM's) our understanding of the Martian atmosphere can be

enhanced in advance of these missions.

As a result of spacecraft missions (such as Mariner 9 and Viking) and
astronomical observations scientists have a basic understanding of the present day

Martian atmosphere and climate system [see Haberle, 1986; Pollack, 1990]. The
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Martian atmosphere is composed primarily of carbon dioxide, CO2. (approximately

95 percent), has an average surface temperature of 218 (Kelvin), and a typical

surface pressure of 7 mb. The acceleration of gravity is 3.72 m/s2. In contrast,
the Earth's atmosphere is composed primarily of nitrogen (N2) and oxygen

(02)

(approximately 77 percent and 21 percent, respectively), has an average surface
temperature of 288 K, surface pressure of 1000 mb, and an acceleration of gravity

of 9.81

rn/s2.

In spite of such differences in comparison to the Earth, Mars shares some
basic meteorological and climatological similarities with the Earth. For both planets

the motions which drive the transport processes are driven by the temperature
difference between the equator and poles of the planets [Leovy, 1982]. (In addition,
the two planets share a common astronomical feature, the rate of planetary rotation,

which is important in determining their global wind patterns. One Martian day,
known as a sol, consists of 24.6 (Earth) hours.) Because of these common features

Haberle [1986] notes that Mars, like Earth, has "a global wind system marked by
trade winds in the tropics and cyclonic storms in the mid-latitudes."
Although the two global circulations have some similarities their differences

are more striking and of interest to researchers. The Earth's global circulation is
characterized by a three-cell system having three distinct cells in each hemisphere

(northern and southern). These cells are the Hadley cell, the (thermodynamically

indirect) Feirell cell, and the Polar cell and are present, to varying degrees, in
each of Earth's four seasons. Mars on the other hand exhibits a Hadley type and
Ferrell type circulation which change size, intensity, and location greatly during
the seasons. There is one broad, cross-equatorial Hadley cell during summer and
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winter seasons while spring and autumn seasons have two Hadley cells, one in
each hemisphere. These contrasts in planetary circulation are due primarily to two

differences between Mars and Earth, one physical and one astronomical [Haberle,
19861.

Unlike Earth, Mars has no oceans and as Haberle [1986] notes this has
several important consequences. First, on Earth the oceans (which respond slowly
to changes in the input of solar energy) moderate the surface temperature and keep

the warmest places within the tropical regions year round. Thus, the rising branch
of the Hadley circulation remains within the tropical regions as it cycles annually

back and forth across the equator. On Mars however, the soil responds quickly to

changes in the incoming solar radiation and the wannest surface region (and thus
the rising branch of the Hadley cell) closely follows the subsolar point. Thus, on
Mars, spring and fall are characterized by two separate Hadley cells, one in each
hemisphere, while winter and summer display a single cross-equatorial Hadley cell
in which the rising branch is located in the summer hemisphere and the descending

branch is found in the winter hemisphere.
The second impact of no oceans is that the latitudinal temperature gradient
between equator and pole is much greater on Mars than on Earth. The magnitude
of this temperature gradient has an influence on the pressure gradient aloft and thus

on the intensity of the jet stream (through the thermal wind relationship). Because

Mars has no oceans moderating the latitudinal temperature gradient its winter jet

stream may be up to four times stronger than that of Earth.
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Mars' orbit is a major astronomical parameter having an influence on the
Mars circulation. Haberle [1986] discusses the impacts of the eccentricity of Mars'

orbit on its seasons, the most important being the variation in insolation between
perihelion and aphelion (approximately 40%) and the duration of the seasons, which

all differ from each other significantly. The first of these factors has a strong impact

on the intensity of the circulation in a given season.

All of these features of the Martian planet help to create its own unique
global circulation/climate system. It is this system that leads to the atmospheric
transport characteristics which scientists would like to understand better. Because
real data on the Martian circulation/transport processes is limited most research is
based on sophisticated computer models. Plumb and Mahhnan [1987], speaking of

such a model for the Earth, say,
"While the three-dimensional transport model undoubtedly provides the most sophisticated and most precise approach it is still
relatively expensiveespeciafly if the chemistry is complexand
demanding in terms of computer facilities and modeling expertise."

The same is true for 0CM and transport models of Mars.
By reducing such models to two or one dimensions many

benefits

can be

derived. Models are smaller and less complex, which reduces the time and cost
spent on computing facilities. This dimension reduction can be achieved by several

techniques, including averaging (in one or two dimensions) and parameterizing
bulk atmospheric processes. Atmospheric mixing is one such process that can be
parameterized by use of eddy diffusion coefficients.

5

This research seeks to accomplish two things in this regard. First, to obtain
better values of the eddy diffusion coefficients from sophisticated models already

in use at NASA Ames Research Center and second, to obtain a better picture of
the basic transport properties of the Mars circulation. This should provide added

insight to scientists studying the interacting seasonal cycles of carbon dioxide,
water, and dust on Mars [Haberle, 1986; Murphy et al., 1990]. Better estimates of
the mixing coefficients will help chemists and photochemists in representing the role

of transport in chemical processes in the Martian atmosphere. A primary chemical

problem is the basic stability of the CO2 Mars atmosphere to photodissociation.

Transport processes are crucial to the "reformation" of CO2 [e.g., Kong and
McElroy, 1977].

The necessary tools (computers) and procedures for generating better eddy

diffusion coefficient values for Mars are available. Eddy diffusion and tracer

transport theory and concepts will be presented in chapter 2. Chapter 3 will
discuss the computer models, methodology and procedures for calculating the eddy

diffusion coefficients from the beginning to the end of an experiment. Chapter 4
will contain the results of this research, followed by a final chapter summarizing
the results and drawing conclusions based on the research.
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Chapter 2: Eddy Diffusion and Tracer Transport Theory

In this section the theoretical and conceptual background for determining
eddy diffusion coefficients will be presented. This will entail a discussion of eddy
diffusion theory and tracer transport in an atmosphere. Following this chapter will

be a separate chapter discussing the methodology and computer models used to
incorporate the theories and calculate the K values.

2.1 Eddy Diffusion
Traditional eddy diffusion theory has been based on a flux-gradient relation
analogous to that of molecular diffusion [Plumb and Mahlrnan, 1987; Leuau, 1951;

Houghton, 1986; Sutton, 1953]. The analogy with molecular motion in the kinetic

theory of gases
"is given a mechanistic basis in the classical mixing length theory,
in which a discrete mass of fluid is supposed to leave some level,
bearing the mean property Es] at that level and retaining it for some
characteristic vertical distance, before mixing and becoming once
again indistinguishable from its mean surroundings [Pasquill and
Smith, 1983]."
Further, based on the mixing length theory, eddy diffusion has a characteristic length

scale (of turbulent displacement) and a characteristic eddy velocity [Lettau, 1951].

It has been shown that the flux-gradient relation for tracer transport is justified
for small-amplitude eddies [Plumb and Mahhnan, 1987]. However, Plumb and
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Mahlman [1987] also find the relation "to be a practical description of large-scale
transport by fithte-amplitude eddies."
The derivation of the flux-gradient relation which follows is based on the work

of Sutton [1953] who begins with "a fundamental expression for the turbulent flux,

independent of any theory of the structure of eddy motion." Sutton's derivation is
for a vertical diffusion coefficient and assumes a conservative, transferable entity.
For the purposes of this paper the following derivation will be for a vertical diffusion

coefficient for a conservative, transferable tracer species X, where X is given as a

mass mixing ratio of tracer species to air.
Let u, v, and w be the variables of motion (zonal, meridional, and vertical,

respectively) and p be the density of the atmosphere. Each variable may now be

partitioned into a mean part and an eddy part such as

x=X+x'

(1)

where the overbar denotes mean values and the prime denotes eddy quantities
(deviations from the mean). Sutton assumes that X is constant over any x,y plane
and that the motion is such that V = W

0. (The latter assumption is made because

Sutton is only interested in the turbulent (eddy) flux in the derivation of the (mean
eddy) flux-gradient relation.)
Using Cartesian coordinates, Sutton's fundamental expression for the turbu-

lent flux is

=kpXw'
dz

(2)

where 4) is the instantaneous (turbulent) flux,
molecular diffusion

(k

k

dX/dz is the contribution due to

being the appropriate molecular diffusion coefficient and

dX/dz the vertical gradient of the tracer species), and pXw' the contribution due

to eddy diffusion (that is, the amount of X transported in unit time through unit
cross section of a plane parallel to z = 0). The negative sign in the eddy flux term
indicates that the flux is in the direction of increasing z when X decreases with z.
Expanding equation (2) by using the mean and eddy parts of the instantaneous

values gives

+4)' = k4(X + X')

( + p') (X

+

X')w'

(3)

Taking the mean of this equation (and noting that the mean of an eddy quantity

is zero, i.e. 4)' = 0) gives,

=

(4)

dz

The equation for mean flux can be further simplified by neglecting fluctuations in

density. Thus, p' = 0 and

= p.

= k-dz- pw'X'

(5)

(This approximation is reasonable for the Martian atmosphere considered in Carte-

sian coordinates. This approximation is only considered here for the purposes of

deriving the flux-gradient relation. In section 2.2 and the remainder of the study
log-pressure coordinates will be used and no assumptions about the density will be

necessary since, in these coordinates, it is only dependent on height and does not
appear explicitly in the remaining derivations/calculations.)
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At this point another simplification can be made to the mean flux equation.

It is known that for Earth molecular diffusion is the dominant transport process

above approximately 100 km. and that below this level eddy diffusion is the
dominant process (except in the surface layer) [Levine, 1985; Houghton, 1986]. (As

Houghton [19861 explains, this "is because the molecular diffusion coefficient is
proportional to the mean free path and hence inversely proportional to density..

Similarly, for Mars, Levine [1985] states that "vertical mixing occurs throughout
the Mars atmosphere" and concludes that a good assumption is that eddy diffusion

is the dominant vertical mixing process in the middle atmosphere (10-70 km) of

Mars. This being the case, the molecular diffusion term can be neglected in the
mean flux equation leaving

= pw'X'

(6)

The next step (and the basic problem in eddy mixing analysis) is to express

equation (6) in terms of the mean tracer quantity

X and its derivatives.

The

underlying hypothesis is that (6) can be expressed as the product of a coefficient

of mixing and the (vertical) gradient of the mean tracer species. (The physical
hypothesis is analogous to that of the kinetic-theory of gases. In the kinetic-theory

of gases random molecular motions act to diffuse a tracer constituent down its
gradient of distribution. Thus, the analogous physical hypothesis for eddy diffusion

is that for large scale turbulence random eddy motions act to transport a tracer
constituent down its gradient of distribution.) Letting A be this coefficient gives

= pw'X' = A

(7)
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The eddy diffusion coefficient K (z indicating the vertical coefficient) is defined
by the flux-gradient relation of equation (7) and is given by
A

w'X'

p

dX/dz

(8)

This is the flux-gradient relationship which forms the basis for computing eddy
diffusion coefficient values. Following the same steps, it is straightforward to obtain

a horizontal flux-gradient relationship using this derivation. The actual relationship

which will be used to obtain the K values will involve a matrix equation which

allows a two-dimensional analysis of the K values. The following section will
develop the tracer continuity equation and then make use of a two-dimensional
flux-gradient relationship to solve for the eddy transport tensor.

