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Abstract. Simulations with a Mars general circulation model (GCM) are used to
perform idealized tracer transport experiments, which are analyzed to yield estimates
of eddy mixing coefficients as well as “stratospheric” ventilation timescales for the
zonal-mean circulation. The results indicate that relatively moderate values of
the vertical eddy mixing coefficient, K, ~ 20-100 m?/s, may be most appropriate
for the 10 to 45-km altitude region of the Martian atmosphere. Under dusty
solstice conditions, somewhat stronger eddy mixing is present, but the transport is
dominated by advection by the mean meridional circulation which acts to ventilate
the atmosphere above 1 mbar (~20 km) in only about 7 days. Such a mean
circulation has transport effects which are roughly comparable to those produced by
eddy mixing with a much larger K, value, ~1500 m?/s. In contrast, the computed
mean ventilation timescale for a nondusty equinox circulation is approximately
180 days. In this case, vertical eddy mixing is the dominant transport process.
In an intermediate nondusty solstice case, the effects of mean advection and eddy
mixing are of comparable importance. An estimate of a mean ventilation timescale
from the GCM for a late northern winter seasonal date (~45 days) is in very good

agreement with the value of ~38 days recently inferred from Mariner 9 infrared
imaging spectrometer (IRIS) data [Santee and Crisp, 1995).

1. Introduction

The transport of trace constituents by the atmo-
spheric circulation on Mars is of key importance for
many problems related to the composition and struc-
ture of the atmosphere and the current and past cli-
mates of the planet. Dust and water transports are
central to an understanding of the climate system [e.g.,
Kahn et al., 1992; Jakosky and Haberle, 1992], while
the processes that act to maintain the dominantly COq
atmosphere crucially involve atmospheric transport and
mixing [e.g., Kong and McElroy, 1977].

At present, the observational data that allow insight
into atmospheric transport processes on Mars are quite
limited. There are no direct wind observations, ex-
cept at the two Viking Lander sites. Observations of
the atmospheric thermal structure, as by the Mariner 9
infrared imaging spectrometer (IRIS), allow the zonal
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winds to be estimated and can also permit mean winds
in the meridional plane of the atmosphere to be inferred
[Santee and Crisp, 1995]. A number of previous studies
have made inferences about the strength of atmospheric
mixing and transport processes, by examining dust and
ice hazes [Conrath, 1975; Toon et al., 1977; Anderson
and Leovy, 1978; Kahn, 1990; Chassefiere et al., 1992;
Korablev et al., 1993].

The objective of the present study is to make use of
numerical simulations of the Martian atmospheric cir-
culation with a general circulation model (GCM) and
tracer transport experiments with an aerosol model to
examine some of the basic aspects of the transport pro-
cesses. The complete nature of the model results allows
the estimation of eddy mixing coefficients, as well as
the characterization of the advective transport by the
zonal-mean circulation.

2. Approach

The basic approach employed is to perform numer-
ical simulations of the atmospheric circulation with a
GCM, and use these to conduct simulations of tracer
transport with an aerosol model. The results from the
latter are analyzed to yield the desired transport mea-
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sures. The zonally averaged transport equation for a

tracer ¢ can be expressed in the following form, in log

pressure coordinates,
g  _0dq

E-}-Ea_y-i-

E@ = —-1-V -F
0z P
where F is the eddy flux vector,

F = (pvlgl, pwiql)

The flux-gradient relation then connects the known
(from the GCM and transport model data) eddy fluxes
with the to-be-determined eddy mixing tensor K,

(FquzJ = —PR'VE

Plumb [1979] and Matsuno [1980] have shown that the
flux-gradient relationship is valid for small-amplitude
eddies on a zonal flow. For the Earth’s atmosphere,
the study of Plumb and Mahlman [1987] lends consid-
erable support to the utility of the above relation for
generalized eddy motions, as does the study of Shia et
al. [1989]. Of course, for nonconservative tracers the
eddy mixing tensor will generally be tracer-dependent
[see Plumb and Mahlman, 1987).

