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ABSTRACT

This paper discusses the thermotidal oscillations in simulations performed with a newly developed compre-
hensive general circulation model of the Martian atmosphere. With reasonable assumptions about the effective
thermal inertia of the planetary surface and about the distribution of radiatively active atmospheric aerosol, the
model produces both realistic zonal-mean temperature distributions and a diurnal surface pressure oscillation of
at least roughly realistic amplitude. With any reasonable aerosol distribution, the simulated diurnal pressure
oscillation has a very strong zonal variation, in particular a very pronounced zonal wavenumber-2 modulation.
This results from a combination of the prominent wave-2 component in the important boundary forcings (to-
pography and surface thermal inertia) and from the fact that the eastward-propagating zonal wave-1 Kelvin
normal mode has a period near 1 sol (a Martian mean solar day of 88 775 s). The importance of global resonance
is explicitly demonstrated with a series of calculations in which the global mean temperature is arbitrarily altered.
The resonant enhancement of the diurnal wave-1 Kelvin mode is predicted to be strongest in the northern summer
season. In the model simulations there is also a strong contribution to the semidiurnal tide from a near-resonant
eastward-propagating wave-2 Kelvin mode. It is shown that this is significantly forced by a nonlinear steepening
of the diurnal Kelvin wave. The daily variations of near-surface winds in the model are also examined. The
results show that the daily march of wind at any location depends strongly on the topography, even on the
smallest horizontal scales resolved in the model (~ few hundred k). The global tides also play an important
role in determining the near-surface winds, especially so in very dusty atmospheric conditions.

The results for the diurnal and semidiurnal surface pressure oscillations in seasonal integrations of the model
are compared in detail with the observations at the two Viking Lander sites (22°N and 48°N). The observations
over much of the year can be reasonably reproduced in simulations with a globally uniform aerosol mixing ratio
(and assuming more total aerosol in the northern winter season, when the largest dust storms are generally
observed). There are features of the Viking observations that do not seem to be explainable in this way, however.
In particular, in early northern summer, the model predicts amplitudes for the diurnal pressure oscillation at both
lander sites that are at least a factor of 2 larger than observed. Results are presented showing that the low
amplitudes observed could be explained if the dust distribution tended to be concentrated over the highlands,
rather than being uniformly mixed. Annual cycle simulations with a version of the model with an interactive
dust transport do in fact reveal the tendency of the circulation to organize so that larger dust mixing ratios occur
over highlands, particularly near subsolar latitudes. When the model includes globally uniform surface dust
injection and parameterized dust sedimentation, the annual cycle of the diurnal and semidiurnal tides at both
lander sites can be rather well reproduced, except for the periods of global dust storms. The attempts to simulate
the observed rapid evolution of the tidal pressure oscillations during the onset of a global dust storm also
demonstrate the importance of a nonuniform dust concentration. Simulations with the version of the model
incorporating interactive dust are able to roughly reproduce the Viking observations when a strong zonally
uniform dust injection is prescribed in the Southern Hemisphere Tropics and subtropics.
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1. Intreduction

The dynamical response to the diurnal heating on a
rapidly rotating planet is expected to be inversely pro-
portional to the mean density. Since the total column
mass of the atmosphere on Mars is about two orders of
magnitude less than that on earth, the thermally forced
solar tidal variations should represent a much more im-
portant component of the circulation in the Martian at-
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mosphere than in the terrestrial atmosphere. This ex-
pectation has been borne out in both in situ near-surface
observations (e.g., Zurek and Leovy 1981) and
remotely sensed temperature measurements (Conrath
et al. 1973). Theoretical calculations suggest that the
tides may be strong enough to play a significant role in
determining the zonally averaged circulation of the
Martian atmosphere (e.g., Hamilton 1982). Tidal
winds are also likely to contribute significantly to the
lifting and transport of dust in the atmosphere (e.g.,
Leovy and Zurek 1979).

One intriguing aspect of tides on Mars is the possi-
bility that the diurnal forcing may resonate with a
global normal-mode oscillation of the atmosphere. The
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idea of an astronomically forced atmospheric reso-
nance has a long history, having been first introduced
in the last century by Lord Kelvin as a possible expla-
nation for the prominence of the semidiurnal tide in the
terrestrial atmosphere (Thompson 1882). While this
speculation is now known to be incorrect (e.g., Chap-
man and Lindzen 1970), it helped stimulate the devel-
opment of the theory of both atmospheric tides and
normal modes. For the Martian atmosphere, the issue
of resonance was first raised in the linear forced tidal
calculations of Zurek (1976), who noted the possibility
that the gravest zonal wavenumber 1 eastward-propa-
gating tidal component on Mars could be resonantly
amplified. Hamilton (1984) and Hamilton and Garcia
(1986) examined long time series of observations in
the terrestrial atmosphere and found evidence for a
wavenumber-1 normal-mode equatorial Kelvin wave,
analogous to the familiar ‘‘five-day’’ Rossby normal
mode (Madden 1978; Salby 1981a,b). In the terrestrial
atmosphere, this Kelvin mode has a period near 33 h
and hence is well removed from the diurnal forcing
frequency. Hamilton and Garcia performed simple cal-
culations that suggested that in the Martian atmosphere
the period for the same normal-mode Kelvin wave
should be close to one day. Since the primary forcing
for the solar tide is sun-synchronous (i.e., westward
propagating), the generation of diurnal excitation for
this Kelvin mode requires zonal inhomogeneities in ei-
ther the distribution of local time heating rates or in the
lower boundary. The topographic relief on Mars is very
large, and so may contribute to a strong forcing for the
non-sun-synchronous tidal components. Zurek (1988)
reexamined the issue of the possible resonance of the
wavenumber-1 normal-mode Kelvin wave with the di-
urnal forcing. He again considered this in the context
of simplified linear theory and concluded that resonant
amplification could be important for the tide in at least
part of the Martian annual cycle.

To date, the published theoretical treatments of Mar-
tian tides have all used linear theory with simplified
mean states and either no topography or treatments of
the topographic lower boundary condition involving
some approximation (Conrath 1976; Zurek 1976). The
present paper will examine the thermal tides in a
comprehensive, nonlinear general circulation model
(GCM) with an exact treatment of the lower boundary
condition appropriate for finite-amplitude topography.
The model also includes nonlinear radiative transfer
and vertical mixing parameterizations. An extensive set
of calculations with a version of the model using pre-
scribed atmospheric dust concentration (which largely
determines the thermotidal forcing) will be described,
with an emphasis on (i) establishing the relevance of
global resonance for the diurnal and semidiurnal ther-
motidal response, (ii) investigating the role of the to-
pographic relief and other sources of excitation for the
resonant eastward-moving tide, and (iii) determining
the assumptions that need to be made concerning the
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dust distribution in order for the model to account for
the detailed seasonal cycle of the tides (as observed in
the surface pressure). The model is then extended to
include a prognostic equation for the dust concentra-
tion. It will be shown that many of the features ob-
served in the seasonal evolution of the tides can be
captured in model integrations with plausible pre-
scribed sources of surface injection of dust into the at-
mosphere.

The plan of this paper is as follows. Section 2 briefly
reviews the basic theory of tides and normal modes.
Section 3 discusses the available observations and pre-
vious theoretical calculations of Martian tidal fields.
Section 4 provides a detailed description of the present
Martian atmospheric model. Some basic features of the
simulated general circulation obtained with this model
are outlined in section 5. Section 6 discusses the results
for the atmospheric tides in the model. Conclusions are
summarized in section 7.

2. Brief review of theory of tides and normal modes

The so-called classical theory of atmospheric tides
and normal modes considers disturbances that are de-
scribed by primitive equations linearized about a mo-
tionless mean state with temperature a function only of
height (e.g., Chapman and Lindzen 1970). Full spher-
ical geometry is included, but no topography is allowed
at the lower boundary. Assuming solutions that are si-
nusoidal in time and in the zonal direction, one finds
that the meridional and vertical structures are separable.
The meridional structure is governed by the Laplace
tidal equation (LTE) with the well-known Hough func-
tion solutions. In tidal theory one considers the re-
sponse to a known monochromatic thermal excitation.
The forcing at each height can be decomposed into the
appropriate Hough functions. Then for each Hough
function considered, one solves a vertical structure
equation, which is a second-order equation with the
projection of the diurnal (or higher harmonic) heating
as an inhomogeneous term. The vertical structure equa-
tion includes the separation constant for the particular
Hough mode, which is obtained as part of the solution
of the homogeneous LTE and which is conventionally
expressed in terms of an equivalent depth, 4. The na-
ture of the Hough mode solutions for the diurnal and
semidiurnal tides has been studied extensively for the
terrestrial atmosphere (e.g., Chapman and Lindzen
1970) and most of the general conclusions are expected
to apply as well to the Martian atmosphere (e.g., Lind-
zen 1970). The direct solar forcing tends to be con-
centrated in sun-synchronous components (westward-
propagating zonal wavenumbers 1 and 2 for the diurnal
and semidiurnal tides, respectively). The semidiurnal
tidal response in the sun-synchronous wave is domi-
nated by a broad equatorially trapped Hough mode that
is associated with a very long vertical wavelength and
thus is particularly efficiently excited by vertically ex-
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tended forcing (such as that resulting from the ozone
heating in the terrestrial atmosphere). There is little
phase propagation in this dominant mode, and this
means that the calculated semidiurnal surface pressure
oscillation [S>(p) in the usual notation, e.g., Chapman
and Lindzen 1970] is found to peak near 0900 local
solar time if the forcing peaks at local noon. The sun-
synchronous diurnal tidal response is more compli-
cated, with vertically propagating modes of rather short
vertical wavelength dominating at low latitudes and
vertically trapped modes dominating poleward of about
30° lat. The predicted phase of S,(p) in the extratropics
is very close to 0600 local time for heating that peaks
at local noon. The expected phase is earlier in the Trop-
ics and can be sensitive to the depth of the heating.

The non-sun-synchronous components of the tide
can be forced by zonal inhomogeneities in atmospheric
absorber concentration or in the surface properties
(heat capacity, soil moisture) that control the diurnal
cycle of convective heating in the atmosphere. Zonally
varying topography can also force non-sun-synchro-
nous components. The net effect of these zonal varia-
tions is to modulate the sun-synchronous forcing. In
the case of the diurnal tide, for example, zonal wave-
number-2 inhomogeneities in the lower boundary will
force the westward propagating wavenumber-3 and
eastward propagating wavenumber-1 tidal components.
For the semidiurnal tide, wavenumber-4 inhomogene-
ities in the lower boundary force the westward propa-
gating wavenumber-6 and eastward propagating wave-
number-2 components. In the terrestrial atmosphere
these non-sun-synchronous components are more than
an order-of-magnitude weaker than those that follow
the sun (at least at low and midlatitudes).