2.2 Tracer Transport
In order to determine eddy diffusion coefficients from the flux-gradient
relation, it is necessary to have a tracer distribution (in addition to the atmospheric

motions) as seen by equation (8). A tracer is "any quantity that 'labels' fluid
parcels" and "may be dynamical or chemical, conservative or nonconservative,

passive or active" [Andrews et al., 1987]. The remainder of this section will
show how the flux-gradient relation is applied (mathematically) to tracer transport

concepts and is based on the work of Andrews et al. [1987] and Plumb and
Mahiman [1987].

Consider a continuity equation for a tracer species, X, where X is given as

a mixing ratio,
DX
(9)
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where s is due to sources and sinks. The net source is a combination of "chemical"

production and loss terms (e.g., for water, evaporation and condensation; for dust,

sedimentation) and "the effects of turbulent diffusion by the unresolved scales

of motion." In addition, for Mars, s may have a sink/source term due to the
condensation flow in the Martian atmosphere. (This condensation flow is a result of

the nature of CO2 which condenses in the high latitudes of the winter hemisphere

where temperatures drop to 150 K. This condensation causes the atmospheric
pressure to drop over the winter polar cap which in turn drives a strong planetwide

circulation that transports mass, momentum, and heat toward the growing polar
cap. Model simulations have shown that the condensation flow has little effect on
the simulated zonal mean flow and that its primary influence is on the strength of

the polar cap surface winds.) Thus, s may be represented as follows,

s=

(Prod +

LOSS)them

+ unresolved scales of turbulent diffusion
(10)

+ condensation flow term
Because of the inability to effectively resolve all scales of turbulent motion Andrews

et al. [1987] note that "tracers are never exactly conserved in observational analysis

of atmospheric data. However, if the resolved scales

include

most of the tracer

variance, the diffusive source can in many cases be neglected." (This assumption

is made in this study but it must be noted that the Mars GCM does have some
regions of significant mixing due to local convection at both the lowest and highest
model levels. Thus, the calculations for the eddy diffusion coefficients will actually

represent a lower bound on their values.)
Two further simplifIcations are also used in this study. First, the tracer is
chemically inert and thus there are no chemical production or loss terms. Second,
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it is assumed that there is no loss of tracer due to the condensation flow. (The
condensation flow has been turned off in the transport model for these experiments.)

Thus, the tracer has no chemical sources or sinks and no loss due to condensation
flow and the tracer continuity equation becomes,
DX
Dt

(11)

Mter expanding the material derivative on the left hand

side

of (11), separating

the dependent variables into mean and eddy parts, and zonally averaging equation
(11), the tracer budget equation becomes, in the "local Cartesian" form of spherical
coordinates,

ox

ox

i

OX

-.

(12)

where p is pressure and z is the vertical log-pressure coordinate given as

z= Hin -Ps

(13)

where H is a constant scale height and Ps is a (globally-averaged) reference surface

pressure (both are calculated from the model data for the individual data sets).
Furthermore,
(Fr, F)

=

(p2X1, pw'X')

(14)

is the eddy flux (in units of g/s3), where the prime denotes eddy quantities
(deviations fmm the zonal means). (The flux is in units of g/s3 because pressure
was used in place of density in the form of the continuity equation used to derive

equation (12).) The flux divergence is,
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V F-. =
where

1

cos

ô
(cosc5F)+
ôy

(15)

is latitude.
Following Plumb and Mahlman [1987] a zonally-averaged closure of equation

(12) is obtained by parameterizing the eddy flux in terms of zonally averaged
quantities. This is done by using the flux-gradient relationship of the previous

section and applying it in the following form

(F,F)= p[K}.V

(16)

where the transport tensor is,
[K

[K]

1

Kzzj

(17)

Plumb [1979] and Matsuno [1980] have shown that this flux-gradient relation is
justified for the case of small amplitude (but otherwise general) eddy motions on

a purely zonal flow. In addition, the results of the Plumb and Mahlman [1987]
study show that the relation is still relevant even when the small amplitude eddy
assumption is not satisfied. (They found that when their calculated K values (for
Earth were used in a 2D model, the model was able to reproduce well the zonally
averaged evolution of the tracer species.) Substituting (14) and (17) into (16) and

rearranging yields the following set of equations,

+

K37

OX

KzyT + Kzz

OX

=

(18)

= w'X'

(19)

Using computer generated data one may obtain the mean Iracer gradients
and the eddy tracer fluxes and solve for the unknown eddy diffusion coefficients.
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However, (18) and (19) form a system of two equations in four unknown variables.

It is therefore necessary to use two differing sets of GCM/transport data to yield a

set of four equations with four unknowns, as given below. (That is, two transport
simulations are associated with each 0CM simulation. By using two different initial

tracer distributions (one horizontally stratified and the other vertically stratified)
with the same dynamics data from the 0CM a closed set of equations for the four
unknown coefficients is obtained. A 1 indicates data set 1 (the horizontally stratified

case) while a 2 indicates data set 2 (the vertically stratified case).)

fOX\

I OX\

+

Kyz(y)

= (X')1

(20)

+

K( OX\

-)

= (w'X')1

(21)

=

(v'X')2

(22)

=

(w'X')2

(23)

I

-b--

Y
(OX)

i

f\

I OX\
I

I

\0yJ2

I OX\

+

+

IOX\
(

)

\0ZJ2

It is now straightforward to solve for the K values using matrix algebra. However,

the possibility for trouble in calculating the coefficients does exist in the case
where the mean concentration gradient(s) of the tracer(s) is (are) zero, near-zero
or where the mean gradients of the two tracers become paralleL This situation can

be avoided by incoiporating weak source/sink terms for the tracer(s) [Plumb and
Mahiman, 1987] in the aerosol model. (None of these problems was encountered

in this study.) Before proceeding into a discussion of the computer models and
procedure for obtaining the K values, a more detailed discussion of the K tensor
and atmospheric circulation is presented.

15

2.3 The K Tensor
Plumb and Mahlman [1987] (following the work of Plumb [1979] and
Matsuno [1980]) have shown that the transport tensor [K] may be regarded as
comprised of two parts
[K]

= [LI

+

(24)

[DI

where [L] and [D] are respectively antisymmetric and symmetric tensors whose
components may be expressed in terms of the parcel displacement (, rj,

C)

defined

in the generalized Lagrangian-mean theory of Andrews and McIntyre [1978].
Specifically
0

[L]=

(25)

0

and, for a conserved tracer (s = 0),

a (i
FD1_
L

J

t'7/ I

(i\
t\C

a

(26)

I

) J

If X were not conserved as it is in this study it would be necessary to add terms
to [DJ to account for the roles of any sources and/or sinks.
The components of [L] and [D] can be calculated once the components of
[K] are known. It is straightforward to show the following:
[L]
{

K)

K)]
0

(27)

and
[D]

= j(Kyz+Kzy)
F,,

+ K)

1

(28)

j
For the case of a conserved tracer the components of [D] represent diffusive
transport due to dispersion of air parcels. Although this study does not consider
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the case of a nonconservative tracer it is of interest to note the consequences of

such a case. As previously mentioned this case would add additional term(s)
to (26). The additional nonconservative contribution would effectively add a
component representing a relaxation rate to the terms in [D]. This relaxation rate

would obviously differ for different constituents and thus so would the transport
coefficients. This leads Plumb and Mahlman [1987] to conclude that

"this apparently undermines any attempt to derive a universal
parameterization of eddy transport. . . Any hope of recovering a
universal transport paranieterization hinges on the diffusion being
dominated by kinematic dispersion."

The antisymmetric tensor [LI is the component of [K] representing the
advective contribution to the eddy transport. Clark and Rogers [1978] have shown
that for the case of a conservative tracer the eddy flux due to the advective portion

is directed normal to the

gradient. The diffusive contribution to [K] is not

necessarily directed parallel to the

X

gradient However, following Plumb and

Mahlman [19871 and using the symmetry of the diffusive tensor, [D}

"can be made purely diagonal via a local coordinate rotation to its
principal axes. If we rotate the coordinates through an angle a
where

tan 2a

DYYDZZ

(29)

then, in the new coordinates,
[D']

1Dç
I

L

D'1
zzj

(30)

where

= cos2 aD
= sin2

+ aD +2 sin a cos aD
aD + cos2 aD - 2 sin a cos aD
sin2

(31)

(32)
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Oand
0 and the component of the eddy flux associated with [D]
is purely diffusive (Matsuno, 1980)."

Using (28), equations (29), (31) and (32) may be written in tenns of the
computed eddy coefficients as

tan 2a =

+

(33)

= cos2 aK + sin2 aKzz + 2 sin a cos a(Kyz + K)

(34)

= sin2 aKy + cos2 aKz

(35)

and
2 sin a cos

+ K)

where the conditions for a purely diffusive tensor are now K

0, K

0 and

+ K)2
This section has shown that the eddy transport tensor [K], which is actually

a function of Lagrangian statistics, can be represented as the sum of a diffusive
tensor [D] and an advective tensor [L] and may be estimated using the flux-gradient

relation and Eulerian statistics. It has also shown that [D] can be made a purely

diffusive transport tensor via a local coordinate rotation and that the eddy flux
contribution due to EL] is directed normal to the X gradient. In addition, the
components of ED] and [L] may be easily calculated from the components of [K].

2.4 The Mean Meridional Circulation
This section follows the procedures of Plumb and Mahlman [1987] in order
to obtain the mean meridional circulation in terms of a stream function, W, and an
effective transport circulation in terms of a stream function, WT.
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Using the continuity equation
1

ô(pvcos4)
a

+

O(pW)

=0

(36)

the mean meridional stream function may be written as

pV=

a(p'I')

1

ô('I'cosq)

Oz

cosq

Oy

(37)

may be obtained by integrating the first part of (37) vertically using the V values

computed from GCM data and assuming that ' = 0 when p = 0 (or when z
corresponds to the top of the model) or by integrating numerically in latitude using
the W values with the conditions that W = 0 at both poles for all z.

By using (24) in

(16),

(12) may be written in the following form

=

+ WT

+ VT

!. (p[D]

VX)

(38)

where UT = (VT, WT) is an effective transport circulation defined by

VT=

1

O(P'T)

p

ôz

O(WT cos

1

;

WT= cosq

ôy

(39)

where WT is given by
(40)

Using (25) and (27) the transport stream function may be written as

= 'I' + (K

K)

(41)

and may be computed once i has been determined (as noted above) and the K
values have been calculated. Once

I'T

is known the transport velocity of (39) may

also be computed. More directly,

VT =

18

Ii

p (K

K) }

(42)
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and

WT = w +

cos q(K

Kyz)}

(43)

Plumb and Mahhnan demonstrate that the effective transport velocity, UT,
is in general not the same as the Lagrangian-mean velocity ji' (which follows the

center of mass of the tracer distribution) of Andrews and McIntyre [1978]. The
difference arises due to the nature of [D], the diffusive tensor. Fig. 1 (reproduced

from Plumb and Mahlman [1987]) shows an initial distribution of X located at

a reference point A (which also locates the center of mass of the mean tracer
distribution). After some short time &, the distribution of X occupies the stippled

region. A new reference point B may be located using the effective transport
velocity scheme of (38). The location of B relative to A is now given by UT öt.