The GCM utilized is the current version of the NASA
Ames Mars GCM, a state-of-the-art model of the at-
mospheric circulation and climate. Pollack et al. [1990]
present a summary of the technical details of this model,
which incorporates “static” atmospheric dust loadings.
The current version of the Mars GCM has 13 verti-
cal levels extending to a height of ~45-50 km, and
a horizontal grid spacing of 7.5° latitude by 9° longi-
tude. The static atmospheric dust (the mixing ratio
of which depends only on pressure in the experiments
here) strongly influences both the solar and IR radiative
heating/cooling of the atmosphere, and thus the ther-
mal structure and circulation simulated by the GCM
[e.g., Pollack et al., 1990; Haberle et al., 1993]. Both
dusty and nondusty GCM simulations have been ana-
lyzed in the present study.

The tracer transport simulations have been perform-
ed using the aerosol transport model of Toon et al.
[1988]. Murphy et al. [1995] present a brief summary of
this model, as it is adapted for use with the Mars GCM.
The model provides a host of capabilities in the realm of
microphysical and chemical processes, but for this study
none of these are invoked. In particular, there is no sed-
imentation of the tracer and no removal of tracer mass
at the ground (the fluxes at the surface vanish), and no
subgrid convective mixing is allowed to take place in the
transport model. No explicit diffusion is incorporated
in the version of the aerosol model used for this study.
The version used thus simulates the conservative and
passive transport of a tracer field (e.g., a completely in-
ert chemical species) by the resolved winds in the GCM.
The neglect of convective mixing means that the verti-
cal transport may be substantially underestimated in
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much of the lowest 5-10 km of the atmosphere. The fo-
cus here is on the large-scale transport at higher levels
(10-40 km) in the Martian atmosphere.

The aerosol model was run in parallel with the Mars
GCM, as described by Murphy et al. [1995], but in
a strictly “one-way” mode (the tracer field having no
influence on the GCM). In order to allow the estima-
tion of the full eddy transport tensor, two transport
experiments with very different initial conditions were
performed for each circulation case (as in Plumb and
Mahlman [1987]). One initial tracer state was purely
vertically stratified, while the second varied only in lati-
tude. The transport simulations were carried out for 10-
day periods, corresponding to days 31-40 of the GCM
runs. The GCM “spins up” extremely rapidly because
of the very short radiative relaxation times in the Mar-
tian atmosphere, and days 21-50 have previously been
utilized for extensive analyses of the circulation [e.g.,
Haberle et al., 1993; Barnes et al., 1993, 1996].

The short length of the transport simulations reflects
the rapid nature of the transport processes; longer simu-
lations would have required the use of a forcing/damp-
ing to prevent the tracer field from becoming overly
well mixed (thus interfering with the determination of
the eddy transport tensor, as discussed by Plumb and
Mahlman [1987]). Longer simulations would have been
desirable, certainly, for some of the eddy motions which
could be characterized by relatively longer timescales
[see Barnes et al., 1993]. For such motions, the chosen
10-day period may not necessarily be very representa-
tive of the longer-term behavior. Various eddy statis-
tics (e.g., zonally averaged heat and momentum fluxes),
however, show remarkably low variability from one par-
ticular 10-day period to another, after the initial 20 days
of spinup. There is no evidence that the Mars GCM
exhibits variations that might make a 10-day interval
unrepresentative for the mean circulation.