One can use the classical formalism to investigate
the free oscillations of the atmosphere. If the forcing in
the vertical structure equation is set to zero, then the
solutions determine the values of 4 for which resonance
is possible. The corresponding LTE describes the pos-
sible free oscillations of a barotropic fluid of mean
depth 2. When reasonable terrestrial parameters are
used, the only solution to the vertical structure equation
is for A ~ 10 km and corresponds to the familiar equiv-
alent barotropic Lamb wave (e.g., Chapman and Lind-
zen 1970; Salby 1984). The solutions of the homoge-
neous LTE in this case fall into the familiar type 1
(Rossby) modes and type 2 (gravity and equatorial
Kelvin) modes ( Longuet-Higgins 1968). Each normal-
mode solution to this LTE has a different frequency
and so the fact that 4 ~ 10 km solves the homogeneous
vertical structure equation implies a predicted normal-
mode spectrum consisting of many discrete lines.

The relevance of the simple classical theory of res-
onant normal modes for the terrestrial atmosphere has
been examined rather extensively for the Rossby
modes. Salby (1981a,b, 1984) has considered the
forced linear response of an atmosphere with dissipa-
tion and realistic zonal mean states. While Salby found
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very significant deviations from classical theory, he
concluded that the classical theory is still a useful guide
and that the gravest few Rossby modes of low zonal
wavenumber should be identifiable in the terrestrial at-
mosphere [and, in fact, a number of such modes have
been found in data (e.g., Hirota and Hirooka 1984,
1985)]1. The classical theory should be even more use-
ful for the (higher frequency) gravity and Kelvin nor-
mal modes. Indeed Hamilton and Garcia (1986) ana-
lyzed terrestrial data and detected clear spectral peaks
near the predicted frequencies of several of the classical
gravity and Kelvin modes. However, the issue of ap-
plicability of the classical theory to the same modes on
Mars is complicated by the lower phase velocities pre-
dicted for the normal modes (for the wavenumber-1
Kelvin wave ~240 m s ! on Mars versus ~340 m s~
on the earth), the larger atmospheric radiative dissi-
pation, the greater strength of the diurnal forcing, and
the larger topographic relief. Also distinguishing the
Martian and terrestrial tidal problems are the much
larger seasonal and interannual variability of the Mar-
tian zonal-mean winds and temperatures due to the
variable nature of atmospheric aerosols and the eccen-
tricity of the Martian orbit. (The solar insolation is 44%
smaller at aphelion than at perihelion.)

3. Review of observations and earlier calculations of
Martian tidal fields

a. Observations and classical tidal theory
calculations of tidal pressure variations

The data provided by the surface landers of the
NASA Viking Mission represent a unique resource for
the investigation of planetary atmospheres. The study
of Martian tides has been greatly facilitated by the time
series of observations of near-surface (1.6 m) pressure,
temperature, and horizontal wind made by the Viking
1 (VL1, 22.5°N, 48°W) and Viking 2 (VL2, 48°N,
134°E) landers. The surface pressure records are par-
ticularly extensive (nearly four Martian years at Viking
1). Zurek et al. (1992) review aspects of the low-fre-
quency variability in these records, notably the large
seasonal variation in surface pressure associated with
the condensation and sublimation of the CO, ice caps,
and the 2—10-day period oscillations in the autumn,
winter, and spring seasons reflecting the presence of
eastward-propagating baroclinic waves. In addition, the
tidal oscillations in the Viking surface pressure obser-
vations have been extensively discussed (e.g., Hess et
al. 1977; Leovy 1981; Leovy and Zurek 1979; Zurek
and Leovy 1981; Leovy et al. 1985). Figure 1 shows
the observations of the amplitude and phase of S,(p)
at each of the two landers. Figure 2 shows the com-
parable results for S,(p). Each plotted point in these
figures represents a phase or amplitude determination
from a simple harmonic analysis of the data, typically
spanning a period of a few sols. See the appendix for
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FiG. 1. The amplitude (top) and phase (bottom) of S,(p) at Viking Lander 1 (left) and Viking
Lander 2 (right). Results are expressed as functions of areocentric longitude and are plotted for
the first Martian year of the Viking mission (open circles), the second year (stars), the third year
(crosses), and the fourth year (filled circles). The amplitudes are expressed as percent of the mean
pressure, and phases are the local time of maximum pressure in the diurnal harmonic. The arrows
in the top left panel show the duration of the seasons in the Northern Hemisphere (NH). Local
times are such that 0000 and 1200 refer to midnight and noon, respectively.

further details. The results are displayed as a function
of time of year that is represented by the areocentric
longitude, L, defined to be zero at the vernal equinox,
90° at Northern Hemisphere (NH) summer solstice,
etc. These plots of the Viking data are similar to others
that have appeared in earlier publications (e.g., Leovy
1981); however, Figs. 1 and 2 are the first to summa-
rize results for all available years of Viking pressure
tidal data in a single panel.

Apart from episodic events, the phases of S;(p) and
S2(p) undergo a regular annual cycle, with a similar
trend apparent at both landers. Especially prominent is
the rapid advance and subsequent lag in phase of S, (p)
as the year progresses through NH summer solstice (L,
= 90). The interannual variability in S;(p) and S,(p)
is not particularly pronounced in NH late spring and
summer. This early phase is not predicted by classical
tidal theory for either latitude. Tillman (1988) has doc-
umented and discussed the presence of transient
changes in the phase and amplitude of the tides at the
two landers in Iate summer (L, = 140-150). By con-
trast, there is considerable interannual variability in the

tidal signals during the period from early autumn
through winter, when most of the significant dust
storms are known to occur (e.g., Martin and Zurek
1993). There are two very large, sharp spikes in the
amplitude of S,(p) during the first year at VL1 corre-
sponding to the 1977a and 1977b planet-encircling dust
storm events (e.g., Leovy and Zurek 1979). It is known
that these two events were each accompanied by com-
parably sharp increases in atmospheric total optical
depth and decreases in the diurnal range of near-surface
temperature. A similarly intense episode is apparent in
the fourth year of the S,(p) record (Leovy et al. 1985;
Tillman 1988). These dust storm events are also evi-
dent in the S;(p) signal at both lander sites. Classical
tidal theory applied to the sun-synchronous compo-
nents has been shown to at least roughly account for
the amplitudes of the observed oscillations during this
season ( Zurek and Leovy 1981; hereafter Z1.). In par-
ticular, ZL. demonstrated that classical tidal theory can
reproduce the observed dependence of the strength of
the semidiurnal tide on aerosol optical depth. The cal-
culated phases are not in such good agreement, how-
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FiG. 2. As in Fig.

ever. Zurek and Leovy computed S,(p) phases for both
lander sites that are too early and have a seasonal trend
opposite that observed. For VL1 the calculated phase
of ZL for S, (p) is roughly correct but is very insensi-
tive to changing optical depth and so does not capture
the observed S;(p) phase variability during the dust
storms. The corresponding phase at VL2 is about 2-3
h earlier than observed.

There was a notable drop in the amplitude of S;(p)
at VL1 just prior to the start of the 1977b dust storm.
Associated with this drop (and subsequent increase) in
amplitude was an advance (and then lag) of the phase.
Zurek and Leovy commented that this behavior could
be explained by a rapid enhancement of a topographi-
cally induced castward-traveling diurnal tidal compo-
nent that destructively interferes with the classical
westward-traveling tide at the Viking Lander sites.
They proposed that enhanced heating over highlands
could excite a Kelvin wave with appropriate phase to
account for the near cancellation of S;(p) at VL1.

The influence of the state of the atmospheric aerosol
distribution on the tides is apparent in the Viking pres-
sure observations. A good overview of the Martian dust
cycle is given by Kahn et al. (1992). Visible optical
depths directly measured at the two Viking landers in-
dicate base values of 0.3-0.5 present throughout the
Martian year. Values of unity (or substantially

Areocertric Longitude (L.}

1 but for S,(p).

greater), with episodic variability, were reported from
NH autumn through winter (L, = 180-360).
Atmospheric temperatures derived from spacecraft
observations have also indicated the presence of sig-
nificant diurnal tides. Temperature data obtained from
Mariner 9 infrared interferometer spectrometer (IRIS)
observations following the 1971 global dust storm offer
evidence for strong aerosol heating up to 50 km in
height and resulting large-amplitude (30 K peak to
peak) diurnal thermal tides (Hanel et al. 1972). This
instrument has a vertical resolution of roughly half a
scale height (~10 km). Diurnal tidal amplitudes were
also derived from Viking Orbiter infrared thermal map-
per (IRTM) observations and are presented by Martin
and Kieffer (1979). The IRTM reported 15-u bright-
ness temperatures for a thick layer of atmosphere cen-
tered at approximately 0.5 mb (~25 km). Tidal am-
plitudes of 10—15 K were observed following the two
1977 dust storms, with peak amplitudes at middle to
high latitudes in the Southern (summer) Hemisphere.
Conrath (1976) plotted 2-mb level IRIS tempera-
tures (for 1600—-1700 and 0600-0700 LT) versus lon-
gitude for three latitude intervals in the Southern (sum-
mer) Hemisphere. He found that the longitudinal vari-
ation in the amplitude of the diurnal temperature range
was significant and proposed that this behavior might
result from topographic modulation of the thermal tide.
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b. Previous tidal calculations including topography

Conrath (1976) considered perhaps the simplest pos-
sible generalization of classical theory to include to-
pographic effects. He estimated the amplitude of the
sun-synchronous diurnal tide on the basis of Mariner
9 IRIS remotely sensed atmospheric temperatures.
Classical tidal theory was used to deduce the diurnal
surface winds associated with this temperature signal.
The vertical velocity associated with these winds was
then used as a linearized lower boundary condition in
the vertical structure equation for each Hough mode
describing the perturbation response. Conrath found
that the most prominent of the expected non-sun-syn-
chronous modes was a near-resonant eastward propa-
gating zonal wavenumber 1 Kelvin wave excited by the
zonal wavenumber 2 topography. Conrath found that
the temperature perturbation associated with the pre-
dicted non-sun-synchronous component was roughly
consistent with his IRIS observations.

Zurek (1976) developed a formulation for more
completely incorporating the effects of topography.
While still employing a motionless mean state and a
linearized version of the lower boundary condition, Zu-
rek considered the full coupling that is induced among
different classical tidal modes. Thus, his model requires
the specification of the thermal tidal drive and then in-
volves the simultaneous solution of a number of cou-
pled vertical structure equations. In his formulation,
Zurek was able to distinguish between dynamically in-
duced topographic effects and effects of the longitu-
dinal distortions of boundary layer heating expected to
be caused by topography. Zurek implemented his
model for a rather severely truncated set of Hough
modes (five modes for the sun-synchronous component
plus a total of four more modes describing westward
propagating wave 3 and eastward propagating waves 1
and 3). For realistic topography and a representative
“‘clear-sky’’ temperature profile, Zurek found that the
zonal wave-1 Kelvin mode should be a very prominent
component of the tidal response.

Zurek repeated his calculations for various temper-
ature profiles and found a strong dependence of the
Kelvin wave response on the near-surface static stabil-
ity. In particular, the dynamical effects of the wave 2
topography become increasingly effective at exciting
the Kelvin wave as the near-surface lapse rate ap-
proaches being adiabatic.