Now, if [Dl is spatially inhomogeneous there will be a nonuniform diffusion of
tracer about the point B as shown in Fig. 1. Since the

X distribution is no longer

uniform about the reference point the center of mass no longer coincides with it

but is now located at point C whose position relative to A is 11L St. Thus, one
sees that in general ir'

UT and the two will only be equal when the diffusion

is spatially homogenous.
Plumb and Mahiman believe this transport circulation to be identical to the

"advective mass flux" identified by Kida [1983]. Kida speaks of this "advective

mass flux" "as a basic flow of air mass on which diffusion of air parcels is
superimposed." As noted above this mean movement of parcels is not necessarily
identical to the Lagrangian-mean motion since diffusion is not taken into account
but superimposed on the basic advective motion.
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This seclion has developed the ideas of Plumb and Mahlman [1987] for
looking at a zonal mean meridional circulation and an effective transport circulation

for the Martian atmosphere. These can be computed from the GCM wind data and
the K values calculated in this study. Plots of these circulations may provide further

insight to the transport characteristics of the Martian atmosphere.

21

at I

/

L

Fig. 1 Illustrating the difference between the transport circulation UT and Lagrangian mean circulation L in the presence
of inhomogeneous diffusion. The reference point B moves
with the transport circulation; the center of mass C moves
with the Lagrangian mean velocity. If the diffusion about B
is inhomogeneous, C moves relative to B and therefore the two
velocities differ under such circumstances. [Reproduced from
Plumb and Mahhnan, 1987.]
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Chapter 3: Methodology and Procedures

An experiment to derive a set of eddy diffusion coefficients consists of two
sets of 0CM/transport data, in order that all 4 coefficients can be determined. Each

experiment is for a particular set of meteorological conditions. Experiment 1 is a

vernal equinox case with no dust loading in the atmosphere. Experiment 2 is a
Northern Hemisphere winter case with no dust loading. Experiment 3 is the same

as Experiment 2 but with a dust loading giving a visible optical depth of r=l.
To get the two sets of data needed to compute all four K values, each experiment
consists of two transport model runs using the same 0CM data (so that the dynamics

remain the same) but different initial tracer distributions. In each experiment tracer

distribution 1 is purely horizontally stratified and tracer distribution 2 is purely
vertically stratified at time equal to zero. The aerosol transport model is run to
simulate 10 sols of atmospheric transport. (A sol is one Martian day.)

After the data sets for each experiment were generated they were stored
and sent to Oregon
data

State

University for the remainder of the computations. The

were input to a series of computer programs which performed a coordinate

transformation, calculated K values, and produced plots of various features of the

Martian circulation. This section will discuss the models (the Mars 0CM and the

aerosol transport model) used to generate the needed data for calculating the K
values as well as the steps followed to compute them.
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3.1 The Mars GCM
The process began by running the Mars GCM at NASA Ames Research
Center to obtain the dynamical data for a ten-so! transport simulation. The genera!

circulation model includes wind speeds, surface pressure and temperature as part

of its output The data was output every nine simulated Martian minutes (or 160
times per so!) for a total of 40 sols and stored on a history tape. I was given the
data once every twenty time steps (for the last 10 sols of the 40 so! simulation) so

there were eight time steps (in three hour increments) per so!.
The Mars 0CM is a genera! circulation model which was created by modifying an Earth 0CM developed at the University of California, Los Angeles (UCLA),

by Y. Mintz and A. Arakawa. Pollack et al. [1990] have made various modifica-

tions over the past few years in order to adapt the model to conditions on Mars.
The remainder of this section will provide a limited description of the model con-

figuration and physical processes. For a more thorough description the reader is
referred to Pollack et

al.

[1990] and }Iaberle et

al.

[1993].

"The NASA Ames Mars GCM is a finite difference model based on the
primitive equations of meteorology cast in spherical sigma coordinates [Haberle et
al.,

1993]." The horizontal grid resolution is

7.5°

in latitude by 9.0° in longitude

while the vertical spacing is gridded in thirteen layers from the surface to a height

of approximately 47 km. The layers increase in thickness from about
the surface to

5

500

m at

km at the top of the model. This gives a 40 x 24 x 13 point

grid for the winds.
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The recent improvements made by Pollack et al. [1990]

"include incorporating the radiative effects of atmospheric dust,
improving the treatment of the radiative effects of carbon dioxide gas, allowing for the condensation of carbon dioxide in the
atmosphere, permitting the use of an arbitrary number of vertical
layers of arbitrary thickness, using improved parameterizations for
subgrid scale processes, incorporating spatially varying thermal in-

ertia and surface albedo, and using an improved data set for the
large-scale topography."

Of these, the radiative effects of dust and CO2. the treatment of CO2. and the
improved topography set are the most important.

The topography was improved with data from the Mars Consortium and is
important in modeling and understanding the low-level mean circulation over a large

portion of the planet. The primary physical process of concern was the role of dust

in the Martian atmosphere, especially during times of intense dust loadings. Dust

has a very strong influence on the radiative processes in the Martian atmosphere
which ultimately affect the winds thereby influencing the circulation and transport.

Haberle et al. [1993] run a series of experiments to observe the effects of various
dust loadings on the general circulation of Mars. These show a general deepening

and strong intensification of the mean circulation.

The dust has an impact on atmospheric emissivity and temperature thereby
influencing the behavior of CO2 phase changes, both in the atmosphere and on the
surface. The carbon dioxide condensation flow considered by itself has little impact

on the mean circulation except for determining the intensity of surface winds at the

polar caps [Haberle et al., 1993]. However, the condensation flow could have an

impact on this study if the CO2 were allowed to remove the tracer species from
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the atmosphere as it condenses. For the purposes of this study the condensation
flow has been turned off in the transport model.
After implementing the improvements to the Mars (3CM, Pollack et al. [1990]

"verified the fidelity of this new code" through various experiments while Haberle

et al. [1993] analyzed experiments and found good agreement with existing data

from spacecraft However, Haberle cautions that the "models can be validated
only in a very limited sense and that we must not become too confident of their
predictions" since the available Mars data is temporally and spatially sparse. Some

further limitations of the Mars GCM include the coarse horizontal grid resolution
(which may miss features of the true circulation) and the handling of dust particles
which are fixed in space and time and are not transported by the winds. In addition,
the treatment of CO2 could be more explicit both radiatively and dynamically. The

radiative properties of CO2 ice clouds are not modeled nor are the effects of ice
particle growth and removal.

The last 10 sols of output from each run of the GCM was stored and then
used as the dynamical input to the transport model. In addition, an initial tracer
distribution must be

specified

as input (both the spatial distribution as well as a

particle size distribution). The aerosol transport model is the focus of the next
subsection.

3.2 The Aerosol 'fransport Model
The transport model used for this study was developed by 0. B. Toon and
others and is documented in a paper by Toon et al., [1988]. It models the physics
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and chemistry of aerosols and gases using as input the data from dynamical models

such as the Mars GCM. The output is the mixing ratio of the tracer species as it
mixes throughout the atmosphere.

The transport model is based on a generalized form of the tracer continuity
equation,
OC

+

OUC

+

OVC

OC
---K
ox2
2

= (P

+

OWC

-

Op*

K

OC/p*

-K1

ox1

OC/p*

ox3

(44)

ox3

L)VmHmiHm2

This is equation (1) from Toon et aL, [1988] and is
"the flux form of the continuity equation for the tracer concentration

C, at time t, being advected by scaled winds U, V and W, mixed
by scaled diffusion coefficients Kj, K2 and K3, in an atmosphere
with scaled density p, scaled coordinates X1, X2 and X3, and with
production rates P and loss rates L."
The terms

Vm,

Hmj and H& are scaling factors which appear implicitly in the

dependent variables and allow the model to be run for a variety of coordinate
systems by choosing the appropriate scaling factors for a given system.
Toon et al. replace (44) with three one-dimensional equations (two horizontal

and one vertical) and use a time-splitting technique in order to facilitate the
computational processes and reduce the computer time required to solve (44). In
dealing with the horizontal advection they apply "a Galerkin technique with chapeau

functions as finite elements, and a Crank-Nicolson time step (Pepper et al. 1979;
Chock and Dunker 1983; Carmichael et al. 1980, 1986)." This technique results in
less memory requirements, computationally stable forms of the advection equations,

and code which exactly conserves mass and saves computer time. They also use a
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smoothing scheme to handle negative mixing ratios which may occur as the result

of "noise" generated in the presence of large concentration gradients.
Vertical transport is treated differently than the horizontal transport. Because

diffusion is often the dominant method of transport in the vertical and numerical
diffusion can be a problem in the presence of large oscillating vertical velocities the

coupled advective-diffusive equation is precisely solved. By removing numerical

diffusion (from the upstream advection) the treatment of advection is accurate
and large artificial diffusion (due to the oscillating vertical velocities) is avoided.

(For this study the diffusion coefficients in the model have been set to zero so

that the values computed here are not based on a previously assumed set of
values. However, the smoothing algorithm for (the few) instances when negative
concentrations occur does invoke some diffusion coefficients in order to model the
mixing necessary to correct these situations.) In addition, many of the chemical and

microphysical processes of aerosols and gases are linked to vertical transport. The
authors checked their coupled algorithms (horizontal and vertical) against analytic

test cases and found that
"advection is treated very accurately even when sharp gradients
occur, diffusion is treated accurately, and advective-diffusive equilibrium is treated without error. The expressions exactly conserve
mass and the fluxes are easily identified for diagnostic purposes...
negative concentrations never occur.., and numerical stability is
guaranteed."
Aerosol microphysical processes are treated in the model by using a linearized

form of the production and loss terms in equation (44). The aerosols have specified

size ranges and are classed

into

four types based on composition. The first type

is allowed to grow by coagulation only, the second by condensational growth, the

third by coagulation and condensation, and the fourth type is the volume fraction

of the third type which is composed of the first type. The code handling the
microphysical processes is also written to conserve mass as well as particle number

and has proved adequate in testing.
The transport model is capable of simulating transport "with acivection, diffusion, sedimentation, coagulation, rainout, surface deposition, and transport across

the lateral boundaries all occurring in a temporally varying wind field" with a
negligible loss of mass [Toon et al., 1988]. However, for this study the model
was run under greatly simplified conditions. Basically, all microphysical/chemical

processes were turned off, as was the convective mixing and condensation deposition/removal. Thus, the transport is solely that by the resolved winds produced

by the GCMthere is no subgrid scale mixing in these transport simulations, and
the transport is conservative.
The tracer mixing ratio output from the transport model was stored on tape

and then transferred along with the GCM dynamical data to the Atmospheric
Science Computers at Oregon State University where the remainder of this research

was performed.

3.3 Computation of K values
The data were input to several computer programs in order to calculate
the K values and to generate piots to look at transport features and circulation
characteristics of the Martian atmosphere. First, the pressure associated with each
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grid point was calculated and then the transport model output (tracer mixing ratios)

and the 0CM dynamical data were converted to convenient units. (Mixing ratios
are now in grains of tracer per kilogram of CO2, horizontal wind speeds in meters
per second, vertical wind speeds in centimeters per second, and all pressure fields

in mililbars.) Next, all the data had to be converted from the sigma coordinate
system used by the NASA models to a log-pressure coordinate system so that the

calculated eddy diffusion coefficients would have meaningful units and be more
accessible to other scientists.
The initial step was to transform the data from the thirteen sigma levels of the

GCM's vertical grid to a grid of thirteen constant pressure levels. (These constant
pressure levels are not equally spaced by virtue of the choices of the sigma levels.)
In the Mars 0CM the relation between the sigma coordinate and pressure is given by

Ppt
Ps

Pt

(45)

where p is the pressure at a point, Ps is the surface pressure below the point, and Pt
is a constant. This constant is defined to be the pressure at the top of the model and

has been assigned a value of 0.06699 mb. The thirteen "standard" pressure levels
were then obtained by solving (45) for p, using a global and time averaged surface

pressure for Ps' and substituting the given sigma level values for u, as shown by
the following equation.

pi=oi x (pt)+pt

(46)

where i = 1,2,. . . , 13. Following this the data were transformed to the pressure
levels using a log-linear interpolation. This was readily done because the pressure
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at each grid point had been previously calculated. The log-linear interpolation
was performed (using the mixing ratio X for example) according to the following
equation.