The data from the transport model were interpolated
to constant pressure surfaces, and the analyses to de-
termine the eddy transport tensor were then performed
(essentially as by Plumb and Mahlman [1987]). The
eddy fluxes and zonal-mean tracer gradients were av-
eraged over the 10-day runs, leading to average values
for the transport coefficients. Because of the very large
topography in the Mars GCM, the interpolation to pres-
sure levels presented difficulties. Many of the data for
the lowest several model levels had to be extrapolated
from higher levels, and this resulted in rather noisy
and unreliable determinations of the transport coeffi-
cients when these values were included. All“subsurface”
points were thus excluded from the analyses, and val-
ues of the transport coefficients were determined only
above ~5 km. (The transport model itself is in sigma
coordinates and the tracer transport is correctly repre-
sented (there are no fluxes through the boundaries) at
lower levels, given the neglect of convective and other
small-scale mixing.)
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Figure 1. Zonally averaged tracer mixing ratios (top)
for the initial state and (bottom) for day 10 of the
equinox transport experiment with a vertically strati-
fied tracer. The absolute values are arbitrary.

3. Results

Three GCM simulations were used for the present
study: a near-equinox (L ~ 358°) run with no dust
and no condensation flow, a northern winter solstice
(Ls ~ 274°) run with no dust, and a northern winter
solstice simulation with substantial dustiness (a dust
opacity of one). The near-equinox simulation represents
a weak circulation regime [see Haberle et al., 1993}, a
“minimum transport” case, while the solstice runs ex-
hibit substantially stronger circulations.

Figure 1 shows the initial and final zonal-mean tracer
fields from the near-equinox experiment with a verti-
cally stratified tracer. The basic evolution of the tracer
distribution reflects the structure of the mean merid-
ional circulation, with upward advection in lower lat-
itudes and downward transport at higher latitudes in
both hemispheres. In this case the mean meridional
circulation, as shown in Figure 2, is beginning to ap-
proach a double Hadley cell configuration which is rel-
atively symmetric about the equator, similar to that in
the two near-equinox experiments examined by Haberle
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et al. [1993]. The northern Hadley cell is significantly
stronger at lower levels (below ~10 km) and extends
well into the southern hemisphere in the simulation
here, but at higher levels (above ~15 km) the two cells
are quite symmetric with maximum rising motion oc-
curring near the equator. The vertical motions are of
the order of 0.5 cm/s, while the mean meridional flow is
~1-2 m/s. The time and zonally averaged eddy tracer
fluxes (not shown) in the near-equinox experiment with
a vertically stratified tracer are strongly downgradient
and are largest in low latitudes. The strong vertical
eddy mixing in this region acts to keep the vertical gra-
dients from becoming steeper at upper levels, in the
presence of the mean advective fluxes.

Figure 3 shows the initial and day 6 zonal-mean tracer
fields from the dusty northern winter solstice experi-
ment with a meridionally stratified tracer. Again, the
basic evolution of the tracer field reflects the structure
of the mean circulation in the models, with a very strong
overturning of the tracer contours in low and middle lat-
itudes being evident. In this case the mean circulation
is dominated by an intense cross-equatorial Hadley cell
extending throughout the entire depth of the model, as
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Figure 2. Mass stream functions for the (Eulerian)
mean meridional circulation in the (top) nondusty near-
equinox and (bottom) dusty solstice simulations. The
units of the values are 10® kg/s, and shaded regions
correspond to circulations in a clockwise sense. The
contour intervals are not uniform.
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Figure 3. Zonally averaged tracer mixing ratios (top)
for the initial state and (bottom) for day 6 of the dusty
solstice transport experiment with a latitudinally strat-
ified tracer.

shown in Figure 2. The mean vertical motions in this
cell are in the range of ~2-12 cm/s, peaking at high
levels, while the mean meridional flows are of the or-
der of 5-20 m/s, with peak wind speeds in excess of
50 m/s near the model top in the northern subtropics.
By day 6, the tracer contours in the experiment with
a vertically stratified field (not shown) are beginning
to become roughly parallel in many regions to those in
Figure 3, reflecting the extremely short timescales on
which the fields are being “wrapped up” by the Hadley
circulation. Under these conditions, the determination
of the eddy mixing tensor begins to become difficult.