¢. Diurnal variability of surface winds

The daily variability of the surface winds measured
by the Viking landers has been discussed by Hess et al.
(1977), Leovy and Zurek (1979), Leovy (1981), and
Murphy et al. (1990). There are wind observations for
two Martian years at VL2 but only one year at VL1.
The interpretation of the wind data is complicated by
the contamination of the global tidal signal by regional
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and local effects induced by topography and other in-
homogeneities in the lower boundary (e.g., Blumsack
et al. 1973). In fact, in the terrestrial atmosphere, little
agreement has been found between the observed diur-
nal cycle of surface winds and that expected from linear
tidal theory (Chapman and Lindzen 1970). Hess et al.
(1977) discuss hodographs of the Viking lander winds
corresponding to early NH summer. At this time the
VL1 winds exhibited a counterclockwise rotation
through the day with a phase such that winds were di-
rected downslope during the morning and upslope dur-
ing the afternoon. Linear theory for the sun-synchro-
nous component of the tide predicts a clockwise rota-
tion of the horizontal surface wind through the day in
the NH. Hess et al. explained the sense of rotation of
the early summer VL1 observations by postulating a
diurnal modulation of turbulent mixing whereby strong
afternoon mixing couples the surface winds to the ob-
served (Seiff 1993) southerly winds aloft. In late sum-
mer the observed winds at VL1 began to exhibit clock-
wise rotation through the day. Since the winds aloft are
expected to switch to northerly as the Hadley circula-
tion migrates southward with the subsolar latitude, this
change in the diurnal surface wind variation may also
be explained by the diurnal modulation of mixing
(Murphy et al. 1990). Murphy et al. found that at nei-
ther lander was the phase of S;(«) or S;(v) consistent
with that expected of a westward propagating diurnal
tide, even during global dust storms when the tidal forc-
ing was particularly strong.

Simulations of the diurnal wind cycle expected at the
Viking sites for the summer season have been carried
out using simple limited-area models incorporating
slope effects (Savijarvi and Silli 1993; and Haberle et
al. 1993b). Their models provide for an imposed con-
stant geostrophic wind but do not account for propa-
gating global-scale tides. These studies have been able
to reproduce some of the observed wind characteristics,
notably the sense of wind rotation at each site. How-
ever, the results show a strong sensitivity to the local
topographic slope employed.

During the late autumn and winter seasons, when the
aerosol loading is larger, daily hodographs at both
lander sites were found to be dominated by a semidi-
urnal variation. For this period Leovy and Zurek
(1979) and Leovy (1981) showed that the observed
VL2 semidiurnal wind components were consistent in
phase and amplitude with a sun-synchronous S,(p) sig-
nal of the observed strength. Murphy et al. (1990) dem-
onstrated this to be the case at VL1 as well.

4. Model description

Comprehensive general circulation modeling of the
Martian atmosphere began with the two-level model
described in Leovy and Mintz (1969). Later develop-
ments of this model were made at NASA Ames Re-
search Center and are described in Pollack et al. (1981,
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1990). More recently, a Martian general circulation
model has been adapted from a terrestrial climate
model at the Laboratoire de Meteorologie Dynamique
and is described by Hourdin et al. (1993). The present
project involved the development of a comprehensive
Martian GCM, which in many ways is similar to the
most recent version of the Ames model. In this section
some of the basic features of the present model for-
mulation will be described.

a. Dynamics

This three-dimensional Martian simulation model
has been developed from the GFDL SKYHI terrestrial
GCM (Fels et al. 1980; Mahlman and Umscheid 1987;
Hamilton et al. 1995). As in SKYHI, the full nonlinear
primitive equations are discretized on a nonstaggered
latitude—longitude grid by means of the box method
(Kurihara and Holloway 1967). At high latitudes a
Fourier filter is applied to enforce an approximately
uniform longitudinal scale for the effective horizontal
resolution. An explicit leapfrog scheme, combined with
a time filter and with an Euler backward scheme ap-
plied once every 24 time steps, is used to integrate the
prediction equations. The model uses a hybrid vertical
coordinate system, which is terrain following near the
ground and purely isobaric above approximately 2 mb.
The vertical grid is staggered with temperature and hor-
izontal wind computed on full levels and the vertical
velocity on half levels. The usual ‘‘rigid lid”’ upper
boundary condition is employed, that is, the vertical
pressure velocity is set to zero at the top half level
nominally at zero pressure. In most of the integrations
described here, the model was run with 5° X 6° lat—
long spacing. Some experiments employed 40 full
model levels (L40) extending from the ground to
roughly 0.06 pub (~88 km). Another version (L16)
with 16 full levels up to 0.9 pb (~68 km) was also
used. The positions of the levels in the two versions are
shown in Fig. 3. This figure also shows the level struc-
ture in the Ames model, which is roughly comparable
to that in the present L16 version. The Ames model has
13 computational levels extending up to ~47 km alti-
tude and a 7.5° X 9° lat—long grid. The present model
was integrated with either 240 or 288 time steps per
Martian sol (88 775 s), and the radiation was updated
every four time steps.

At present the model does not incorporate the CO,
condensation circulation but does instantaneously ad-
just the air temperature anywhere it would have fallen
below the condensation temperature. Haberle et al.
(1993a, hereafter H93) find that the omission of the
condensation circulation is not important in determin-
ing the zonal mean wind and temperature fields except
at the surface in the vicinity of the polar caps (and so
should not be of significance for tidal simulation). Of
course the mass exchange at the polar caps is a domi-
nant component of the annual cycle of surface pressure
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so that the mass of the real Martian atmosphere varies
by about 25% over the year (Zurek et al. 1992). In the
simulations reported here, the global mean surface
pressure is fixed at 5.14 mb. This choice of total mass
leads to good agreement between the diurnal-mean
pressure in the model and at the Viking landers during
late NH summer when the actual atmospheric mass is
least. Consequently, the model mass is a significant un-
derestimate of the observed pressure during NH winter
when the actual atmospheric mass is greatest.

The specific heat for the atmosphere used here is C,
= 770 J K~'kg~', based on a mixture of 95% CO,,
3% N,, and 2% Ar (by volume) at 210 K (Touloukian
and Makita 1970). Note that the present value differs
from those used in earlier studies [e.g., 734 J K ' kg ™*
by Haberle et al. (1982) and 860 J K~! kg ™! by Zurek
et al. (1992)]. The specific heat of the atmosphere is
particularly relevant for the resonant properties of the
Kelvin wave. In the case of an isothermal atmosphere,
the equivalent depth of the atmosphere is proportional
to (1 - R/C,)7".

b. Radiative transfer

Atmospheric heating due to absorption of solar ra-
diation in the near-IR bands of CO, and by aerosols are
both included. The shortwave dust heating is calculated
using a delta-Eddington approximation for aerosol
scattering (Briegleb 1992). The single scattering al-
bedo, phase function asymmetry parameter, and ex-
tinction efficiency employed are those derived by Pol-
lack et al. (1979) from Viking lander imaging obser-
vations of the sky and sun. These values represent an
average over the solar spectrum. There is evidence
(Clancy et al. 1995) that different values of these pa-
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rameters may in fact be more appropriate, leading to
some uncertainty in the actual solar energy deposi-
tion in the atmosphere for a given optical depth. For
example, the parameters advocated by Clancy et al.
result in less solar heating due to the reduced single
scattering albedo and increased backscattering. The
heating due to the absorption of direct solar radiation
by CO, is computed using the scheme of Houghton
(1963) as implemented by Burk (1976). The aerosol
heating strongly dominates the CO, heating below
40 km.

The IR effects of CO, are calculated using the sim-
ple 15 p CO, band model of Goody and Belton
(1967) in the strong Lorentzian line limit. The 4.3-
4 and 2.7-u bands are neglected as unimportant at
the low prevailing Martian temperatures. This
scheme allows use of an analytic derivative of the
transmission function, which makes the accuracy of
the heating rates nearly independent of the selected
vertical resolution. There is no temperature depen-
dence in this band formulation. Hourdin (1992) has
presented results from line-by-line calculations for
the Martian atmosphere and developed numerical ap-
proximations for CO, 15-p band absorption. He
showed that the Lorentz approximation can yield
very accurate flux results to roughly 50 km and ac-
curate cooling rates to even higher altitudes. Al-
though the Lorentz line width is smaller than that of
a Doppler line above about 5 mb, the Doppler core
is saturated and radiative exchange occurs primarily
in the Lorentzian wings. The results for the CO, IR
cooling rates in an isothermal atmosphere calculated
with the present scheme compare reasonably well
with those of Hourdin (1992) up to around 45 km
(largest discrepancies are near 25 km where the pres-
ent calculations result in cooling rates ~30% larger
than those of Hourdin). Above about 45 km, the
present cooling rate asymptotes to a constant value
rather than continuing to increase as in the line-by-
line calculations. The agreement with the line-by-
line results is also reasonable for realistic Martian
temperature profiles. For a wavelike temperature per-
turbation, the present scheme produces even better
agreement with that of Hourdin. The typical damping
rate for a 20-km wavelength perturbation is ~2 sol ™',
Above 45 km the present scheme is supplemented by an
arbitrary linear damping toward a constant temperature
of 140 K. The Newtonian damping rate employed is
shown as a function of pressure in Fig. 3.

Cooling by dust in the IR is computed using the
emissivity formulation of Haberle et al. (1982) for the
spectral region exclusive of the 15 g band. This for-
mulation is based on the particle size distribution in-
ferred by Toon et al. (1977) and on the optical prop-
erties of montmorillonite 219b, a silicate mineral. This
results in a ratio of visible opacity to IR (9 u) opacity
of about 1. This ratio is fairly sensitive to the dust par-
ticle size distribution as discussed by Murphy et al.
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(1993). A distribution emphasizing smaller particles
leads to a visible to IR dust opacity ratio closer to 2.5,
in accord with that inferred from Viking Orbiter obser-
vations (e.g., Clancy et al. 1995). The effect of dust in
the 15-p CO, band is neglected and so the IR opacity
of the atmosphere should be somewhat underestimated,
particularly for large aerosol concentrations. The aero-
sol cooling rates computed for a wavelike temperature
perturbation become comparable with those for CO,
when the dust concentrations (with vertically uniform
mass mixing ratio) are such that the column-integrated
visible optical thickness T is near unity.

In the experiments with prescribed aerosol, the mass
mixing ratio had a horizontally uniform distribution, to
the extent allowed by the presence of topography. The
formulation of Conrath (1975) was used to describe the
dust mixing ratio as a function of pressure—that is,

- 4o - )
14

where v is a constant that determines the pressure be-
low which the mixing ratio rapidly decreases. The con-
stants used here were v = 0.01 and p s = 6.1 mb,
resulting in a relatively constant aerosol mixing ratio
up to about 35 km. Note that Pollack et al. (1990) and
H93 both used v = 0.03 and p,; = 7.6 mb. Results here
confirm their assertion that the zonal mean climate is
not sensitive to the value of v.