(XX,)

xpl=

x (in(pI)ln(p2))+X2

(ln(p2)ln(pl))

(47)

where the constant pressure level p lies between P1 and P2
The final step in transforming the coordinate system was to interpolate from

the thirteen "standard" pressure levels to an evenly spaced log-pressure vertical
coordinate, z, as defined by equation (48). This was accomplished by converting

the thirteen uneven pressure levels to uneven log-pressure levels using equation

(48). Again, the global and time averaged surface pressure for the data set was
used for Ps. Thus, the new uneven z coordinates were given by

z= H

in

()

(48)

where i = 1,2,..., 13. Then the even z-scale was chosen by looking at the limits
of the uneven scale

(z1

and

z2)

and choosing whole numbers near these and then

dividing the difference between them by twelve. This gave an increment which
created thirteen evenly spaced log-pressure levels for the z-coordinate. Instead of
using another linear interpolation scheme to transform the data to the new coordinate

system a cubic spline routine was utilized.
Once all of the data were converted to the log-pressure coordinates several
computer programs performed the necessary calculations to obtain the terms neces-

sary to solve for the eddy diffusion coefficients in equations (20) thru (23). These
programs calculated the mean mixing ratio gradients

and

as well as the mean

eddy flux quantities ?J and w'X' for each time step. This was accomplished by
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first zonally-averaging each of the necessary variables (winds and mixing ratios)

for each time step. It should be noted that some of the zonal averages calculated

at the lower levels of the atmosphere are not true zonal averages. This is due to
the very large nature of the Martian topography in certain areas, particularly near
the equator, and the nature of the initial transformation between sigma coordinates

and the constant pressure levels. The high regions (up to

planet have low surface pressures.

Thus

1O km) of the Martian

when the constant pressure levels were

calculated using a global average surface pressure some of these levels would have

pressures larger than the actual surface pressures in regions of high topography.
This

created a situation in which data values would have to be extrapolated to grid

points that were below the ground (often far below the ground). To avoid this prob-

lem all such points were flagged and ignored in future calculations. So, in some
instances the zonal averages are not based on an average of 40 zonal data points,
but substantially fewer. Extrapolations (and thus missing points) were necessary
for the lowest five levels of the atmosphere, with approximately 50% of the points

extrapolated (missing) at the lowest level (1) and 1% at the fifth level.
After the zonal averages were calculated for each time step the eddy values
v', w', and X' were calculated by subtracting the zonal mean from the instantaneous
values,

v'=vV

(49)

w'=wW

(50)

X'=XX

(51)
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(Again, these only represent the large scale resolved eddies from breaking transient

and standing waves as well as those resulting from the thennal tides.) The mean
eddy flux quantities were obtained by multiplying the eddy winds by the eddy tracer

mixing ratios and zonally averaging (again ignoring below-ground points).

The gradients of the mean tracer fields were calculated using finitedifferencing techniques. At the boundaries one-sided finite-differencing was used,

while a centered finite-differencing approach was used for grid points with an
adjacent point on both sides.
To obtain the K values the eddy flux quantities and the mixing ratio gradients
were time-averaged and then the two-dimensional flux-gradient relation was solved

(as opposed to obtaining the K values for each time step and then time-averaging).
This method was chosen since the necessary conditions for the flux-gradient relation

to be satisfied (small-amplitude eddies on a purely zonal flow) are not met. Because
these conditions are not satisfied one cannot expect an instantaneous look at the K's

to be very accurate. What one hopes is that in a statistical time-average sense the

flux-gradient relation will still provide an adequate description of eddy transport
and an appropriate set of K's. Thus, I chose to time-average the components needed

to solve for the K values and then obtain them.
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Chapter 4:

Results

In this chapter I look at the results of the three experiments. I examine the
time-averaged, zonal-mean winds, the time evolution of the mean tracer fields, the

time-averaged mean eddy fluxes and mean tracer fields, the mean meridional and

transport circulations, and the distribution of the calculated mixing coefficients.
Following these results will be a separate section discussing the time scales associated with the overturning of the atmospheric circulation by the mean meridional

circulation and by vertical mixing.

4.1 Experiment 1: Northern Spring Equinox
The equinox case spans L = 356°-358° and is for an optical depth of 'r =0.

(L is an angular measure of the planet's orbital position. L =
to northern spring equinox L

900, 180°,

00

corresponds

and 270° correspond to northern

summer solstice, fall equinox, and winter solstice, respectively. r is the visible
dust opacity.) Mars GCM experiments generally begin from a resting state and are

run for

50

sols; the code allows for the advancement of the planet along its orbit

according to Kepler's laws. Because the radiative relaxation time of the Martian
atmosphere is short (2-4 sols) the circulation
that averaging the last
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spins

up quickly and it is expected

sols of each simulation should produce results similar to

steady state values which is the case [Haberle et al.,

1993].

For this study all three

0CM simulations were run for 40 sols. The first 30 sols allowed sufficient time
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for spin up of the circulation and the last 10 sols of the GCM runs were used to
run 10 sol transport simulations using the aerosol model.
Figs. 2-4 show the zonal-mean circulation for the equinox case. There

is good agreement with the results of Haberle et al. [1993] who used the same
(3CM to look at various seasonal circulation patterns. The zonal, meridional, and

vertical winds exhibit the same general structure and magnitude as those in the
aforementioned study. This adds to the confidence that a 10-day time average is
representative of zonal-mean conditions near spring equinox.

The mean zonal winds are characterized by predominately westerly winds
throughout both hemispheres with similar magnitudes (up to 45 mIs), while there

exist two pockets of weak easterlies in the tropical latitudes and extending from
the ground to 15 km and from about 25 km to the top of the model. There is also
a thin band of easterlies found at the North pole. This symmetrical structure of the

zonal-mean circulation about the equator is a feature of both equinoxes [Haberle

et aL, 1993].
The mean meridional winds are strongest at low levels corresponding to the
low level branches of a two-cell Hadley circulation system (see Fig. 15). A strong

southerly flow (-s2mIs) from the southern hemisphere meets a strong northerly
flow ('-'2mIs) from the northern hemisphere at about 15S where the rising branches

of the Hadley cells are found. Above the strong low level winds the meridional
motions are directed poleward in each hemisphere with the northern hemisphere
showing stronger winds. These winds correspond to the upper level, poleward flow

of the Hadley cell system.
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The structure of the mean vertical winds shows lifting near the ground at
15S (where the meridional winds meet) and throughout the region from 30S to

30N above 10 km. The strongest upward motion (-1cm/s) is found above the
equatorial region from 10 to 20 km. This upward motion corresponds to the rising
branches of the Hadley circulation. (It is interesting to note that the strongest rising

motion is found closer to the equator rather than 15S where it is expected. This is
likely the result of the variable terrain in this latitude belt creating situations where

low level winds are suppressed by very stably stratifIed atmospheres associated
with regions where lowlands meet high terrain.) The mid- and high latitudes are
dominated by sinking motion which characterizes the descending branches of the
two-cell Hadley system at higher latitudes.

The dine evolution of the tracer fields from the aerosol model are shown
in Figs. 5-12. Figs. 5-8 show the horizontally stratified case with the initial

distribution as shown in Fig. 5. Following the dine steps it can be seen that the
horizontal transport is strongest from about 50S to 20N over the entire vertical
extent of the model (as evidenced by the decreasing mean tracer gradient) while
the horizontal tracer gradient actually increases towards both poles. The same is

true for the vertically stratified case in Figs. 9-12. The strongest mixing again
occurs across a region spanning the equator and extending the vertical extent of the

model, while the higher latitudes again show an increasing tracer gradient.
Figs. 13 and 14 combine the time-averaged mean mixing ratios with the

corresponding eddy fluxes to further highlight the horizontal and vertical eddy
transport processes.

Fig.

13 shows that the reduction of horizontal gradient
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is greatest in the Southern tropics and mid-latitudes in agreement with Fig. 3.
Likewise, Fig. 14 shows that the strongest vertical transport occurs over the equator

in the highest altitudes of the model as expected from Fig. 4. The vertical case

exhibits a poleward-downward slope of the contours at mid- to high latitudes.
This sloping of the isopleths is a result of the strong lifting motion of the mean
meridional circulation over the equator and the strong descending motion over the
high latitudes at the top of the model (see Fig. 15). The mean transport circulation

(to be examined below) also has this basic character. Such a slope is observed
for vertically stratified tracers (e.g., water, ozone, radioactive debris) in the Earth's
stratosphere and the model results of Plumb and Mahlman [1987] show this feature

very clearly.
The eddy flux plots display the direction of the eddy transport. The horizontally stratified case shows that the eddy fluxes at mid-latitudes are directed much less

"cross-contour" than those at low latitudes. As Plumb and Mahhnan [1987] note,

"this is indicative of advective-type eddy fluxes (antisymmetric
[K]) in these regions; indeed this is a characteristic signature of
eddy fluxes of conserved tracers in the absence of parcel dispersion
(Clark and Rogers, 1978; Plumb, 1979; Matsuno, 1980)."

The downgradient direction of the eddy fluxes in the lower latitudes is indicative of

diffusive-type eddy transport in these regions. The vertical case shows that nearly
all of the eddy fluxes are directed downgradient at all latitudes. This indicates that
diffusive type transport is the dominate type for a vertically stratified tracer. Thus,

it is not surprising to find that the strongest fluxes are located at high altitudes
where the mixing ratios are largest
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Fig. 15 combines the mean vertical and meridional winds into a vector plot
displaying the mean meridional circulation (V, W). In accordance with the previous

plots of V and W the plot shows a circulation system consisting of two Hadley
cells. In the southern hemisphere the cell is slightly smaller and spans the mid- to
low latitudes (60S-1OS) where it meets the second cell which crosses the equator
and extends to the middle latitudes of the northern hemisphere. The circulation is
most vigorous over the equator (where the air is rising and subsequently branching

off to the north and south at higher altitudes) and at high altitudes above the
mid-latitudes in the Northern hemisphere. The mean circulation continues towards
higher latitudes where it begins to descend and return back to the equatorial regions

at low altitudes. Also observable in Fig.

15 is a small cross-equatorial cell

located in the lowest levels between 15S and iON. The cause of this feature is
not precisely known but again may be attributable to the effects of the variable
terrain as mentioned in the discussion of the mean winds.
Fig.

16 shows the effective transport circulation, UT, which exhibits the

same general dual Hadley cell structure as the mean meridional circulation. The

cells in both Figures are similar in location and extent but, the magnitudes of
the vectors composing the Hadley cells differ in some regions. In general, the
transport circulation has larger magnitudes than the mean meridional circulation.
This is especially noticeable at low levels where the transport circulation magnitude

is significantly larger than that of the mean meridional circulation.