Table 1. Eddy Mixing Timescales
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The evolution of the zonal-mean tracer fields in the
nondusty solstice experiments (not shown) is qualita-
tively similar to that in the dusty solstice experiments,
but is much less rapid. In this intermediate transport
case, the mean meridional winds are ~1-5 m/s, with
vertical motions in the range of ~0.5-2.5 cm/s. The
Hadley cell circulation is much less deep than it is in
the dusty solstice case, with the strongest mean merid-
ional flows located below 20-km altitude.

Tables 1 and 2 summarize some of the basic re-
sults from the analyses of the transport experiments.
The transport by the mean meridional circulation has
been characterized by a “ventilation” or overturning
timescale for the model “stratosphere” (the region above
1 mbar, or ~18 km), estimated as by Santee and Crisp
[1995]. That is, the upward mass flux into this re-
gion has been calculated separately for each experiment
and used to obtain the ventilation timescale value (the
stratospheric mass divided by the mass flux). Char-
acteristic values for the vertical and meridional eddy
mixing coefficients are given along with corresponding
timescales in Table 1, the latter calculated for a verti-
cal length scale equal to the pressure scale height and
a meridional length scale equal to the planetary radius
(r; = H?/K,, and 7, = a?/K,,). Also given in Table 2
is the ventilation timescale computed for an additional
GCM experiment, one for a late northern winter sea-
sonal date (L, ~ 345°) with a dust optical depth of 0.3.
This case allows a direct comparison with the results
obtained by Santee and Crisp [1995] from Mariner 9
IRIS data.

The values in Table 1 exhibit a very large varia-
tion with seasonal date and dust loading. The rela-
tively sluggish mean circulation in the equinox case is
characterized by a ventilation timescale of ~180 days,
while for the nondusty solstice case this timescale is
~60 days. For the extremely intense circulation in the
dusty case, the mean ventilation timescale is only about
1 week. Such a timescale is incredibly short by compar-
ison with the Earth’s stratosphere, where ventilation
timescales are of the order of 1-2 years [Shia et al.,
1989]. The results in Table 1 indicate that tracer trans-
port by mean advection and eddy mixing processes are
of roughly comparable importance in the model atmo-
sphere above ~10 km in the near-equinox and nondusty
solstice cases, though vertical eddy mixing appears to
be the more rapid process in the former simulation (es-
pecially at lower latitudes, as discussed below). In the

Equinox Solstice Dusty Solstice
Ky ~20-80 m?/s ~30-120 ~50-200
Kyy ~0.5-2.5 x 10° m?/s ~1-3 x 10° ~1-5 x 10°
T2 ~15-60 days ~10-40 ~6-24
Ty ~50-250 days ~40-120 ~25-120
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Table 2. Mean Ventilation Timescales

Value, days
Equinox ~180
Solstice ~60
Dusty solstice ~T
Late northern winter ~45

dusty solstice experiment the mean advection is much
faster than the eddy mixing, except in several limited re-
gions, where the mixing is very intense (see below). The
ventilation timescale for the late northern winter GCM
case is about 45 days, which is in quite good agree-
ment with the estimate of ~38 days obtained by Santee
and Crisp [1995] using Mariner 9 IRIS data. A slightly
higher dust opacity in this experiment would yield a
slightly shorter timescale, though Sante and Crisp found
a significantly nonuniform (in the horizontal) opacity.
There are large variations in latitude and height in
the determined values of the eddy mixing coefficients
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Figure 4. Latitude-height distribution of eddy mixing
coefficients for the equinox case: (top) K, (in units
of 10 m2/s) and (bottom) Ky, (in units of 106 m?/s).
The heavy dashed lines are the 10 m/s contours of the
zonal-mean zonal wind.
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Figure 5. Latitude-height distribution of eddy mixing
coefficients for the dusty solstice case: (top) K., (in
units of 10 m?/s) and (bottom) Ky, (in units of 10°

m?/s). The heavy dashed lines are the zero contours of
the zonal-mean zonal wind.