(4.1)

¢. Subgrid-scale mixing parameterizations

A second-order vertical diffusion with Richardson-
number-dependent coefficient is applied to both hori-
zontal momentum and heat (see Levy et al. 1982; Ham-
ilton et al. 1995). A nonlinear diffusion scheme is em-
ployed for horizontal mixing of momentum and heat
(Andrews et al. 1983). The model includes a standard
convective adjustment scheme that mixes heat, but not
momentum, within convectively unstable regions.

d. Dissipation in the upper atmosphere

It was found that when the model is run with no
additional dissipation, very strong zonal-mean winds
develop at heights above 40 km, particularly for cases
with large aerosol loading. It is unclear whether these
intense simulated winds are realistic. In any case, they
are not an artifact of the rigid upper lid. The standard
model incorporates a linear damping of the zonal-mean
wind in the upper levels in order to ensure a mean state
allowing stable integrations with a reasonable time
step. The values of the Rayleigh friction coefficient em-
ployed are shown in Fig. 3 as a function of pressure
for both the L40 and L16 versions. Also shown for
comparison are the Rayleigh friction coefficients used
in the Ames model (Pollack et al. 1990). Note that the
frictional damping in the Ames model is applied to lo-
cal velocities and thus damps all eddies as well as the
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mean flow. In the present model a linear damping with
a coefficient of (10 800 s) ™' is applied to all deviations
from the zonal mean (for all fields) at the top full level.
This acts as a crude sponge layer to reduce spurious
downward wave reflections.

The treatment of the atmospheric physics above
about 45 km in the present model is somewhat arbi-
trary. In particular, simulations have been performed
for a number of different formulations of the Rayleigh
friction and/or level structures in the upper atmo-
sphere. These various versions of the model have
shown that the mean meridional circulation and the
zonal-mean zonal wind above about 40 km are sensi-
tive to the strength of the damping employed. Fortu-
nately, in all these experiments the tidal fields below
about 40 km were found to be quite insensitive to the
details of the simulation in the upper atmosphere.

e. Surface physics

Surface thermal inertia, ice-free albedo, roughness,
and topographic height must all be specified in the
model. The albedo and thermal inertia fields employed
in the standard experiments were based on those of
Pollack et al. (1990) and provided by R. Haberle.
These fields were derived from Viking orbiter radi-
ometer observations of the diurnal range of surface
temperature by fitting to a simple surface thermal
model (Kieffer et al. 1977; Palluconi and Kieffer
1981). The present GCM includes prognostic equa-
tions for the temperature in each of eight soil layers
(varying in thickness from 0.3 cm for the top layer to
10 cm for the bottom layer). The model considers en-
ergy exchanges between the top soil layer and the bot-
tom atmospheric layer and thermal diffusion between
adjacent soil layers. At a particular grid point, every
layer has the same specified values of heat capacity, C,
thermal conductivity, K, and density, p. The diffusivity
varies with geographical location resulting in an effec-
tive surface thermal inertia (pCK)'/? that also depends
on location. In the present simulations the albedo and
surface thermal inertia fields were smoothed by retain-
ing only zonal waves 0—6. The top panel in Fig. 4
shows the distribution of thermal inertia used in the
standard experiments. A rather prominent zonal wave
2 variation is evident. Figures 4b and 4c display the
zonal wavenumber 2 and 4 components of this field,
respectively.

Heat and momentum exchange between the surface
and the lowest atmospheric model layer is parameter-
ized with a Monin—Obukhov surface drag formulation
(Hicks 1976). A globally uniform surface roughness
value of 16.62 cm was used. Just as for the air tem-
peratures, the surface temperature is constrained to not
fall below the critical temperature for CO, condensa-
tion. In addition, the surface albedo is adjusted to an
““ice’’ value (0.60) when surface condensation is im-
plied by the surface temperature and pressure (and re-
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FiG. 4. (a) Surface thermal inertia distribution used in the GCM.
Contour labels are in units of J m™2 s™° K. (b) Zonal wavenumber
2 component of surface thermal inertia. (c) Zonal wave 4 component.

turns instantly to the bare soil value once the surface
temperature exceeds that for CO, condensation).

The topography was derived from the Digital Terrain
Model of Mars (U.S. Geological Survey 1991). The
original 1° X 1° data was first averaged to the 5° X 6°
model grid. The topography was then smoothed by first
truncating all heights above 10 km (flattening the tops
of the highest volcanoes) and then Fourier filtering in
longitude to retain only waves 0—6. The resulting
model topography is shown in the top panel of Fig. 5.
Important topographic features include the Tharsis
highlands at 250° longitude and the Hellas Basin at 60°
longitude. There is a significant upslope from the NH
into the SH in the zonal mean. At most latitudes the
topography is dominated by low zonal wavenumbers,
notably a very prominent, nearly symmetric wavenum-
ber 2 distribution. Figures 5b and Sc display the zonal
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FIG. 5. (a) Topography used in the GCM. Contours are labeled in
km and dashed contours denote negative heights. The zero level used
is the same as in U.S. Geological Survey (1991), and the mean pres-
sure in the model at zero height is about 6.1 mb. The locations of the
two Viking lander sites are shown. (b) Zonal wavenumber 2 com-
ponent of the topography. (c) Zonal wavenumber 4 component.

wavenumber 2 and 4 components of the present topog-
raphy, respectively.

Several simulations will be discussed that were con-
ducted at higher horizontal resolution (3° X 3.6°).
These simulations employed the 5° X 6° resolution to-
pography with the truncated volcanoes but without the
zonal Fourier filtering. The thermal inertia and albedo
fields for these experiments were interpolated versions
of the filtered 5° X 6° resolution counterparts.

f- Transport of dust

While most of the experiments have been performed
with prescribed dust concentrations, some integrations
described at the end of section 6 involve a prognostic
calculation of the dust mixing ratio. The resolved trans-
port of tracer in these experiments is computed using
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a modification of the standard second-order box
method to incorporate a fourth-order-accurate repre-
sentation of the vertical advection term (Levy et al.
1982). The dust mixing ratio is also altered by the hor-
izontal and subgrid-scale mixing parameterizations dis-
cussed earlier. In the simulations presented here, the
aerosol is not mixed during convective adjustment.
There is also an option to include a gravitational sedi-
mentation. In these calculations, sedimentation was
based on the Stokes—Cunningham relation appropriate
for spherical particles with radius 2.5 u (Conrath
1975).

5. Basic features of the model simulation

In this section the basic diurnally averaged features
of the simulation obtained with the present GCM will
be discussed. Observations of the latitude—height ther-
mal structure are extremely limited (Zurek et al. 1992},
and comparison is complicated by uncertainty in the
aerosol distribution. For present purposes, comparisons
will be made with the results of other GCMs that have
been published, notably those from the NASA Ames
model (Pollack et al. 1990; H93). One simplification
in Martian modeling is the rather short time needed for
the transient spin-up to a statistical equilibrium flow.
Haberle et al. (1993a) investigated this issue in the
NASA Ames GCM and found that the globally aver-
aged kinetic energy in an integration from rest gener-
ally equilibrates in a time of the order of 20 sols. In
practice, the present integrations typically begin with a
30 sol spinup period from rest or a 10—20 sol spinup
from initialization from earlier fully developed integra-
tions. In all cases, inspection of the time evolution of
the mean state confirms that the zonal-mean flow has
equilibrated by the end of the designated spinup period.
Depending on the experiment, the analysis was per-
formed over 10 or 20 sols following the initial spinup.

a. Zonal-mean temperature and winds

The simulated zonal-mean horizontal wind and tem-
perature fields obtained in three experiments using
aerosol optical depths 7 of 0.3, 1.0, and 2.0 are dis-
played in Fig. 6. These results are for analysis periods
centered on NH winter solstice (L, = 270) and were
obtained using the L16 model. Figures 2, 5, and 6 of
H93 show comparable quantities obtained with the
NASA Ames model. There is quite good overall agree-
ment between the present simulations and those of H93.
In particular, both the Ames model and the present
model capture the strong meridional temperature gra-
dient in the winter hemisphere with an associated in-
tense westerly jet. The strength of this jet increases sig-
nificantly with the optical depth employed. As dust
loading is increased in the model, the atmosphere be-
comes warmer and the lapse rate becomes less steep.
Features of the simulated winter hemisphere tempera-
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ture structure are in reasonable accord with IRIS ob-
servational results presented by Conrath (1981) for late
NH winter (L, = 346) using optical depths intermediate
between 0.3 and 1.0.

The near-surface westerly jet in the summer hemi-
sphere, seen in Fig. 6, is centered near the poleward
extent of the lower branch of the cross-equatorial Had-
ley circulation. The strength of both the Hadley circu-
lation and the low-level westerlies increase with optical
depth. This behavior is also seen in the simulations of
H93 and Hourdin et al. (1993). The increase in mass
streamfunction with increasing optical depth is com-
parable to that seen in the Ames model. Perhaps the
most notable difference between the Ames and GFDL
model results is a somewhat stronger (by ~10 m s™')
equatorial westerly flow at 10—30 km above the surface
in the present model for higher aerosol loading.

There appears to be a tendency for the global mean
in the present simulations to be slightly (~5-10 K)
warmer than in the comparable Ames simulations. H93
compare temperatures from the Ames model with those
of the Viking IRTM observations (centered at 0.5 mb
or ~25 km) following the second 1977 dust storm (L,
~ 280) and note that their model temperatures are too
low at all latitudes, for all optical depths used. Thus,
the present results appear to be in better agreement with
observations. The differences in assumed vertical dust
profiles and in the treatment of IR radiative transfer

may both contribute to the discrepancy in global tem-
perature between the two models. The present pre-
scribed dust-mixing ratio is nearly constant up to 35
km, which is somewhat deeper than that used by H93.
The omission of the aerosol emissivity in the 15-u band
in the present treatment of radiation could also account
for some of the difference in global-mean temperature.

Of course, there are other sources of uncertainty in
the treatment of the radiative properties of dust. For
example, H93 speculated that the aerosol emissivity
based on the Toon dust size spectrum is overestimated.
The sensitivity of the present GCM results to the aero-
sol emissivity scheme was examined by conducting
two additional simulations with visible optical depth, 7
= 1.0. Each simulation used the same emissivity for-
mulation but one employed twice the standard IR emis-
sivity and one employed 0.5 of the standard IR emissiv-
ity. Temperatures in the simulation with reduced emis-
sivity exceed those in the increased emissivity
experiment by about 12 K throughout the Tropics. The
Hadley cell circulation is intensified in the increased
emissivity case and the summer hemisphere subtropical
jet strengthens. Zonal-mean winds elsewhere below 40
km show virtually no difference between the two ex-
periments, however. Tidal surface pressure amplitudes
are roughly 25% larger in the increased emissivity ex-
periment relative to those in the reduced emissivity
case.
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The CO, IR scheme proposed by Hourdin (1992)
was implemented to examine model sensitivity to this
aspect of the radiation formulation. A comparison of
GCM simulations employing the two CO, IR schemes
indicates that model zonal mean temperatures are
somewhat warmer (~4 K) with the Hourdin scheme,
consistent with the weaker predicted cooling. This dif-
ference decreases with increased aerosol heating.
Zonal-mean winds and tides are quite insensitive to the
differences in the two formulations.