It should be noted here that in this plot and those for

and K that the

lowest level of the atmosphere and the highest two latitudes in each hemisphere have

been omitted. The lowest level was omitted for the reason mentioned earlier, the
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effect of the terrain on calculating a true zonal-average of winds and mixing ratios

would also effect the accuracy of determining K values (and thus the transport
circulation) at this level. The highest two latitudes in each hemisphere were
neglected because the mixing ratio evolution near the poles appeared suspect. There

was some question as to the 0CM' s performance near the poles for these particular
experiments. The transport code is designed to model the transport by redistributing

the air parcels while conserving mass. However, in some of the experiments it
appeared to be adding mass to some of the parcels in the polar regions as evidenced

by mean tracer mixing ratios well outside of the initial values of the mean mixing

ratios. It is suspected that the error is at least partly due to the conversion from
the geometric scale of the 0CM to that of the transport model at polar latitudes.
This problem only appears at the poles and only for certain cases and thus does
not have any effects on the results for the region of the atmosphere considered.
The vectors representing Ur show the direction of the basic flow of air mass
and represent the "advective mass flux" of Kida [1983]. The diffusion of the tracer

may be thought of as superimposed on this basic flow. Comparing the transport
circulation with the calculated diffusivities in Figs. 17 and 18 it is seen that there is

a tendency for the strongest part of this circulation to be directed towards regions
of strong diffusive mixing (especially over the equator and poles).
The calculated horizontal and vertical eddy diffusivities are shown in Figs. 17

and 18, respectively. The values were found to be positive at almost all points with

the exception of a few negative values usually located near the smallest positive
values and towards the poles. (This was true for all three experiments.) Following
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Plumb and Mahhnan [1987], some "quality control" was exercised on K (Dr)
and

(D) by setting K and

to minimum values wherever the calculated

values were less than these. (The minimum values adopted were approximately
two orders of magnitude below the typical values calculated. The minimum values
chosen were

m2/s for K and 1 m2/s for Ku.) After this, the criterion D2

DyyDzz was applied and if any grid points did not satisfy this condition then

was set equal to D22/D. This criterion was applied to make sure the component
of eddy flux associated with ED] (see equation 28) was purely diffusive [Matsuno,

1980]. In all three experiments this criterion was met and no further modification
of the D2 values was necessary.

Fig. 17 shows that the largest values of K (1.5-4 x 106 m2/s) are located
in three main regions: mid and high northern latitudes at low altitudes (5-10 km),

from 30S to 30N at altitudes of 15-30 1cm, and at mid-latitudes at the top of the

model. The high altitude bands of strong mixing are most likely the result of
diffusive mixing produced by planetary waves. The correlation of these regions
with the 10 rn/s zonal wind line suggests that the most likely source of this strong
horizontal mixing is the breaking of transient and/or quasistationary planetary waves

propagating equatorwards in both hemispheres. The bands of strong mixing at

lower altitudes, especially in mid- to high latitudes, are likely due to transient
eddies which are very vigorous in these regions.

Fig. 18 shows strong vertical mixing (K from 50-90 m2/s) in three main
regions: at mid- to high latitudes in both hemispheres between 5-10 km. and above
the equatorial latitudes between 8-20 km and 25-38 km. The strong vertical mixing
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in the mid- to high latitudes may be due to transient eddies associated with midlatitude Martian storm systems, while the mixing in equatorial regions is probably

due to the thennal tides discussed by Zurek [19761. The strongest mixing is at
the top of the model over the equatorial region. This is not surprising since Zurek

[1976] found that the strongest diurnal response of the Martian atmosphere was
over the areas of large topography in the tropics and subtropics.

Zurek also noted "that vertically propagating tidal components, growing
exponentially as density decreases with height, will dominate the dynamics of the
middle Martian atmosphere (30-80 km)." It is in this same region of the atmosphere

that Zurek expects the tidal fields to degenerate into turbulence due to large wind

shears or unstable temperature distributions embedded within the fields. Thus,

strong vertical mixing would be expected in such regions and the diurnal tides
are believed to be the dominant contributor to the strong vertical mixing over the

equatorial region (especially near the top of the model). It is likely that the band
of strong vertical mixing at low altitudes above the equator is also due to the tides,

but it could also be associated with planetary waves.
Figs. 19-21 support the suggestions above as to the likely sources responsible

for the strong diffusive mixing in both the horizontal and vertical. (These figures
have been provided by J. Barnes, 1994, personal communication, and correspond to

roughly the same season.) Figs. 19 and 20 show the transient eddy horizontal and

vertical heat fluxes for lower frequency motions (>2

days),

respectively. What

is seen is that for the time scales appropriate to mid-latitude transient eddies the
regions of maximum activity are found in mid- to high latitudes at low levels. This
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supports the assertion that the horizontal mixing at mid- to high latitudes is due
to the transient eddies.
Fig. 21 is the transient rms temperature variance after high-pass filtering to

isolate the tidal motions. This plot shows that the largest thermal tides are in the

equatorial regions near the ground and at the top of the model ("-'40 km). Thus
one expects the tides to have their strongest influence over the equatorial region
at equinox, especially at upper levels where they may be tending to break. There
is convective adjustment occurring in the Mars GCM in this upper region, which
may be associated with tidal breaking, but convective mixing of tracer mass does

not occur in the present transport simulations.
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4.2 Experiment 2: Northern Winter Solstice (no dust loading)
The winter solstice case spans L = 255°-286° and is for an optical depth
of r = 0. It was run for 30 sols with the last ten used as the input to the aerosol

model. This same season (L span) will be used in the third experiment but the
dust loading (as simulated by r) will be changed in order to analyze the effects of

dust on circulation and transport.

Figs. 22-24 show the mean zonal, meridional, and vertical winds respectively. Again, excellent agreement exists with the results of Haberle et al. [1993]
who run a similar northern winter solstice experiment. The structure of each com-

ponent of the circulation is nearly identical to those pictured in Haberle et aL's
work. However, the magnitudes of the winds are slightly less than their results.

(This is due to the fact that they used

r

= 0.3. As will be seen later, a dusty

atmosphere increases the intensity of the Martian circulation.)
The mean zonal winds are predominately westerly in the northern hemisphere

and easterly in the southern hemisphere (from the equator to 60S) with both
increasing in magnitude with height (as expected from the thermal wind balance).
Weak westerlies dominate the winds of the high southern latitudes. The winds in the

northern hemisphere are much more intense than those in the southern hemisphere.

For example, the winter jet (''95 mis) is approximately three times stronger than

the summer jet (s35 m/s).
Another interesting feature of the mean zonal circulation is the surface
westerly jet found in the southern subtropics. This was also observed by Haberle

et al. [1993] who noted that
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"there is no analogous feature in Earth's general circulation. The
surface jet is a consequence of the meridional scale and thennal
structure of the Hadley circulation. Low level air flowing toward

the rising branch of the Hadley circulation from the northern
hemisphere is accelerated towards the east by the Coriolis force as
it crosses the equator. The farther from the equator it travels, the
greater its westerly component becomes. The surface jet is closed
because temperatures increase poleward in the southern hemisphere
which, from the thermal wind relationship, requires an easterly
shear in the zonal wind. It is worth noting that the latitudes at
which this jet maximizes coincide with those from which planetencircling storms have been observed to develop [Zurek, 1982]."
The mean meridional winds are most interesting from about 40S to 40N. This

region contains strong northerly flow (6 mis) which decreases from the surface
to about 5km where the winds change direction, becoming southerly, and increase
with height to a maximum speed of about 5 m/s at 10 km. The winds then decrease

with height again up to about 30 km where they begin to increase again. These
strong meridional winds will be important contributors to the low-level equatorward

flow and upper-level poleward flow of the winter Hadley cell (see Fig. 35). The

remainder of the two hemispheres are characterized by weak meridional winds;
predominately northerly above 5 km and southerly near the surface at mid- to high
latitudes.

Examining the mean vertical winds it is seen that the strongest upward motion

(2.5 cm/s) is above the southern subtropics (which corresponds approximately to
the subsolar point). The strongest downward motion (s1.5 cm/s) is found between

iON and SON. These two bands of rising and sinking motion correspond to the
rising and sinking branches of the Hadley cell as can be seen in Fig. 35. At high
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latitudes in both hemispheres vertical motions are relatively weak although some

rising motion is present near the north pole.

The time evolution of the tracer fields are shown in Figs. 25-32. The
horizontally stratified case shown in Figs. 25-28 shows rapid mixing from about

40S to 60N. The horizontal gradient of the mean tracer field decreases quickly
in this region but increases sharply in high northern latitudes at high altitudes.

The vertically stratified case, seen in Figs.

29-32, also shows rapid mixing

over the 40S to 60N region. The isopleths are seen to be "moving up" from
40S to 25N (indicating an expulsion of tracer) and "moving down" from 25N to

75N (indicating an intake of tracer). In general the vertical mean tracer gradient
decreased over tropical and subtropical latitudes and increased over mid- and high

latitudes (especially in the northern hemisphere).
These features are further brought out by considering the time-averaged mean

mixing ratios in Figs. 33 and 34. The horizontal case again highlights the strong
mixing in the horizontal (especially in the tropics and subtropics) while the vertical
case shows the characteristic poleward-downward slope of the isopleths mentioned

previously. This slope is no longer symmetric about the equator as in the equinox

case but follows the rising and sinking motions of the Hadley circulation which
has been displaced with the changing seasons. (At high northern latitudes of the
vertically stratified case the isopleths show a poleward-upward slope which is likely

the result of a Fenell cell circulation in this region. The Mars GCM does produce

a Ferrell cell in this region [Haberle et al., 1993].)
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Concentrating on the eddy fluxes shown in Figs. 33 and 34, it is again
observed that most of the fluxes are directed downgradient as expected for diffusive-

type eddy transport. This is especially true for the vertically stratified case with

the exception of a few regions above northern low to mid- latitudes where the
fluxes are less cross-contour. The horizontally stratified case has a small region

in northern mid- to high latitudes and a small region at low altitudes above the
southern tropics where the fluxes are much less cross-contour indicating advective-

type eddy diffusion.

The structure of the mean meridional circulation is shown in Fig. 35. The
most identifiable feature is the large, strong, cross-equatorial Hadley cell with rising

and sinking branches centered at 30S and 40N, respectively. The cell extends from

the surface to the top of the model and is most intense between 5 and 20 km.
Barely observable (due to its small size and strength) is another Hadley cell at high

southern latitudes. Haberle et al. [1993] also observed this feature noting that
"the profound asymmetry in the size, strength, and position of the
two Hadley cells is due to the fact that the peak heating is located
well off the equator [Lindzen and Hou, 1988]. Indeed much of the
rising motion occurs poleward of the subsolar point (25°S). This
asymmetry is much more pronounced than it is for Earth's Hadley
circulation because of the small heat capacity of Martian soil. On

Earth, the oceans act as large thennal reservoirs that buffer the
seasonal swing in the latitude of the rising branch."
Also identifiable in the results is a thermally indirect Ferrell cell at high northern
latitudes (from 50N poleward).
The Ferrell cell observed in the mean meridional circulation is not observed
in the transport circulation shown in Fig. 36. The transport circulation is essentially
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characterized by a single large cross-equatorial Hadley cell whose strongest motions

are found between 30S and 30N at low levels (and at high northern latitudes near
the ground). However, the vector plot does show evidence of a very weak Hadley
circulation in the mid- to high latitudes of the southern hemisphere at low altitudes.

The transport circulation is simpler than the mean meridional circulation since the
Ferrell cell is not present. This result is in agreement with expectations based on the

work of Plumb and Mahlman [1987]. They showed that the transport circulation,
UT, is related to the residual and Lagrangian-mean circulations and thus, "in accord

with theoretical expectation,.

.