(Kyy and K.), as depicted in Figures 4 and 5 for the
near-equinox and dusty solstice cases. In all three of the
experiments some of the determined values were nega-
tive, as was the case in the study of Plumb and Mahlman
[1987]. The number of such values was relatively small
(less than 5% in the equinox case, and only 10-15% in
the dusty solstice case), and the mixing coefficients were
set to minimum positive values (10* m?/s for K,,, and
1 m?/s for K,.) at all such grid points. The determi-
nations of the mixing coefficients were noiser and more
frequently negative at the lowest pressure level, and at
the highest latitudes in the transport model. The plots
in Figures 4 and 5 do not show the lowest level values
nor the values at the highest two latitude grid points in
each hemisphere.

In the near-equinox case the strongest eddy mixing
tends to occur in lower latitudes, and the mixing is rel-
atively symmetric about the equator. The largest values
of both coefficients tend to lie in regions of relatively low
zonal wind speeds, in the tropics and subtropics (the
zonal wind field is qualitatively similar to that shown
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in Figure 11 of Haberle et al. [1993]). Another region
of strong mixing is present in middle and high northern
latitudes at low levels, which is also in the vicinity of
a zero mean-zonal wind line. There are midlevel (~10-
25 km) maxima in both mixing coefficients, but the ver-
tical mixing exhibits a strong maximum at higher levels
(above ~30 km).

The distribution of the eddy mixing in the dusty sol-
stice case is much less hemispherically symmetric, and
much of the strongest mixing is found outside of the
tropics. There are very large upper level maxima in
both mixing coefficients (with K, values of more than
1000 m?/s, and K, values exceeding 107 m?/s) in the
winter extratropics, and also low-level maxima in the
meridional mixing in the summer hemisphere. All these
areas of strong mixing are located in the vicinity of re-
gions of relatively weak zonal winds, with the strong
upper level mixing lying on the equatorward flanks of
the intense winter westerly jet [see Haberle et al., 1993,
Figure 5]. The strong mixing at high northern latitudes
and lower levels is also in an area of very weak zonal
flow. It can be noted that the eddy mixing in the non-
dusty winter simulation (not shown) resembles that in
the dusty case, but is weaker in magnitude (especially
so in the northern subtropics at upper levels).

The tendency for much of the most vigorous mixing
in the GCM experiments to occur in regions of relatively
low zonal wind speeds strongly suggests that “breaking”
of planetary eddies with relatively small phase speeds is
taking place. Such breaking is a key to mixing processes
in the Earth’s stratosphere [e.g., Plumb and Mahlman,
1987]. Previous analyses of the Mars GCM simulations
have shown that vigorous transient baroclinic eddies
and quasi-stationary eddies are present in the extratrop-
ical winter hemisphere, and these extend to the model
top [Barnes et al., 1993, 1996]. Both types of eddies
tend to reach maximum amplitudes in the uppermost
model layers, in the solstice cases. There are also strong
stationary eddy circulations in the summer hemisphere
at solstice, but these are confined largely to lower lev-
els [Barnes et al., 1996]. In the near-equinox experi-
ment the strong vertical eddy mixing concentrated in
the tropics at upper levels is likely due in large part to
the thermal tides, as these exhibit maximum amplitudes
in this region and are relatively symmetric about the
equator. Thermal tides (and/or other high-frequency
motions) could also be a significant contributor to the
strong mixing at upper levels in the winter extratrop-
ics in the dusty solstice simulation as well as to that at
low levels in the summer hemisphere, as the tidal wind
amplitudes are large in both of these regions.