During NH summer (L, = 90), the simulated Mar-
tian temperature field is similar (mirror image) to that
for NH winter but is about 10 K cooler at low altitudes
in the Tropics (for 7 = 0.3). The strength of the SH
winter hemisphere jet is comparable to its NH winter
counterpart, but the near-surface summer hemisphere
subtropical westerly jet is considerably weaker for NH
summer than for SH summer. As with the Ames model,
the mass transport streamfunction is roughly half the
value obtained during NH winter for comparable dust
loading. This weaker circulation is associated with the
reduced solar insolation at this time of year (close to
aphelion). Simulations with an axisymmetric version
of the model indicate that the zonal-mean topographic
slope between the two hemispheres strongly inhibits
the strength of the Hadley circulation during NH sum-
mer solstice.

Simulations were also carried out for near-equinoc-
tial conditions (L, = 180, 7 = 0.3, 1.0, 2.0). The model
zonal-mean circulation in these cases is rather sym-
metrical between hemispheres, with relatively broad
westerly jets in both hemispheres having peak winds
of approximately 80 m s~' at 60° lat. The midlatitude
temperature profiles are less statically stable than those
in the winter hemisphere at the solstices. In the equi-
noctial simulations there are equatorial zonal-mean
westerlies at roughly 10—30 km in height. These equa-
torial westerlies become stronger with increased optical
depth. As in the case of the NH winter solstice simu-
lations discussed earlier, the present model near equi-
nox produces stronger equatorial westerlies in this
height range than does the Ames model (~10 m s™!
bias for 7 = 0.3).

It is well known that the presence of mean westerlies
(i.e., atmospheric superrotation) on the equator must
result from eddy momentum transports. One possibility
is that the momentum flux divergence associated with
the diurnal tide might generate the equatorial wester-
lies. In fact, the classical tidal theory calculations of
Hamilton (1982) and Zurek (1986) suggest that the
diurnal tide should provide a westerly driving of the
equatorial mean flow in the lowest ~30 km of the Mar-
tian atmosphere (i.e., in the region of radiative tidal
excitation). To examine this possibility, the present
equinoctial simulations were repeated for a version of
the GCM employing diurnally averaged solar radiation.
In this simulation the equatorial westerlies are no
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longer present, confirming that the tides are contribut-
ing significantly to the atmospheric superrotation.

Many of the .16 model simulations were also re-
peated with the 40-level version of the model. These
simulations compare extremely well with the L16
model in the lower atmosphere (up to 30 km) for all
seasons. The most notable differences occur at high
latitudes and altitudes in the NH near winter solstice
and are apparently a result of the higher top boundary
and different vertical distribution of imposed Rayleigh
drag. One striking aspect of Fig. 6 is the increasingly
strong meridional circulation at higher dust loadings
and the resultant warming (due to the associated adi-
abatic heating) above 40 km in the winter polar region.
This high-altitude winter pole warming is related to the
closing off of the winter zonal jet by thermal wind bal-
ance. This behavior is more pronounced in the L40
version of the model than the L16 version. The merid-
ional jet is part of a pole-to-pole circulation similar to
but much stronger than that in the terrestrial meso-
sphere (e.g., Andrews et al. 1987). Associated with the
meridional circulation are very strong equatorial east-
erlies giving a very pronounced semiannual oscillation.
‘When the model is run without any Rayleigh damping,
these easterlies can approach the solid body rotation
velocity of 240 m s ™' at the equator. Interestingly, there
is some limited evidence from ground-based observa-
tions (Lellouch et al. 1991) for very strong (~160
+ 80 m s~') equatorial easterlies in the Martian upper
atmosphere between 50 and 80 km. The simulated cir-
culation appears to have the character of a strongly non-
linear Hadley circulation as discussed by Dunkerton
(1989, 1991). The strength of the meridional circula-
tion increases as the depth of the domain (and thermal
forcing) increases. As noted earlier in section 4, the
imposition of Rayleigh friction in this model has the
effect of limiting the strength of the meridional circu-
lation, particularly in the NH winter simulations. This
circulation is independent of effects of the rigid lid at
the upper boundary. For the more weakly forced cir-
culation of NH summer, there is considerably less dif-
ference in simulations with and without the Rayleigh
damping. It is evident that much work remains in spec-
ifying the character and distribution of drag in the mid-
dle atmosphere.

b. Stationary and baroclinic waves

Maps of the simulated wind, temperature, and geo-
potential averaged over the 10—20 sol analysis periods
reveal the presence of strong stationary eddies, partic-
ularly in the winter hemisphere [where westerly mean
flow should permit substantial vertical wave propaga-
tion of zero-frequency linear Rossby waves, e.g., Char-
ney and Drazin (1961)]. Zonal wavenumber 2 is es-
pecially prominent in the NH winter, while wavenum-
ber 1 dominates in the SH winter. Conrath (1981)
found observational evidence of wavelike temperature
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perturbations in northern midlatitudes during late NH
winter which may be interpreted as an indication of a
wavenumber 2 stationary eddy. Stationary waves are
also prominent in the simulations at tropical latitudes.
These features appear to be primarily the result of ther-
mal forcing associated with the highlands that act as
elevated heat sources as was anticipated by Webster
(1977). For example, a thermally direct longitudinal
circulation is associated with the stationary zonal wave
2 feature in the zonal wind field. It will be shown later
that this circulation has significance for aerosol trans-
port. An interesting feature of the present model is the
appearance of a prominent zonal wave-3 stationary
wave in the meridional velocity at equatorial latitudes
in the high dust simulations. Latitude—~height sections
(not shown}) reveal a band of strong eddy wave am-
plitude extending from near the surface in the latitudes
of the SH subtropical westerly jet upward and north-
ward through the equatorial westerlies into the
Northern (winter) Hemisphere. Examination of simu-
lations with different dust loadings indicates that the
penetration of such waves into the Tropics is enhanced
by stronger equatorial zonal mean westerlies. As noted
earlier, the strength of the equatorial westerlies is one
area of significant disagreement between the present
model and the Ames model. It would be interesting to
see if there is a consistent difference in the low-latitude
stationary wave field in the two models.

Transient baroclinic wave activity is clearly seen in
the simulated model surface pressure field. In NH win-
ter, such activity is particularly prominent near the lat-
itude of VL2 (48°N) and is characterized by very co-
herent eastward propagating waves with zonal wave-
numbers 1-5 and periods of 2—10 days, consistent with
values deduced from Viking data (Barnes 1980, 1981).
The model surface pressure fluctuations at the VL2 site
have typical amplitudes ~0.25 mb, which is quite sim-
ilar to that observed. The simulated oscillations tend to
be somewhat more regular than those observed by
VL2, however. In particular, from midwinter into
spring, zonal wavenumber 3 with a period of roughly
2.2 days is especially prominent. The simulated baro-
clinic waves at VL1 (22°N) are generally ~0.03 mb,
which is a factor of ~2 weaker than observed at VL1
during the first Viking year. Interestingly, during the
NH winter of the third Viking year, the pressure oscil-
lations at VL1 were observed to be markedly stronger
than earlier in the mission (VL2 measurements were
not available for this period). The VLI transient pres-
sure fluctuations in the present simulations are much
smaller (factor of ~4) than those observed in the third
year. Baroclinic activity is considerably weaker in the
SH winter simulation than in the NH winter, a feature
also seen in the Ames GCM (Barnes et al. 1993).

¢. Diurnally averaged surface wind

Figure 7 shows the GFDL L40 model simulation of
near-surface ( ~100 m) wind fields, averaged over 20
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above the surface) in a NH winter simulation with 7 = 1 (top) and
for a NH summer simulation with » = 0.3 (bottom). The arrow at
the lower right represents 20 m s™'. Also shown is the model topog-
raphy with 2-km contour intervals. Light shading denotes topo-
graphic elevations below zero, while dark shading denotes areas more
than 6 km above zero.

days, for NH winter (L, = 270, 7 = 1.0) and NH sum-
mer (L, = 90, 7 = 0.3). A similar figure for NH winter
is given in Hourdin et al. (1993). The trade-wind pat-
tern of the surface branch of the cross-equatorial Had-
ley cell circulation is clearly evident in both seasons.
There is also considerable topographic influence on the
surface winds. The near-surface winds at VL1 change
from northerly in summer to southerly in winter as ob-
served. Significantly, the winds at VL2 during NH win-
ter solstice change from westerly to northeasterly as the
dust loading 7 is increased (from 0.3 to 1). A similar
shift was observed following the 1977b global dust
storm.

A longitude—height section of the meridional winds
along the equator is shown in Fig. 8. The low-level
winds (~5 km deep) of the Hadley circulation are
much stronger for the NH winter solstice case than for
the summer solstice case. Joshi et al. (1994, 1995) have
proposed that Martian winds are influenced by a west-
ern boundary current effect similar to that postulated
to explain the low-level Somali jet along the eastern
edge of the East Africa highlands. Figure 8 clearly
shows intensification of the meridional wind along the
eastern flanks of topographic highlands in the NH sum-
mer case. The boundary current effect and the subtrop-
ical zonal jet associated with the Hadley circulation to-
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FiG. 8. A longitude-height plot of the time-mean meridional winds
along the equator for the two simulations in Fig. 7. NH winter, 7 = 1
(top) and NH summer, 7 = 0.3 (bottom). The vertical coordinate is
pressure in mb. Contours are labeled in m s~', and dashed contours
denote southward velocities,

gether suggest a strong similarity with the summer In-
dian monsoon circulation. The distribution of the
meridional wind in the Tropics for the NH winter case
shows the zonal wave 3 stationary wave at higher
levels.

6. Results for the tidal fields

In this section the results for the diurnal and semi-
diurnal harmonics of the simulated Martian atmo-
spheric fields will be considered. The main focus will
be on the surface fields for which there are some com-
parable observations. Each of the individual experi-
ments described here consists of a spinup period (start-
ing from rest or from another experiment) of typically
15-30 sols, followed by a 10—20 sol period in which
hourly (24 “‘hours’’ per sol) data are analyzed to de-
termine the diurnal cycle. The annual march of solar
zenith angle is included in all of these rather short ex-
periments, each of which will be labeled by the areo-
centric longitude at the middle of the integration.

a. Simulated surface pressure oscillation and effects
of lower-boundary modifications

Figure 9 shows the spatial distribution of the diurnal
and semidiurnal surface pressure amplitudes for NH
summer (L; = 90) experiment with 7 = 0.3 and the
full geographical distribution of topography, surface al-
bedo, and surface thermal inertia. The amplitude is nor-
malized by the local time-mean pressure. There is a
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striking zonal wavenumber-2 modulation in the diurnal
surface pressure response with maximum amplitudes
over lowlands. There is an even more marked wave-
number-4 modulation of the semidiurnal tide response.
The local time phases (not shown) of S;(p) and S»(p)
also display the prominent wavenumber 2 and wave-
number 4 modulations, respectively. The strong vari-
ations in phase and amplitude of S,(p), even at low
latitudes, contrasts markedly with the observations of
the semidiurnal tide in the terrestrial atmosphere (e.g.,
Chapman and Lindzen 1970). The basic pattern of
zonal modulation seen in this figure is apparent as well
in the unnormalized S;(p) amplitudes.