.

the successful cancellation of the Ferrell cell

lends credibility to the calculation."
Comparing the transport circulation with the distribution of calculated diffu-

sivities (see Figs. 37 and 38) it is again observed that the largest transport vectors

are found in regions of large diffusivities. The low level tropics and subtropics

and low levels between 50N and 80N highlight this feature. (In plotting K and
K less than two percent of the data points were affected by the "quality control"

scheme.) For K the largest values are concentrated in two main regions. First,
there is a band which begins at low levels in the southern subtropics and tropics

and stretches upward (up to 25 1cm) above the northern subtropics. The typical

horizontal eddy coefficient here is 3-5 x

106

m2/s. The second main region is

found at high northern latitudes near the ground and exhibits the largest values of

up to 40 x 106 m2/s.
In the band of strong mixing stretching across the tropics and subtropics of
both hemispheres there are two noticeable correlations with the zonal wind lines.
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Looking closely at the portion of the band at low levels in the southern subtropics

it is seen that there is a correlation with the zero wind line. This suggests that this
region of mixing may be influenced by stationary planetary waves resulting from
the high topography at these latitudes; this is also the region of the subtropical jet.
The region of strong horizontal mixing at mid-levels above the northern subtropics

is likely the result of breaking transient and/or quasistationary waves as suggested

by the correlations with the zero and 10 rn/s zonal wind lines. The tides are not
expected to influence horizontal mixing significantly, especially in this region, so

their contribution is probably small.

In the high northern latitudes it is suspected that the mixing is due to the
transient eddies associated with mid- to high latitudes. The values of K

in this

region are an order of magnitude greater than those observed in the equinox case
which is likely the result of the increase in intensity of the synoptic eddies in the
northern hemisphere in the winter season. (This also explains why a similar region

of strong horizontal mixing is not observed in middle and high southern latitudes
duiing summer. The southern latitudes show a maited decrease overall in diffusive

mixing since the transient eddy activity has strongly decreased.)
The most prominent regions of mixing associated with K2 are found above
the southern tropics and subtropics between 5-20 km. at high levels of the northern

hemisphere, and at mid- to high latitudes of the northern hemisphere from the
surface to the top of the model. The typical values of K at mid-levels above the
equator are 70-170 m2/s. This region is likely to be most strongly influenced by
the tides but could have a significant contribution also from planetary waves. The
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strong vertical mixing observed at the top of the model is again likely the result

of the diurnal tides as discussed for the equinox case. The largest values of K2
approach 900 m2/s and are located near the ground at northern mid-latitudes. The
band of strong vertical mixing found here is believed to be the result of the vigorous

transient eddy activity in this region. As for K

for northern winter solstice,

K22

shows a significant increase in magnitude (from 2 up to 10 times) as compared to
the equinox the equinox case. This again is attributable to the more intense global
circulation associated with solstice conditions.

Figs. 39-41 (provided by J. Barnes, 1994, personal communication, for the

identical L span) lend support to the previous assertions as to the sources of the

eddy mixing. Filtered plots were unavailable to isolate the transient and diurnal
time scales, but some insight may still be gathered from these plots. Fig. 39 is the
transient rms geopotential height variance which shows a maximum in the mid- to

high latitudes between the ground and the top of the model. This implies vigorous
transient eddy activity in this region and coincides with the areas of strong mixing

(both horizontal and vertical) in these latitudes.
The stationary rms temperature variance shown in Fig. 40 shows maximum

values near the ground between 50S and 30N. This suggests the potential for
stationary waves to influence mixing at low levels in the equatorial regions. Fig.
41 is the transient mis temperature variance which highlights large variance at low

levels and high levels. The variance at high levels is indicative of the influence of

the thermal tides in this region. This supports the assertion that the tides are the
likely source for the strong vertical mixing at high altitudes in Fig. 38.
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4.3 Experiment 3: Northern Winter Solstice (with dust)
This case is identical to Case 2 (L = 255°-286°) except that the optical
depth,

r,

has been set equal to 1.0 in order to simulate an atmosphere under dusty

conditions. This experiment is of interest since it gives a glimpse of the dynamical

effects of dust in the atmosphere. In addition, it is during this season that planet-

encircling dust storms tend to occur. (A value of r = 1.0 represents moderately
dusty conditions. It is known that the optical depths observed at the Viking lander
sites reached values that were significantly greater than 1.0 [Colburn et al., 1989]

and that global mean optical depths inferred from tidal signatures in the pressure

data were also much larger than 1.0 [Zurek, 1981].)
The influence of dust in the atmosphere is very apparent in the mean winds.

Comparing these winds (shown in Figs. 42-44) with those from Case 2 (as seen
in Figs. 22-24), it is seen that the biggest change is in the intensity of the winds.
The maximum speeds of the zonal winds have nearly doubled while those in the

meridional and vertical directions have increased from 3 to 4 times their values
under clear conditions. The maximum zonal winds are now up to 175 rn/s in the
westerly jet while meridional and vertical wind speeds exceed 20 rn/s and 7 cm/s.
respectively.
Very

little siructural differences are seen in the mean winds. The zonal

winds are still characterized by westerlies dominating the northern hemisphere,
surface westerlies in the southern subtropics, and easterlies dominating the southern

hemisphere. The most noticeable changes are the prevalence of easterlies in high

southern latitudes and the more pronounced westerly jet at high levels in the
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northern mid-latitudes. The meridional wind structure remains basically the same

for the dusty case except that the southerly winds which begin at 5 km above the

equatorial regions increase continuously to the top of the model (as opposed to
increasing, decreasing, and then increasing again as in Case 2). The mean vertical

winds show the largest structural change. Under dusty conditions the bands of
rising and sinking motion are more conilned horizontally and exhibit a degree of
symmetry about the zero wind line above the equator. These winds are characterized

by a thin band of weak sinking motion from the southern pole to 85S, relatively
strong rising motion from about 85S to lOS, relatively strong sinking motion from
lOS to 65N, and then a band of weak rising motion from 65N to the northern pole.
In all three piots the increase in wind speed is associated with increased horizontal

and vertical wind shears.
The increase in the intensity in the intensity of the mean winds from Experiment 2 to Experiment 3 can be explained as a result of the radiative effects of dust.
Dust is a good absorber of the incoming solar radiation. When it is suspended in the
atmosphere it directly heats the atmosphere increasing the atmospheric temperatures

as well as the meridional temperature gradients (see Haberle et aL, 1993). Thus, as
expected, the winds increase in intensity according to the thermal wind relationship.

A closer examination of the mean meridional and vertical winds for this case

suggests that the mean meridional circulation is very well defined. This is due to

the distinct regions of different wind direction and the increased strength of the
winds. The four components of flow in the large, cross-equatorial Hadley cell are
readily identifiable in these plots: the strong rising and sinking motions centered at
30S and 40N, respectively, the strong upper level (southerly) winds, and the strong
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(northerly) return flow at low levels. These features are even more readily seen in

the mean meridional circulation plot (Fig. 55).

Looking at the time evolution of the tracer fields in Figs.

45-52 (and

comparing them to Figs. 25-32) it is seen that the mixing is even more rapid than
in the clear, winter solstice experiment. In addition, the mixing is quite thorough

throughout the atmosphere between 60S and 60N in both the horizontally and
vertically stratified cases. (Not surprisingly, this corresponds roughly to the span

of the cross-equatorial Hadley cell.) The horizontal and vertical gradients in this
region are small but no problems arose in calculating the mixing coefficients. (If
the aerosol model had been run for a few more sols it appears that the mixing would

have been too complete and problems with the mean tracer gradients approaching
zero and/or the two cases having parallel gradients would have occurred.) Even at

high latitudes very significant mixing is taking place as is evident by the changes

in isopleth values.
The time-averaged mass mixing ratio plots in Figs. 53 and 54 highlight the

thoroughness of the mixing under dusty conditions. The horizontal and vertical
gradients of mean tracer have decreased significantly throughout the majority of

the atmosphere. For the horizontal case this can be seen by comparing Fig. 53
with the initial tracer state in Fig. 45. In this instance the mass mixing ratios
are generally seen to be increasing where they were initially small and decreasing

where they were initially large indicating that tracer mass is being "transported"
downgradient (and is subsequently decreasing those gradients).
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In the horizontal case the eddy fluxes are seen to be primarily cross-contour

(downgradient) throughout the atmosphere from 30S to 50N indicating diffusive
eddy transport in this region. In high northern latitudes and mid- to high southern
latitudes the eddy fluxes are directed much less cross-contour suggesting advective-

type eddy transport in these regions. Thus, for the horizontal case, the addition of

dust to the atmosphere appears to increase the proportion of advective-type eddy
transport relative to diffusive-type eddy transport.

Looking at the eddy fluxes for the vertical case it is seen that the largest
values are concentrated at the top levels of the model and in the highest northern
latitudes. The eddy fluxes at the top levels in the southern hemisphere and at the

high northern latitudes are less cross-contour than those in the top levels of the
lower northern latitudes. This suggests that the transport in the former regions is
more of the advective type while that in the latter region is of the diffusive type.

Fig. 55 shows the mean meridional circulation which is dominated by a
large, cross-equatorial Hadley cell. The rising and sinking branches are centered at

approximately 30S and 45N as expected from the plot of w in Fig. 44. This cell
is characterized by strong winds, especially near the

top

of the model. (Thus, the

overall effect of the dust loading on the mean circulation has been to increase the

intensity of the winds and the span of the cross-equatorial Hadley cell.) Haberle
et al. [1993] found a weak Hadley cell in high southern latitudes and an indirect
Ferrell cell at high northern latitudes. These two features do not appear in this plot
due to the cutoff of data at the highest two latitudes and the relatively small values

of V and

W in these regions.

iro,

MEAN MERIDiONAL CIRCULATION

.

35..

4

,

,
.

,

.

7

p

p

' t

?

'

t

,

I0 cm/s

\. S
a

777

30
,

'

25

ft

It
I

7

P

.
.

5.

-

9 S

?

P

P7 t7'

tt7

P

10

75S

5S

7--'

?

''pp

15.

i

i.

\,,.t,.I,

4

"

. *1884

*

,

.1,

.1

7

7

P

a

b

4

4

S

4

7

7

p

a

.

4

4

4

4

4

p

4

p

4-

4... 4 416S

L'

4.4.4.8'

?

f-.....

3S

.l,

77?
77?
7??

4

V...

1

i,

'Pt?

20

7

V
teN

.

3eN

.

SeN

.

7N

9

LATITUDE (DEGREES)

Fig. 55 Mean meridional circulation for the northern hemisphere winter solstice
case (r=1.0).

107

The transport circulation for this case responds similarly to the dust loading.
The horizontal span increases as does the intensity of the circulation (as seen in Fig.
56).

Again, the most notable increase in circulation strength is at the highest levels

of the model. The circulation vectors at these levels are also directed towards
regions of strong horizontal and vertical mixing (see Figs.

57

and

58).

As in

the clear case, there is a barely discernible Hadley cell at low levels in the highest
southern latitudes. Again, as for the clear case, essentially no Ferrell cell is evident.
Figs.

57

and 58 show the eddy mixing coefficient distributions for Case 3.

After applying the quality control conditions to this experiment it was found that

11% of the K values and 16%

of

the K values needed adjusting to the minimum

values specffied. There was no apparent pattern or region, however, where data
points systematically failed to meet the minimum values specified.