The values of the off-diagonal components (K, and
K,y) of the eddy mixing tensor determined from the
transport experiments are of significant magnitude: typ-
ical values are in the range of 103-10* m?/s, there being
a general increase in the values from the equinox case to
the dusty solstice case (as for the K,y and K, values).
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As discussed by Plumb and Mahlman [1987], the off-
diagonal transport coefficients generally contribute to
both the diffusive mixing and an advective transport.
The latter contribution, associated with the antisym-
metric part of the transport tensor, can be combined
with the Eulerian mean meridional circulation to form
the so-called transport circulation. The contribution to
the diffusive mixing is contained in the symmetric part
of the transport tensor, and these values are compara-
ble with the K, and K, values in the results here. A
timescale associated with this mixing can be estimated
using both a vertical length scale and a meridional
length scale; for a pressure scale height and a planetary
radius, the timescales are then in the range of ~50-500
days. The symmetric part of the transport tensor can
be diagonalized, so that the mixing is strictly diago-
nal (“purely diffusive”) in the rotated coordinates. The
results of doing this for the experiments here indicate
that in some regions the eddy mixing is approximately
one-dimensional, taking place along sloping surfaces in
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Figure 6. (top) The mean transport circulation and
(bottom) the Eulerian mean circulation for the non-
dusty solstice experiment. The winds are depicted as
arrows, whose directions are the appropriate ones for
the horizontal and vertical scales of the plots.
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the latitude-height plane. The major region where this
is approximately the case is in middle and high win-
ter latitudes, at lower and intermediate levels. This is
a region where it is known that baroclinic eddies are
very active in the GCM [Barnes et al., 1993], and such
eddies might be expected to produce such (strong) mix-
ing. The slopes of the approximately one-dimensional
mixing surfaces are of the order of the isentropic slopes
in this region. However, in much of the GCM domain
the mixing does not become nearly so one-dimensional
in the principal coordinates of the diffusion tensor; the
vertical mixing is still quite strong, of the same order
as in latitude-height coordinates.

The advective eddy transport can be characterized
in terms of a modification of the Eulerian mean ad-
vective transport, to yield the net transport circula-
tion [see Plumb and Mahlman, 1987]. Figure 6 shows
this circulation, as computed using the estimates of the
off-diagonal transport coefficients (excluding the lowest
pressure level and the two highest latitude grid points),
for the nondusty solstice case, along with the Eulerian
mean circulation for this case. It can be seen that the
transport circulation is basically rather similar to the
Eulerian mean circulation, though there are differences.
In particular, there is stronger meridional flow at high
levels in middle and high northern latitudes in the trans-
port circulation, and the structure of the Hadley cell at
midlevels and low latitudes is somewhat different. In
both the equinox and dusty solstice cases, the transport
circulation (not shown) is generally similar to the Eule-
rian mean circulation. The similarity is stronger for the
very intense circulations in the dusty solstice case; in
the equinox case, there are more sizeable differences (in
particular, there is a stronger poleward meridional flow
between ~5 and 10 km at middle and high latitudes in
the northern hemisphere).

The computed transport circulations are also rather
similar to the residual mean circulations, in all of the
cases examined. In general, the residual mean circula-
tions computed from GCM data bear a strong resem-
blance to the Eulerian mean circulations. Haberle et al.
[1993] previously presented the residual mean circula-
tion for a very dusty northern winter solstice simulation
and compared it with the Eulerian mean circulation.
The similarity between the transport and residual (and
Eulerian mean) circulations in the GCM simulations is
not a consequence of intrinsically weak eddy transports.
Nor does it appear to be due to the eddies being nearly
adiabatic, such that mixing occurs largely along isen-
tropic surfaces [Plumb and Mahlman, 1987]. Instead, it
appears to be largely due to the considerable strength
of the Eulerian mean circulation (or equivalently, to the
fact that the mean thermal structure is relatively close
to that produced by the effects of diabatic heating and
the mean circulation alone). In the equinox case the
Eulerian mean circulation is relatively weak, and the
differences between the various mean circulations ap-
pear to be larger than in the other cases.
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4. Discussion