The zonal wave-2 geographical pattern seen in the
(local time) diurnal tide is just what is expected to re-
sult from the interference of eastward and westward
wave 1 components. Similarly, the wave-4 pattern in
the semidiurnal tide is consistent with the interference
of eastward- and westward propagating wave 2 com-
ponents. The diurnal and semidiurnal pressure signals
in the model simulation have been decomposed into
eastward and westward propagating zonal wavenum-
ber-1 and wavenumber-2 modes respectively; that is,

S(p) = Ay, cos(¢ + 27t — 6yy)
+ A, cos(¢p — 2wt — 6,_y)
+ Ay, cos(2¢ + 47t — 6)
+ Ay, cos(2¢p — 4mt — 65-3)
+ other components,

where ¢ is the east longitude, ¢ is the universal time
(UT) in sols, and the amplitudes and phases are func-
tions only of the latitude. The amplitudes and phases
for the four components isolated are shown in Fig. 10.
The eastward diurnal and semidiurnal components seen
in Fig. 10 do display the equatorial trapping and min-
imal meridional phase propagation expected for Kelvin
modes. The narrower equatorial confinement for A,_,
than for A;_; is also consistent with the linear theory
of the Kelvin mode. The phase angles 6, and 6,; also
define a local time of maximum pressure for the sun-
synchronous tides. For example, the value of 280° ob-
tained for 6,, over the Tropics and subtropics corre-
sponds to the sun-synchronous component of S,(p)
peaking near 0920. This is slightly later than predicted
by the classical theory. The diurnal phases are in rough
agreement with classical tidal theory.

To demonstrate the significance of the wavenumber
2 boundary forcing, a simulation was conducted with
the boundary modified by the removal of the zonal
wave-2 topographic component and by the imposition
of globally uniform surface thermal inertia and albedo.
The resulting amplitudes for S,(p) and S,(p) are
shown in Fig. 11. The result for S;(p) is much more
zonally uniform than in the standard experiment, re-
vealing the virtual absence of the eastward propagating
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FI1G. 9. (a) Amplitude of S,(p) normalized by the time mean local
pressure from a NH summer (L, = 90) model experiment using re-
alistic topography and surface thermal inertia, and with a uniform
dust distribution with 7 = 0.3. Contour labels are in percent. (b) As
in (a) but for the amplitude of S,(p).

diurnal Kelvin mode. There are still strong zonal vari-
ations in $;(p) in the modified topography case, but the
phase of the semidiurnal interference pattern is shifted
westward relative to the standard case. Figure 12a pre-
sents the equatorial values of the phase (local time of
pressure maximum) for §;(p) in both the full and mod-
ified topography experiments. In the full topography
case, this local phase advances toward the west, sug-
gesting that S| (p) is dominated by eastward propagat-
ing wave 1. By contrast, in the modified topography
case, the local phase of S;(p) is quite constant, consis-
tent with the view that S;(p) is dominated by the sun-
synchronous component. The phase of S,(p) for the
same integration is shown in Fig. 12b, also indicating
a wave 4 longitudinal modulation and the westward
shift in phase pattern when wave 2 boundary forcing is
removed. )

A set of three experiments was carried out to ex-
amine the individual contributions of variable topog-
raphy, surface thermal inertia, and surface albedo to the
diurnal Kelvin mode excitation. In a simulation with
realistic topography and geographically uniform sur-
face thermal inertia and albedo, the diurnal Kelvin
mode has a peak amplitude A;_, of 165 ybar with cor-
responding 8,_; of 190°. A simulation using the ob-
served surface thermal inertia, uniform albedo, and no
topography produced a diurnal Kelvin mode with a
maximum amplitude A;_, of 95 pbar and a phase 6,_,
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of 300°. The integration with the observed geographical
variation of surface albedo, but no topography or vari-
ations in surface thermal inertia, yielded a much weaker
Kelvin wave (maximum amplitude A;_; = 10 ubar).
A comparison with Fig. 10 (A, of 150 ybar and §;_,
of 220°) suggests that the total diurnal Kelvin wave
response is at least roughly consistent with the linear
superposition of the effects of realistic topography and
surface thermal inertia.

b. Idealized calculations

The results discussed in section 6a confirm the sim-
ple picture in which both the diurnal and semidiurnal
tides are dominated by the sum of the sun-synchronous
component and a component propagating with the same
phase speed toward the east. The interference of these
components leads to very pronounced geographical
variability in the tide as seen at the surface.

To explore further the excitation of these eastward-
propagating tidal components, a number of experi-
ments were conducted with the 1.16 version of the
model using idealized distributions of topography and
surface thermal inertia. In all these experiments the sur-
face albedo was globally uniform. One version had no
topography and a surface thermal inertia given by

I1(6, ¢) = A[1.25-0.75 cos(2¢)],

where o4, is the amplitude (taken to be 200 J m~2 s %3
K1), while the other had uniform surface thermal in-
ertia and topographic heights given by

Z(0, ¢) = Az cosf cos(2¢),

where -4 is the topographic amplitude and 4 is latitude.
Note that when -4; ~ 2 km, the idealized topography
very roughly resembles the wave-2 component of the
full topography (see Fig. 5b). The phases of these ide-
alized distributions are chosen so that the longitudes of
the topographic peaks correspond to the minima in the
surface thermal inertia. In all cases, the model was spun
up from rest for 15 days and diurnal composite fields
were. constructed from the subsequent 15 days. The
zonal-mean fields for these experiments will not be
shown, but in general these results do not differ sub-
stantially from those discussed earlier for the full model
(section 5).

1) KELVIN NORMAL MODE RESONANCE

A set of experiments was conducted with the purpose
of determining the behavior of the amplitude of the
diurnal and semidiurnal Kelvin wave response to vari-
ations in the mean temperature of the atmosphere. In
each integration, a prescribed globally uniform offset
was introduced to the temperature used in the dynamics
code only, but not in the radiation, soil model, or con-
vective adjustment routines. This allowed the model
dynamics to respond to the imposed temperature
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synchronous) diurnal and semidiurnal tides, respectively.

change, while leaving the thermal forcing of the tides
essentially identical for each simulation. In fact, the
zonal-mean zonal wind and temperature fields (apart
from the offset) showed virtually no change over the
range of offset temperatures employed, at least below
~40 km. Several series of simulations were carried out
for different seasons and optical depths. The first series
examined the resonant response for NH winter (L,
= 270, 7 = 0.3) using 4z = 2.0 km. Figure 13 displays
the maximum amplitudes and equatorial phases of the
diurnal and semidiurnal eastward propagating compo-
nents as a function of the imposed temperature pertur-
bation. Zero temperature offset corresponds to the stan-
dard model atmospheric state for this season. There is
a clear signature of resonance in the peaked amplitude
structure and monotonic ~180° change in phase of the
diurnal Kelvin wave as the temperature increases. The
standard model, in this season, has an atmosphere that
is warmer by ~28 K than that at the resonant peak. The
phase behavior indicates an increasing westerly lag in
the response to eastward propagating forcing as the
mean temperature decreases. The phase angle of —25°
at the resonant peak corresponds to a 0000 UT pressure
maximum 12.5° west of the topographic maximum at
0° long. Even in the simple classical theory case, the
Kelvin modes on the sphere are slightly dispersive

(Longuet-Higgins 1968). This is consistent with the
behavior of Fig. 13 where the semidiurnal Kelvin mode
is seen to peak at slightly warmer mean temperatures
than the diurnal mode. Also shown in Fig. 13 is the
maximum amplitude of the eastward wave 3 compo-
nent of S;(p). This also has a distinct resonance peak
with the maximum displaced slightly from that of the
semidiurnal resonance. In strong contrast to the behav-
ior of the eastward propagating waves, the sun-syn-
chronous components of S;(p) and S,(p) display only
a very moderate increase in amplitude as the mean tem-
perature is reduced over the range shown.

Additional resonance series integrations were per-
formed for 7 = 0.3 near equinox (L, = 0) and in NH
summer (L, = 90), and for 7 = 1.0 in NH winter (L,
= 270). The results for the maximum amplitudes are
summarized in Fig. 14. There is a resonant peak in each
case, with the maximum amplitude increasing with the
strength of thermal forcing (note that the solar insola-
tion at L, = 270 is about 40% larger than at L, = 90).
Of course, with increased solar flux, the atmosphere is
warmer in the global mean, and so a larger temperature
offset is required for resonance. In all cases, the 0 K
temperature offset appears to be on the subresonant
wing of the response curves, with the coldest of the
simulated states (L, = 90, 7 = 0.3) being most nearly
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FiG. 11. As in Fig. 9 but for an experiment in which the model had
been modified by the removal of the zonal wavenumber 2 component
of topography as well as all inhomogeneities in surface thermal in-
ertia and surface albedo.

resonant. This is in agreement with Zurek’s (1988)
conclusion that the diurnal Kelvin wave would be most
nearly resonant during the relatively cooler NH sum-
mer season.

The half-width of the resonance curves in Figs. 13
and 14 was examined in the context of classical tidal
theory with thermal damping. Solutions to the vertical
structure equation appropriate for the diurnal Kelvin
mode were obtained for a range of temperature offsets
applied to a vertical profile based on the GCM tem-
peratures. Damping was incorporated as a vertically
uniform Newtonian cooling. A comparison of these
simple calculations (not shown) with the GCM results
for the Kelvin mode in Figs. 13 and 14 suggests that,
in the full model, the net effect of all the damping
mechanisms for the Kelvin wave is equivalent to an
effective Newtonian cooling timescale of the order of
0.5-1.0 days. This relatively strong effective damping
allows the Kelvin wave to equilibrate fairly rapidly
(within 15 days) in these experiments. By contrast, the
sun-synchronous components largely achieve their fi-
nal amplitudes within 2 days, even as the zonal flow
continues to adjust.