The distribution of K under dusty conditions shows some similarities to that
under clear conditions. The band stretching from low levels in the lowest southern

latitudes to the mid-levels of the northern subtropics is still present but the values

(3-11 x 106 m2/s) in this region are about twice that in Case 2. However, in the
present experiment this band continues on up to the highest levels of the model in
northern mid-latitudes. This portion contains the largest values in this band (up to
17

x 106 m2/s) and highlights the significant increase in horizontal mixing in the

upper atmosphere under dusty conditions. Another strong band of mixing common

to both cases is found in the high latitudes of the northern hemisphere. It is this
region that contains the largest values of K

in both plots.
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The area of large K
transient eddy activity.

in mid- to high northern latitudes is attributable to

The strong mixing at low southern latitudes is likely

associated with stationary planetary waves. The strong horizontal mixing in the

higher levels is correlated with the low zonal wind speeds and again suggests
breaking quasistationary and/or transient waves as the source. It is possible that the

tides could be contributing to the horizontal mixing near the top of the model also.

The key difference in the dusty case is a region of relatively strong mixing

in the mid- to high southern latitudes at low levels which does not appear in the
dust-free case. This region shows some correlation with the lower zonal wind speed

lines which suggests planetary waves as the source. However, as will be seen in
Fig. 59, the transient eddy activity in the southern hemisphere is minimal and thus

is not expected to be the cause of strong mixing in the southern hemisphere. This
region may be influenced by quasistationary eddies.

The distribution of K

is characterized by two bands of maximum values.

One is located in the higher northern latitudes and stretches from the ground to the

top of the atmosphere. This band is almost identical to that observed in the clear

atmosphere case. In each case the largest values of K are found in this region
but those in the dusty case are up to two and one half times larger than those in

the dust-free case. This band is in a latitudinal location where transient eddies
are prevalent and shows some correlation with low wind speed lines which would

seem to indicate that transient eddies are the dominant influence on the vertical
mixing in this region. At higher altitudes the diurnal tides are also likely to make

a significant contribution to the values of

K22.

112

The second band of strong vertical mixing spans iON to 60N between 20
and 38 km. As mentioned before, strong vertical mixing in this region is likely the
result of the diurnal tides. This region of maximum values was also observed in the

clear case, however the values in the dusty case (200-1000 m2/s) are again much
larger (up to 5 times) than those in the clear case indicating the significance of dust

for the strength of the vertical mixing in this region. Also of interest is the lack of
a band of maximum values located over the southern subtropics and tropics from 5

to 20 km. This was well defined in the clear case (see Fig. 38) but is not observed

in the present case. This result is in accord with the results of Zurek [1976] who
found that the topographic distortion of the thermal forcing (of the diurnal tides)

is minimized by a warm, dust-laden atmosphere. This is because the airborne

dust absorbs a large fraction of the incoming solar radiation producing a warm
atmosphere. However, even though the topographic contribution is minimized, the
dust-filled atmosphere will itself produce a diurnal response which is stronger than

that under clear conditions. Thus, if the response observed in Experiment 2 is a
result of the topographic forcing of the thermal tide it is expected that this result
would be minimized (or not observed at all) under dusty conditions.
Figs. 59-62 (provided by J. Barnes, 1994, personal communication, identical

L span) support the above suggestions as to the likely sources responsible for the
strong diffusive mixing in both the horizontal and vertical for the dusty, northern

hemisphere winter solstice experiment. Figs. 59 and 60 show the transient eddy
horizontal and vertical heat fluxes for time scales greater than two days. It is seen
that the horizontal fluxes are concentrated from 30N to iON at low levels and from

20S to 80N between 25 and 45 km. Thus, transient eddy activity appears to be a
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source of the strong horizontal mixing observed in these regions. The maximum
vertical fluxes are located between 30N and 70N from the ground to about 35 km

which supports the assertion that the large K values at low levels near 60N are
due to the transient eddies.
Fig. 61 is the transient mis temperature variance after high-pass filtering

to isolate the tidal motions. This plot shows that the largest tidal activity is now
located in the lower southern latitudes near the ground and at high northern latitudes

between 35 and 45 km. Thus the Martian tides are now expected to have their
greatest impact in these regions under dusty conditions. The latter region correlates

with the strong vertical mixing in the high altitudes of the northern hemisphere.
The tides and/or stationary waves are the likely contributors to the strong horizontal

mixing in the southern latitudes. The stationary wave contribution is suggested by
Fig. 62 (the stationary rms geopotential height variance) which shows a local

maximum of activity near the ground in southern latitudes as well as a local
maximum in the high altitudes of the mid-latitudes of the northern hemisphere.

4.4 Time Scales for Atmospheric Overturning
In this section, the time scale for atmospheric overturning by the mean
meridional circulation is computed following the methodology used by Santee and

Crisp [1994]. A time scale formulation defined by

i1dM

A

is adopted, where M is the total "stratospheric" mass and

(52)

is the mass flux into

the Martian stratosphere, which by mass continuity must also equal the flux out
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of the stratosphere. (For Mars, the "stratosphere" is defined as that part of the

atmosphere above 1 mb. There is no physical basis for this choice but is being
used in order to facilitate comparisons of my results with those of Santee and Crisp

[1994].) Thus, tA is an advective residence time for air parcels in the stratosphere,

associated with transport by the mean circulation only. Of course, in reality, eddy
transports also act to mix air between the "stratosphere" and the "troposphere."
The mass of the Martian stratosphere is given by the following expression,

M = 4 (a + z(1

mb))2

7
z(lmb)

p(z) dz

(53)

where a is the radius of Mars, z(1 mb) is the log-pressure height at 1 mb, and p(z)

is the vertical density profile given by

p(z)pse(

(54)

where Ps is the density at the surface (z = 0),

PS

= 1OO

PS

(55)

where P is the surface pressure in mb, g is the Martian gravity constant, and H
is the atmospheric scale height. The mass flux,
mass-weighted stream function

=
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can be estimated from the

m (as in Santee and Crisp [1994]) defined by

2ira2

pe() 7 cos q' wd'

(56)

This represents the horizontally integrated mass flux across the level z, from the

south pole to latitude q5. Thus, jt can be approximated by considering the range
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of latitudes where W is positive at 1 mb. For example, jt for the equinox case
can be estimated by
dM

Wm(42N, 1 mb)

'm(35S, 1 mb)

(57)

Once M and ji have been estimated, it is straight forward to calculate the residence

time tA. Table 1 contains the pertinent parameters for these calculations as well

as the calculated values of tA.
For the equinox case the estimated parcel residence time is about 36 days.

This is very close to the value obtained by Santee and Crisp [1994], of 38 days,

based on a subset of Mariner 9 data taken near the same equinox season (L =
343°-348°). For the clear, northern hemisphere winter solstice case the residence
time drops to about 19 days. This indicates that the increased intensity of the solstice

circulation has shortened the advective time scale for overturning the atmosphere.
The effect of dust is to further shorten the time scale as seen by the value of 6.6 days

for the dusty, northern hemisphere winter solstice case. For purposes of comparison.

Shin et al. [1989] show that the stratosphere on Earth has an advective residence
time of approximately 1.8 years. Thus, one can see that mean transport time scales

in the Mars atmosphere are dramatically shorter than in Earth's stratosphere.
Chamberlain and Hunten [1987] discuss a diffusive time scale, td, associated

with eddy mixing,
L2
td =

(58)

where L is an arbitrary but typical length scale and D is the appropriate eddy dif-

fusion coefficient H is an appropriate length scale in the vertical direction and
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Spring
Equinox

(r =

0)

Northern
Hemisphere
Winter
Solstice

(r=0)

Northern
Hemisphere
Winter
Solstice

(r=1.0)

H (m)

8692.8

9099.7

9976.0

P (mb)

7.903

7.437

7.589

z(lmb) (m)

17,970

18,260

20,220

0.0244

0.0220

0.0204

35S, 42N

50S, 33N

80S, 15N

(kg \

Ps

iON, 86N
3.8912

3.8919

3.8964

1.2514

2.3793

6.7884

(days)

36.0

18.9

6.6

td

vertical (days)

21.9

12.0

11.5

td

horizontal (days) 46.3

23.1

15.4

M (kg x

1015)

dM (

x1O

-ditA

Table 1 Results for time scale calculations. tA is the advective transport
time scale (for both horizontal and vertical directions), td is the diffusive
transport time scale.

2000 km has been chosen as an appropriate horizontal length scale for "stratospheric" levels. Conrath [1975], Zurek [1976], Kong and McElroy [1977], Toon
et al. [1977], and Anderson and Leovy [1978] have all estimated global values of

K2 using various methods. These estimates and methods have been summarized
by Santee and Crisp [1994] as follows:
"Conrath [1975] deduces the dust optical depth during the dissipation phase of the 1971 dust storm from Mariner 9 IRIS temperature
profiles and a simplified atmospheric heating model. To explain
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the exponential decay of the dust opacity at both upper and lower
atmospheric levels, he requires a vertical eddy diffusion coefficient
1O m2/s. Zurek [1976] estimates the eddy coefficient for the
K
turbulence generated by the diurnal atmospheric tide to be K2
5 x iO3 m2/s. Kong and McElroy [19771 investigate a variety of
photochemical models and conclude that mixing coefficients in this
range are required to match the observed abundances of various atmospheric constituents. Toon et al. [1977] use a multiple scattering
radiation code to find the best fit synthetic spectra to the Mariner
9 IRIS observations. They conclude that the size distribution of
the dust particles did not change appreciably during the dissipation
of the dust storm, and they invoke vertical mixing on the order
of iO3 m2/s to explain the constancy of the distribution. Anderson
and Leovy [1978] examine Mariner 9 television reflectance profiles
which crossed the limb of Mars. From an analysis of the decay
of dust scale heights they also determine the vertical eddy mixing
coefficient to be K
iO3 m2/s."
Each of these studies have suggested values of K2 on the order of iO3 m2/s.

In their analysis of these studies Santee and Crisp note that

"The determinations of the eddy diffusion coefficient outlined
above parameterized all contributions to the vertical transpori The
derived values of the eddy diffusion coefficient therefore include
the effects of large-scale organized motions, such as the mean
meridional circulation, and are consequently much larger than they
would be if they represented only the small-scale mixing processes.

Although these large values of K may be valid for the dustiest
conditions or in limited regions, e.g., within the boundary layer,
they are not appropriate for application on a global scale."

The results, as seen in the distributions of K in Figs. 18, 38, and 58 support
this. The only instances in which values of K2 approach 1O m2/s are at lower
levels near 60N in both the clear and dusty northern winter solstice cases and at
the highest level near 40N in the dusty northern winter solstice case. (These values

are approximately 900, 2000, and 1000 m2/s, respectively.) These are certainly

limited regions and not representative of typical values throughout the Martian
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atmosphere. (However, it is again noted that the convective mixing in the aerosol

model has been turned off for these experiments. The convective mixing would

act to increase the

values if on.)

In Figs. 18, 38, and 58

it

is seen that the typical values of

vary with

conditions (season and dust loading) as well as location in the atmosphere (latitude

and height). For the equinox case typical values of K2 range from 20 to 70 m2/s.

For the clear northern winter solstice case the typical values are 40 to 120 m2/s,

while values of 100 m2/s are typical for the dusty case.
For a value of

on the order of iO3 m (and H approximately 9.5 km) the

time scale for vertical diffusive mixing is

td

1.0 day. This is more than an order

of magnitude less than the advective time scale for mean transport in both of the
first two experiments and about six times shorter than that for the third experiment

(see Table 1). If this value of

is appropriate it would suggest that the vertical

transport is dominated by diffusive mixing. However, the results (as seen in Table

1) for t show that the vertical diffusive transport time scale is comparable to
the advective time scale in all three cases and is in fact not always the dominant
process. These values were calculated based on the "typical" values of K; values

used were 50 m2/s for the equinox case, 80 m2/s for the clear northern winter
hemisphere solstice case, and 100 m2/s for the dusty northern winter solstice case.