Idealized tracer transport experiments have been per-
formed using wind fields produced by simulations with
the NASA Ames Mars GCM. The results show that the
strength of tracer transport varies tremendously with
season and dust loading, being greatly intensified un-
der dusty northern winter solstice conditions. In par-
ticular, the advective transport by the mean circulation
becomes extremely rapid under such conditions, acting
to ventilate the “stratosphere” (p < 1 mbar) in only
about 1 week. For near-equinox conditions and a clear
atmosphere, vertical eddy mixing processes appear to
be dominant, as the mean ventilation timescales be-
come quite long (~180 days). For the intermediate
case of nondusty solstice conditions, mean advection
and eddy mixing are of comparable importance. In all
cases, stratospheric ventilation by the mean circulation
and/or eddy mixing takes place on timescales that are
very short by comparison with the Earth’s stratosphere,
where these timescales are of the order of a year or
longer [e.g., Shia et al., 1989]. The vertical eddy mixing
(~20-100 m?/s) is much stronger in all cases than that
present in the bulk of the Earth’s stratosphere, where a
mixing coefficient value of 1 m?/s is essentially an up-
per limit [e.g., Shia et al., 1989; Plumb and Mahlman,
1987]. On the other hand, values of the meridional eddy
mixing coefficient are fairly comparable to those appro-
priate for the Earth, at least in regions of relatively
strong mixing [Plumb and Mahlman, 1987]. The much
larger vertical eddy mixing must be due in sizeable part
to the much greater diabatic heating rates in the Mar-
tian atmosphere (fundamentally a consequence of its
low density and composition), with typical heating val-
ues being roughly an order of magnitude larger than
the heating rates in Earth’s stratosphere. The large ra-
diative heating allows relatively rapid cross-isentropic
transports of tracers, and drives large-amplitude ther-
mal tides in the Martian atmosphere. In the simula-
tions here, the transports due to the tides are associ-
ated with nonbreaking waves (since convective mixing
is not incorporated), but the wind amplitudes in these
are large and capable of producing very substantial ver-
tical parcel dispersions. It also appears, though, that
the transient and quasi-stationary eddies are important
players in the vertical mixing. In connection with these
eddies, it would seem that the very strong radiative
damping in the Martian atmosphere must help to pro-
mote enhanced transports. Finally, an additional factor
favoring stronger vertical mixing in the Martian regime
is the existence of weaker vertical stratification than in
Earth’s stratosphere, though at higher latitudes this is
not necessarily the case.