2) DEPENDENCE OF KELVIN MODES ON THE
AMPLITUDE OF TOPOGRAPHY

Additional experiments have been conducted to ex-
amine the influence of the amplitude of the topographic
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variation in determining the Kelvin wave response.
Three sets of experiments, all with 7 = 0.3, and cor-
responding to NH winter (L, = 270), equinox (L
= (), and NH summer (L, = 90) were performed. Each
set consisted of six individual experiments, all identical
except for the amplitude of the wave 2 topography em-
ployed. Although 4, varied over a range from 0.5 to 5
km in each series, the zonal-mean circulation below 40
km showed little change among the different experi-
ments in each set. At higher altitudes, the strength of
the equatorial easterlies was decreased with increasing
topographic amplitude. The sun-synchronous compo-

nents of S;(p) and S,(p) also showed little dependence

on topographic amplitude. The maximum amplitude of
the eastward propagating wave-1 component of S;(p)
for each experiment is plotted as a function of <4z in
Fig. 15a. For given L,, the diurnal Kelvin wave re-
sponse can be seen to vary almost linearly with the
amplitude of the imposed topography. A comparison
with the diurnal Kelvin wave from the realistic topog-
raphy-only experiment (165 pbar) suggests an effec-
tive topographic amplitude between 1 and 2 km. Also
shown in Fig. 15b is the comparable measure of the
amplitude of the semidiurnal wave 2 Kelvin wave plot-
ted as a function of the diurnal Kelvin wave amplitude
for each of the experiments. The amplitude of the semi-
diurnal Kelvin wave appears to have a quadratic de-
pendence on the diurnal Kelvin wave strength, at least
at the smallest wave amplitudes. This is an indication
of the nonlinear nature of the excitation for the semi-
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FIG. 12. (a) The equatorial local time phase of S;(p) for the sim-
ulation with realistic boundary conditions (solid line, corresponding
to Fig. 9), and the experiment with modified lower boundary condi-
tions (dashed line, corresponding to Fig. 11). (b) As in (a) but for
Sap).
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Fic. 13. (a) Maximum amplitude of the eastward propagating
wave-~1 component of S,(p), the eastward propagating wave-2 com-
ponent of S,(p), and the eastward-propagating wave-3 component of
S3(p). All are plotted as a function of the uniform temperature offset
imposed in individual experiments. These integrations were con-
ducted with the 16-level version of the model for NH winter (L,
= 270) conditions with 7 = 0.3 with idealized topography. (b) The
phases of the eastward propagating wave-1 component of S;(p) and
of the eastward propagating wave 2 component of S,(p). The phase
in each case is determined at the latitude of maximum amplitude.

diurnal Kelvin mode. It is interesting that under real-
istic conditions (<4; ~ 2 km), the amplitude of the
semidiurnal Kelvin wave can be a substantial fraction
of that of the diurnal Kelvin wave, even in this case
with no direct boundary forcing of the semidiurnal
wave. The composite march of surface pressure
through the day due to the eastward propagating waves
was computed (not shown). The nonlinear interaction
that generates the semidiurnal component (and higher
harmonics) appears as a steepening of the eastward
propagating waveform. The results in Fig. 15 suggest
that the nonlinear generation of the semidiurnal Kelvin
wave does begin to saturate once the Kelvin wave am-
plitude exceeds about 300 ub.

3) ROLES OF TOPOGRAPHY AND THERMAL INERTIA
INHOMOGENEITY IN EXCITING THE KELVIN
NORMAL MODE

The effect of the zonal variations in surface thermal
inertia in modifying the sun-synchronous forcing for
the tides is easy to understand. Over locations with
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FiG. 14. The maximum amplitude of the eastward propagating
wave-1 component of S,(p) plotted as a function of the imposed
temperature offset for four cases: NH summer (L; = 90) with 7 = 0.3,
equinox (L, = 0) with 7 = 0.3, NH winter (L; = 270) with = = 0.3,
and NH winter (L, = 270) with 7 = 1. All cases employ idealized
topography with 2-km amplitude.
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Fic. 15. (a) Diurnal Kelvin wave amplitude in the idealized
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Triangles represent NH summer, open circles for NH winter, and
stars for equinox (L, = 0). The optical depth in all three cases is
0.3. (b) Semidiurnal Kelvin wave amplitude plotted against the
diurnal Kelvin wave amplitude for the idealized topography
simulations.
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small surface thermal inertia, the daily variation of sur-
face temperature is large, leading to enhanced heating
of the overlying atmosphere due to convection and up-
ward IR flux. This effect produces a distortion of the
diurnal (and harmonics of the diurnal) atmospheric
heating, which depends on the geographical distribu-
tion of the surface thermal inertia. As noted earlier, the
zonal wave 2 component of such a distortion of the sun-
synchronous heating will force the near-resonant di-
urnal wave 1 Kelvin mode.

The influence of topography is potentially more
complicated. One obvious effect is simply to elevate
the sources of convective heating (and atmospheric
heating due to upward IR from the surface) over high-
lands. From classical tidal theory it is apparent that the
same total heating (in W m™?) is more effective at forc-
ing tides when it is concentrated at higher levels (e.g.,
Chapman and Lindzen 1970). It is more difficult to
predict what effect the dynamical modifications (Zurek
1976) induced by topography should have on the tidal
fields.

The present study included a calculation employing
the idealized distribution of surface thermal inertia de-
scribed in section 6b.1 in the absence of topography.
This experiment was performed for NH winter condi-
tions and 7 = 0.3. An eastward wave 1 diurnal Kelvin
wave is excited, with an amplitude about 40% of that
in the 2-km topography case. The phase of the surface
thermal inertia minima is such that the eastward prop-
agating component of heating has a maximum at 180°
long at 0000 UT (as does the sun-synchronous heat-
ing). As the atmosphere passes through resonance
(warm atmosphere to cool), the resulting Kelvin wave
phase 6,_, increasingly lags that of the forcing, chang-
ing from 270° through 180° to 90° as classical tidal
theory predicts. It is evident from Fig. 13 that this be-
havior is nearly 180° out of phase with that of the com-
parable idealized topography experiment (note that the
phases of the idealized distributions described in 6b.1
are chosen so that the modulated thermal heating ef-
fects should be equivalent). Evidently the dynamical
influences of topography oppose and overwhelm the
“‘thermal’’ effect. Dynamical contributions to Kelvin
wave forcing include divergence effects due to tide-
induced slope winds and mean mass advection.

In his theoretical study, Zurek (1976) concluded that
Kelvin wave excitation would be strongly dependent
on the near-surface static stability. No evidence of such
a strong dependence was seen in the present study. Of
course, in these nonlinear simulations, there is a
strongly stable boundary layer over the nighttime lon-
gitudes so that the idealization of a zonally uniform
near-adiabatic ambient temperature is never even ap-
proximately realized. The Kelvin wave amplitudes ob-
tained in this study are considerably smaller than those
predicted by Zurek for clear-sky conditions. This may
be due to limitations in Zurek’s truncated solution in
his formulation of the tidal dynamics, or to the presence
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of much larger effective damping in the GCM simu-
lations, or that a zonal-mean near-adiabatic lapse rate
is not obtained.

The analysis of the ‘‘thermal’’ and ‘‘dynamical”
consequences of the topography is complicated by the
distortion of the dust distribution by the topography. In
the present formulation [Eq. (4.1)], there is a larger
total column of dust above lowlands than highlands,
which tends to counteract the elevated heating effect.
In a simulation with atmospheric aerosol expressed as
function of the terrain-following sigma coordinate
rather than pressure, the Kelvin wave amplitude is de-
creased while the phase remains the same. In the ide-
alized calculations discussed here, the Kelvin wave at
resonance has roughly the same phase, even without
dust (7 = 0). The forcing due to the modulation of the
dust distribution by topography evidently acts nearly in
phase with the dynamical topographic effect.

These results have interesting implications for the
tides in simulations with realistic geographical distri-
butions of topography and surface thermal inertia. The
phases of the Kelvin wave corresponding to the real-
istic topography and surface thermal inertia, each re-
garded separately, are consistent with the results from
the idealized calculations. Comparison of Figs. 4 and
5 show that there is a very rough correlation between
high topography and low surface thermal inertia. This
means that the excitation of the Kelvin wave can be
considered as a sum of two terms of roughly opposing
phases.

4) VERTICAL STRUCTURE OF THE TIDAL FIELDS

Figure 16 shows latitude—height plots of the sun-
synchronous diurnal tidal fields for a NH winter sol-
stice simulation with 7 = 0.3, <4; = 2 km, and uniform
surface thermal inertia. The vertical extent is roughly
60 km, corresponding to the bottom 32 levels of a 40-
level simulation. The amplitudes of the diurnal har-
monics of temperature, zonal, and meridional wind
[S:(T), Si(u) and S,(v), respectively], and the phase
of S;(u) are all presented. The harmonic analysis was
performed using data on the model coordinate surfaces
and the results are plotted as functions of the corre-
sponding pressure for a standard atmosphere. The most
striking aspect of the S, (T) amplitude is the strong sur-
face maximum near the subsolar latitude. The maxi-
mum amplitude at the lowest model level (~100 m) is
23 K, corresponding to a diurnal temperature range of
46 K, which may be compared to the simulated range
of surface temperature, which exceeds 80 K at the sub-
solar latitude. Above about 20 km, the S, (7 ) amplitude
has three distinct peaks, one in low latitudes that tilts
into the winter hemisphere with height, one near S0°N,
and one near 50°S. In the extratropics, the phase (not
shown) is roughly constant (with temperature pertur-
bation peaking near 1800 local time), while the low-
latitude phase displays a vertical propagation with
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F1G. 16. Results for the westward propagating wave-1 component
of the tide in the NH winter (L, = 270) experiment with 7 = 0.3 and
the idealized wave-2 topography. Results for (a) temperature ampli-
tude (contour labels in °K), (b) zonal wind amplitude (contour labels
in m s™"), (¢) meridional wind amplitude (contour labels in m s™%),
and (d) zonal wind phase (degrees). Results are plotted as a function
of the modified sigma coordinate, so the pressure scale is approximate
below 2 mb.

dominant wavelength ~30 km. These basic features for
S,(T) have been seen in classical tidal theory calcu-
lations of the terrestrial tide (e.g., Chapman and Lind-
zen 1970) and reflect that the tropical response is dom-
inated by Hough modes associated with vertical prop-
agation, while the high-latitude response is dominated
by vertically trapped modes. In the present case the
region of phase propagation extends significantly into
the winter hemisphere, consistent with the modification
of the classical theory expected from the presence of
strong mean westerlies. A similar effect has been found
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in linear terrestrial tidal calculations that include real-
istic solstitial mean winds (Hagan et al. 1995). How-
ever, the deviations from the classical result are more
pronounced in the present simulation. The relative
Doppler shifts of the tides by the mean winds are ex-
pected to be larger on Mars since the zonal phase speed
of the sun-synchronous tide is roughly one-half that on
the earth. These deviations could be expected to sig-
nificantly affect the calculations of the tidal forcing of
the zonal-mean circulation as reported by Hamilton
(1982), Zurek (1986), and Zurek and Haberle (1988).

Just as the case for S;(7T), the region of significant
vertical phase propagation for the sun-synchronous
component of §,(«) is confined to the Tropics at low
altitudes and tilts significantly into the winter hemi-
sphere at higher altitudes (Fig. 16d). The amplitudes
of both S;(u) and §;(v) also display significant hemi-
spheric asymmetry.