These values lead to time scales of 22

days,

12

days,

and 12 days, respectively.

(For purposes of comparison, Shin et al. [1989] found the characteristic diffusive

time scale (based on an upper limit of 1 m2/s for K) for Earth's stratosphere to

be on the order of 1.5 years.)
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From Figs. 17, 37, and 57 it is seen that "typical" values of K

are 1 x

106 m2/s for the first experiment, 2 x 106 m2/s for the second experiment, and

3 x 106 m2/s in the third. This gives horizontal diffusive time scales of 46 days
for the first case, 23 days for the second, and 15 days in the last case. Of course,

in this case, the choice of L = 2000 km is rather arbitrary, and different choices
would yield somewhat different results. But horizontal mixing would appear to be

roughly comparable to vertical mixing in efficiency.

By using the vertical transport velocity w'r in place of W in equation (56)

it is possible to compute a time scale, t, that includes the effects of both mean
advection and eddy advective transport. This is because the effective transport

circulation includes both processes. Using WT yields the following overturning

time scales for the stratosphere: 35 days for the equinox case, 20
clear, northern winter solstice case, and about 7

days

days

for the

for the dusty, northern winter

case. These results are listed in Table 2. As can be seen by comparing the results

in Tables 1 and 2, the Eulerian advective time scales and the transport advective
time scales are essentially the same. This is because the eddy advective transports
modify the Eulerian mean transports only slightly in the "stratosphere."
Over all, these results show that advective and diffusive transport processes
are of similar magnitude. My results support the view of Santee and Crisp [1994],

that it is inappropriate to adopt one global value of K22 (or K) for the entire
Martian atmosphere. Appropriate values of

K22

and K are strongly dependent on

season, dust loading, and location in the atmosphere. Values of

K22

of the order of

i0 m2/s appear to be inappropriate, except in regions (mostly at low levels, and at
high altitudes where wave breaking is occurring) of strongly turbulent, small-scale
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Spring
Equinox
(i-

= 0)

Northern
Hemisphere
Winter
Solstice

(r=0)
1,

ttot

2

(days)

Northern
Hemisphere
Winter
Solstice

(r=1.0)

33S, 44N

45S, 32N

lOS, 14N

35.2

20.0

6.7

Table 2 Computed time scales for stratospheric overturning based
on the effective transport circulation.

mixing - as associated with convection. Again, it is important to note that the
values of

obtained here do not include the effects of convective mixing.
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Chapter 5:

Summary and Conclusions

A Mars GCM and an aerosol transport model have been employed to study
Martian atmospheric transport for three different combinations of season and dust

loading. Eddy mixing coefficients have been computed for each case based on
the flux-gradient relationship. In this chapter the main results are summarized and

some final conclusions are presented.

5.1 Mean Meridional Circulations
For the spring equinox case the mean meridional circulation is characterized
by a dual Hadley cell system with a rising branch located just south of the equator,
poleward flow at high altitudes, sinking motions at high latitudes, and strong return

flow at low levels. The most vigorous winds are found in the equatorial regions
where the zonal-mean meridional speeds reach 2 rn/s at low levels from 30S to
iON while the strongest zonal-mean vertical winds reach 1 cm/s at 15 km near
lOS. The zonal winds are predominately westerly in both hemispheres and have

jets located at approximately 60S at 20 km and 50N at 20 km. These jets are
similar in intensity, reaching 35 and 45 mIs, respectively.

The mean meridional circulation for the clear, northern hemisphere winter
solstice experiment is also characterized by a two-cell Hadley circulation. However,
one is a large, intense cross-equatorial cell while the other is a small, relatively weak

cell confined to the southern hemisphere. There is also a thermally indirect Ferrell
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cell at high northern latitudes. The dominant Hadlley cell has rising and sinking
branches at 30S and 40N, respectively. The flow is northerly at high altitudes and

southerly at low levels. The zonal-mean meridional winds are strongest at low
levels over equatorial regions where they reach 6 rn/s. The vertical winds reach

2.5 cm/s above the subsolar point and 1.5 cm/s over 4.ON. The zonal winds are
predominantly westerly in the northern hemisphere (with a jet of 95 rn/s at 20 km
near 50N) and predominantly easterly in the southern hemisphere (with a jet of 30

rn/s at 30 km near 20S). In addition there is a surface westerly jet of lOm/s at lOS.

The dusty, northern hemisphere winter solstice circulation pattern is essentially similar to that under clear conditions. The major difference is that the zonal-

mean winds have increased in intensity (especially at high altitudes) and the mean
meridional circulation is stronger throughout the depth of the atmosphere. Merid-

ional winds now exceed speeds of 15 m/s at the ground near 25S and at 35 km
near 25N. Vertical motions (which are predominantly rising in the southern hemi-

sphere and sinking in the northern hemisphere) exceed 7 cm/s at high altitudes
near lOS (the rising branch of the main Hadley cell) and 50N (the corresponding
sinking branch). The zonal winds intensify significantly compared to those under

clear conditions. The westerly jet approaches 175 rn/s at 35 km near 60N while

the easterly jet reaches 80 rn/s at 35 km near lOS. The surface westerly jet now

exceeds 20 rn/s at 30S.
As a result of these three experiments it is seen that the mean meridional
circulation of Mars undergoes significant changes as the seasons progress (unlike
the Earth's circulation pattern which remains relatively constant year round due to

the effects of the oceans). This has a strong effect on the intensity of the winds,
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which are stronger for solstice seasons and weaker for equinox seasons. In addition,

while jets are comparable in both hemispheres at the spring equinox, the winter
hemisphere jet is much stronger than the summer jet which is easterly for both of the

winter solstice cases. The first order effects of dust are also evident by comparing

the two winter solstice experiments. Most obvious is the increase in intensity of

the mean winds and the meridional circulation, especially at high altitudes. In
addition, the extent of the mean meridional circulation increases slightly and it is

more clearly defined (as seen by comparing Figs. 35 and 55).

5.2 'fransport Circulations
In all three cases the effective transport circulation patterns are largely similar

in structure to the corresponding Eulerian mean meridional circulation patterns. To

first order, the two circulations have the same strength, however in each case the
effective transport circulation is somewhat stronger in regions where the diffusive

mixing is strong (regions of large K's). The transport circulation combines the
mean advective transport and the eddy advective transport (from the eddy mixing).

From Figs. 16, 36, and 56 it is seen that the transport circulation responds as does
the mean meridional circulation to changes in season and dust loading.

5.3 Eddy Diffusion Coefficients
In all three cases it is clear that no single K value can adequately represent

eddy mixing for the entire Martian atmosphere. In general, the values change
strongly with season, dust loading, and location in the atmosphere. For spring
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equinox the largest values of Ky are 2-4 x 1O m2Is and are found in various
portions of the atmosphere (see Fig. 17), while the largest values of K22 are 40-90

m2/s and are found between 30S and 30N throughout the atmosphere and in high

latitudes (of both hemispheres) at low levels.
For the winter solstice case with no dust, the values of K increase somewhat
throughout the atmosphere, with the largest values typically found near the ground

in equatorial regions and in high northern latitudes. The largest values of K22
(70-170 m2/s) are two to three times bigger than those of the equinox case, but are

concentrated in similar regions with an additional band of strong mixing located
at high northern latitudes.
With the addition of dust to the winter solstice experiment, the values of K

increase by a factor of two to four in regions where they were previously large,
and at high altitudes over the low latitudes of the northern hemisphere. The values

of K22 also increased similarly, but the regions of strong mixing are confined to

a small band at high altitudes in the northern hemisphere and a thin band from 5

to 35 km near 60N.
In general, the location of the regions of strong mixing give a good indication

as to the source of the eddies responsible for the mixing. For K the bands of
strong mixing found at mid- to high latitudes are likely due to transient eddies at
these latitudes (in the winter hemisphere). Regions of large K values correlated to

low zonal wind speeds suggest that this mixing is due to the breaking of transient

and/or quasistationary waves propagating equatorwards. Those regions of large
at low levels in the southern tropics are most likely influenced by stationary
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planetary waves which have been forced by the large Martian topography at these
latitudes.

The strong vertical mixing in mid- to high latitudes near the surface may be
attributable to transient eddy activity. However, the strong mixing above equatorial
regions is most likely due to thermal tides. Large values of

are expected at these

high altitudes, especially for dusty conditions (Zurek [1976] found this to be the
region and condition for maximum tidal effects). The strong vertical mixing found
over equatorial latitudes from low to mid levels of the model may be a combination
of the tides and the effects of topographically forced stationary waves. These results

are supported by the figures provided by Barnes [1994, personal communication],
which indicate the regions most influenced by the transient and stationary eddies as

well as the thermal tides. A further method of examining the sources of the strong

mixing would be to examine the GCM wind data for the components associated

with the transient eddy time scales and the tidal time scales. This would be a
desirable

goal

of future work in this type of study.

5.4 llansport Time Scales
For purposes of comparison, Table 1 shows time scales based on advection

alone (tA) and diffusion alone

(t(j).

The advective time scale is based on the

mean meridional circulation while the diffusive time scales are estimated based

on the calculated K values. In Table 1 it is seen that the time scales are similar
for advection and diffusion. Overall, the time scales associated with the Mars
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"stratosphere" (from

5 - 50 days) are vastly shorter than those associated with

the Earth's (up to 1.8 years).
Based on the effective transport circulation wind speeds, the time scales
for complete overturning of the "stratosphere" are 35 days for the spring equinox

case, 20 days for the clear northern winter solstice case, and 7 days for the dusty
northern winter case. (It should be noted that the stratosphere will only overturn at

these rates if these circulations are maintained for the appropriate lengths of time
computed.) The solstice season circulations overturn the stratosphere much faster

than the equinox circulation, and a dusty atmosphere causes the overturning to
occur much more rapidly. The results also indicate that there is little difference in
mean overturning between the Eulerian and transport circulations. This is because
the eddy transport process has little effect on the mean advecrive transport, except

at low levels.

5.5 Conclusions
The major findings of this study are as follows:
1.

Zonal mean winds
change structure and intensity with season
change intensity (increase) with atmospheric dust

2. Mean meridional circulation

changes structure and intensity with season
changes intensity (increases) and depth with dust
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3.

Effective transport circulation

similar in structure to mean meridional circulation
responds similarly to changes in season and dust loading
slightly stronger than the mean meridional circulation in regions of strong
diffusive mixing
4. Eddy diffusion coefficients

values change considerably with season, dust loading, and location in the
atmosphere
locations of strong mixing give an indication of the eddy sources of the
mixing: thermal tides and transient eddies appear to play major roles
the values calculated here (especially for K) represent a lower bound,
since the transport is only by larger-scale motions
5.

"Stratospheric" overturning time scales
time scales range from approximately 5-50 days depending on season and
dust loading
these time scales are dramatically shorter than those for Earth
advective and diffusive time scales are comparable

Overall, this study has provided insight into the nature of the atmospheric

circulation and transport processes of the Martian atmosphere for three sets of
conditions. This study has examined the structure and intensity of the circulation,

the transport of a hypothetical tracer species, the sources of atmospheric mixing,
as well as the time scales of "stratospheric" overturning. In addition, a set of eddy
diffusion coefficients (representing a lower bound for these coefficients) has been

calculated for each experiment.
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