The model results obtained here can be compared
with observational analyses. In particular, Santee and
Crisp [1995] recently estimated a ventilation timescale
of ~38 days for the region above 1 mbar, by computing
a mean diabatic circulation from Mariner 9 IRIS data
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for a late northern winter period (Ls ~ 345°). Anal-
ysis of a Mars GCM simulation for almost this same
seasonal date and a dust optical depth of 0.3 yields a
mean (Eulerian) ventilation timescale of ~45 days, in
very good agreement with the Santee and Crisp result.
The similarity between the Eulerian mean and diabatic
mean (and residual mean) circulations in the GCM ex-
periment makes this comparison a meaningful one.
The vertical eddy mixing in the GCM simulations is
distinctly weaker than that (~10%-10% m?/s) inferred in
some observational studies [e.g., Conrath, 1975; Toon
et al., 1977; Anderson and Leovy, 1978, and weaker
than that employed in a number of photochemical mod-
eling studies [e.g., Kong and McElroy, 1977; Yung et
al., 1988]. However, more recent photochemical stud-
ies have utilized weaker eddy mixing below ~30-50 km
[e.g., Atreya and Gu, 1994; Nair et al., 1994], as is
evidenced by dust and ice haze analyses [Kahn, 1990;
Chassefiere et al., 1992; Korablev et al., 1993]. The
recent modeling study of Rosenguist and Chassefiere
[1995] attempts to bound the mixing coefficient val-
ues, and comes up with a globally averaged (0-80 km)
“best estimate” of ~1000 m?/s, substantially larger
than a rough average of the more recent observational
estimates (~100 m?/s). The mixing values obtained
here do not reflect the influence of convective mixing,
and this would be expected to be present in the al-
titude regions where thermal tides and gravity waves
are breaking (and below ~5-10 km, in the daytime
convective boundary layer). Except under very dusty
conditions, this wave breaking is probably largely con-
fined to altitudes above ~40-50 km [e.g., Zurek, 1976;
Barnes, 1990; Joshi et al., 1995]. There is some ob-
servational evidence for the presence of sharp increases
in the strength of the vertical eddy mixing in the ~40
to 50-km region [Blamont and Chassefiere, 1993]. The
GCM simulations here indicate that relatively moder-
ate vertical eddy mixing (K, ~ 20-100 m?/s) is present
in the 10 to 45-km region, but the modeled variation
of this mixing with season, dustiness, and region in the
atmosphere is very considerable. Under dusty solstice
conditions, advective transport by the mean circulation
becomes dominant and acts on very short timescales.
The mixing coefficient values obtained from the vari-
ous observational analyses reflect, in general, the effects
of both eddy mixing/advection and mean advection.
The values obtained here reflect only the effects of the
(large-scale) eddy processes. In the near-equinox case,
in which the vertical eddy mixing is characterized by
significantly faster timescales than the mean advection,
the eddy mixing coefficient values should essentially be
directly comparable with observational estimates. In
the nondusty solstice case, where the mean advection
and eddy mixing timescales are similar, the eddy mix-
ing coefficients should still be roughly comparable with
observational estimates (the latter should be roughly a
factor of 2 larger than the model-purely eddy values).
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However, in the dusty solstice case the mean advection
is the dominant process responsible for transport, and
any observational estimates for such conditions should
largely reflect transport by the mean circulation, as-
suming that the real transport processes below ~30-
50 km on Mars are indeed primarily associated with
mean overturning and not with eddy mixing. Values
of the vertical mixing coefficient of ~ 1 x 103 m?/s
correspond to mixing timescales of ~1 day (for a ver-
tical length scale of a scale height), which are at least
roughly comparable with the mean ventilation timescale
obtained here for the dusty experiment. To be sure,
the latter timescale has a somewhat different physical
meaning than the eddy mixing timescale. Holton [1986]
has proposed a formulation that allows the effects of a
mean overturning to be expressed in terms of an equiv-
alent vertical eddy mixing, for the global mean distri-
bution of a tracer. In the limiting case of a conservative
tracer, the effective mixing coefficient can be expressed
o 2 2
wea
K: ™ 30k,

where a is the planetary radius and @ is the mean di-
abatic vertical velocity. Using a value of ~10 cm/s for
this velocity in the dusty solstice case (and ~ 2.5 x 108
m?/s for K,), the resulting value for K, is about 1.5 x
10® m?2/s. The values for vertical mixing obtained by
Conrath [1975] and Toon et al. [1977], which are of this
order and appropriate for relatively dusty conditions,
could thus largely reflect the effects of mean overturning
and imply similar vertical transport to that obtained in
the model study here. For the nondusty solstice case,
Holton’s expression for an effective mixing coefficient
yields a value of ~50 m? /s, comparable with the purely
eddy values. For the equinox case, the resulting effective
mixing coefficent value is only ~10 m?/s, significantly
smaller than the purely eddy values found here.

The tremendous variations in the tracer transport in
the Mars atmosphere with season and atmospheric dust
loading point to a need for models that attempt to in-
corporate such variability. This would seem to be espe-
cially true in the case of (e.g., photochemical) tracers
that interact with and are influenced by the abundance
and distribution of dust and water, both of which are
known to vary seasonally and interannually to a large
degree. On the other hand, it would certainly be of
interest to attempt to investigate the net or average
transports/mixing using annual and multi-annual sim-
ulations with GCM’s.
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