The results for the sun-synchronous tides in an equi-
noctial simulation have also been examined (not
shown). Not surprisingly, the tides at equinox are much
more symmetric between the hemispheres. At low lat-
itudes, the temperature and zonal wind amplitudes of
the vertically propagating tide grow with height more
rapidly than in the solstitial case. It is interesting that
in the solstitial simulation, increasing the thermotidal
excitation (by raising 7) actually lowers the height of
the maximum tidal amplitude in the tropical winter
hemisphere (where the vertically propagating tide is
prominent). For optical depth 7 = 1, the maximum
amplitude of the vertically propagating diurnal thermal
tide is at roughly 40 km. This suggests that the growth
of the vertically propagating diurnal tide could be lim-
ited by some kind of breaking mechanism operating in
the winter hemisphere [the possibility of tidal gravita-
tional breaking has been discussed by Zurek (1976)].

In contrast with the tropical results, the diurnal tide
in the extratropics was found to increase in amplitude
with increasing aerosol. This difference in behavior is
expected since S at high latitudes is largely nonpro-
pagating. Diurnal tidal temperatures at 0.5 mb (roughly
25 km in height) may be compared with those deduced
by Martin and Kieffer (1979) from IRTM data follow-
ing the 1977a (L, = 226) and 1977b (L, = 290) global
dust storms. Simulated tidal temperatures at this level
have maxima in the extratropics for optical depths
greater than 0.3. Maximum temperature amplitudes of
7.5 and 12.5 K at 40°S were obtained in the 7 = 1 and
T = 2 solstice simulations, respectively, which compare
very well with the IRTM observations around this time.
The 7 = 2 simulation amplitudes are also consistent
with the IRIS observations reported by Hanel et al.
(1972) for the period corresponding to the 1971 global
dust storm. The simulated tidal amplitude for L, = 200
with 7 = 2 had a maximum amplitude of 15 K at 65°S
in very good agreement with the IRTM data following
the 1977a dust storm.
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Figure 17 shows the same quantities as Fig. 16 but
for the simulated eastward propagating wave 1 com-
ponent of the diurnal tide. In the lower atmosphere the
zonal velocity has an equatorially trapped structure and
the amplitude of S;(v) is considerably weaker than for
S1(u). Both these features are expected for a classical
Kelvin mode. Above about 20 km, significant devia-
tions from the predictions of classical theory are evi-
dent, notably a tilt of the temperature and zonal wind
amplitude maxima into the winter hemisphere. Analy-
sis of additional simulations show considerable sensi-
tivity of the Kelvin wave response in the upper atmo-
sphere to the mean wind profile at low latitudes. In
particular, when the region of westerly shear above the
peak easterly jet is sufficiently strong (see Fig. 6), the
Kelvin wave temperature response can actually shift
into the summer hemisphere above 60 km.

For this low dust case, the strength of the simulated
diurnal sun-synchronous and Kelvin modes in the ~5—
40-km height range appear to be of very roughly the
same magnitude. This means that a prediction of the
diurnal range of temperature-at a particular location
(something that could conceivably be measured from
orbiting spacecraft) requires a credible simulation of
the structure of both the sun-synchronous and Kelvin
wave components. When simulations with significantly
larger dust amounts are analyzed, however, the tem-
perature perturbation associated with the sun-synchro-
nous diurnal tide does clearly dominate that of the east-
ward propagating Kelvin wave, particularly in the sum-
mer hemisphere.

c. Some more realistic calculations and the seasonal
and interannual variation of surface tides

A number of 40-sol simulations have been carried
out with the 1.40 model employing realistic topogra-
phy, surface thermal inertia, and albedo. Unless other-
wise noted, the calculations to be described here used
the horizontally uniform aerosol mixing ratio [see Eq.
(4.1)]. Results will be presented for various times in
the Martian year and for several dust optical depths. A
number of these simulations were repeated with the
L16 model, and very similar (within a few percent)
results were obtained for the surface tides. In addition,
the 1.16 model has been used in a simulation of a Mar-
tian annual cycle but with the progression of the solar
declination and planetary orbital radius speeded up so
that the entire annual cycle spans 300 sols, rather than
the 668 sols in the actual Martian year. This was con-
ducted with the 7 = 0.3 uniform dust distribution.

1) SUN-SYNCHRONOUS TIDES

Figure 18 shows the simulated amplitudes and
phases of the sun-synchronous components of S;(p)
and S,(p) during NH winter solstice for optical depths
of 0.3, 1, and 2. The tidal pressure oscillations increase
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FIG. 17. As in Fig. 16 but for the eastward-propagating
wave-1 component of the tide.

in amplitude in response to the stronger effective ther-
motidal forcing caused by increasing the total dust col-
umn. The sun-synchronous component S,(p) responds
more strongly than S, (p) to increases in the vertically
extended dust heating, in agreement with the expecta-
tions of classical theory (section 2).

Figure 19 is similar to Fig. 18 but presents results
for 7 = 0.3 simulations near equinox and near the sum-
mer and winter solstices. A striking feature seen in this
figure is the strong interhemispheric asymmetry in both
S1(p) and S, (p). Simulations using the idealized (hem-
ispherically symmetric) topography discussed in sec-
tion 6b, or no topography at all, yield amplitudes for
S,(p) that are stronger in the winter hemisphere than
in the summer hemisphere in response to the meridio-
nal gradients in the mean state. By contrast, in the full
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calculation results shown in Fig. 19, the sun-synchro-
nous S,(p) is strongest in the NH in all seasons. The
larger S,(p) response in the NH may be explained sim-
ply as the consequence of the greater mean pressure
and hence (with the present specification of dust con-
centration) larger total column of dust heating.

Figure 19 shows that there is also hemispheric asym-
metry in both amplitude and phase of S, (p) that persists
for all seasons. In this case, the larger amplitudes and
earlier phases are found in the Southern Hemisphere.
The topographic effect on S,(p) may be rather subtle,
since much of the diurnal heating excites motions that
are largely rotational (e.g., the wind field associated
with the gravest antisymmetric Hough mode in classi-
cal theory is completely rotational ). Such motions have
small surface pressure signatures, a situation that may
change markedly when the steep slope of the zonal-
mean topography is included. In the case of flat topog-
raphy, the velocity response is dominated by the sym-
metric components ( at least equatorward of about 45°),
even for significantly asymmetric heating. It will be
shown below that in the full model simulation, the di-
urnal v field near the surface has a significant cross-
equatorial component with upslope (i.e., predomi-
nantly southward) winds in the afternoon.

Figure 18 shows that as the effective depth of at-
mospheric heating increases due to increasing dust
loading, the phase of the sun-synchronous component
of §;(p) tends to advance. Classical theory predicts
such an advance to be confined to the Tropics, but in
the simulation, the phase advance is evident over a
much broader region. Figure 19 shows that at the lati-
tude of VL1 (22.5°N), the phase of the simulated sun-
synchronous component of S, (p) is earliest during NH
winter and latest in the NH summer. The actual obser-
vations of the phase of S;(p) at VL1 (Fig. 1) show the
opposite seasonal evolution. Indeed, the observed
phases of S, (p) during NH summer at both lander lat-
itudes are much earlier than either the present simula-
tions of the sun-synchronous component or classical
theory would suggest [ that is, near 0600 phase of S, (p)
throughout the midlatitudes, in response to heating that
peaks at noon]. :

Figures 18 and 19 show that the phase of the simu-
lated sun-synchronous component of S,(p) at low lat-
itudes changes less than '/, h with season and dust load-
ing. This is consistent with the expectations of classical
tidal theory and with terrestrial observations. The actual
phase of S,(p) at VL1 is observed (Fig. 2) to behave
very differently, with a relative retardation of ~2 h as
the season progresses from NH autumn through winter
and spring, followed by an advance from NH summer
back to autumn. At the VL2 latitude, the modeled phase
is in reasonable agreement with the observed phase
during NH autumn through early winter. However, the
rather late phases observed during NH spring and sum-
mer are not accounted for by the sun-synchronous com-
ponent of S,(p) alone.
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2) OTHER COMPONENTS

Table 1 lists the meridionally averaged (60°S—-60°N)
surface pressure amplitudes of the eastward and west-
ward propagating components of S, (p) by zonal wave-
number. Results are shown for four different seasons.
This can be compared with the same analysis for the
observed terrestrial S,(p) presented by Haurwitz
(1965). The sun-synchronous component is obviously
prominent in all seasons in Table 1 but it is less dom-
inant than in the terrestrial atmosphere (where Haur-
witz shows that the sun-synchronous component is
roughly an order of magnitude larger than any other
component). In all cases the largest non-sun-synchro-
nous component is the eastward propagating wave 1,
which can be identified with the diurnal normal-mode
Kelvin wave. This Kelvin wave is particularly strong
in early NH summer, when it is actually larger than the
sun-synchronous tide. However, during the equinoctial
seasons, the Kelvin wave is not so dominant. In fact,
during these times, the diurnal eastward propagating
zonal wavenumber 2 and 3 components are at least of
comparable strength to the Kelvin wave at the latitudes
of the Viking Landers.

For each experiment, the geographical distribution
of the amplitude of S,(p) (i.e., equivalent of Fig. 9a)
was plotted. In all cases, these figures show a prominent
zonal wavenumber 2 pattern, although the strength of
this wave 2 modulation varied among the individual
experiments. For example, a maximum normalized am-
plitude of 0.06 was obtained in the NH winter (L,
= 270), 7 = 2.0 simulation. Except during NH sum-
mer, there is also a prominent local maximum in S, (p)
associated with the Hellas basin.

Table 2 shows the harmonic analysis for the same
four integrations but now applied to S,(p). The semidi-
urnal tide is dominated by the sun-synchronous com-
ponent, but the eastward propagating wave 2 is also
quite significant, particularly in NH summer. Again,
this is in strong contrast to the situation in the terrestrial

TABLE 1. The amplitude of the diurnal surface pressure oscillation
resolved into zonal wavenumbers. Amplitudes are averaged between
60°S and 60°N. Results for eastward propagating waves 1-4 (E1-
E4), wavenumber 0, and westward propagating waves 1-4 (W1-
W4). Results for four different integrations. The amplitudes are in
pbar.

L, =30 L, =100 L, =200 L, =270

7=03 7=03 T=1 T=1
E4 4.5 7.0 74 7.7
E3 8.5 10.7 15.9 14.0
E2 17.6 7.6 28.2 20.5
El 31.9 98.8 34.8 59.6
0 6.3 7.5 124 16.2
W1 59.4 58.5 106.7 119.7
w2 6.3 5.1 13.2 12.6
w3 10.2 9.0 16.9 16.8
w4 5.0 5.2 9.6 11.3
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TABLE 2. As in Table 1 but for the semidiurnal
surface pressure oscillation.

L, =30 L, =100 L, =200 L, =270

7=03 7 =03 =1 T=1
E4 1.2 23 2.5 2.6
E3 1.7 1.6 2.9 23
E2 11.0 27.8 8.8 15.0
Et 32 3.7 5.7 6.6
0 1.5 3.3 49 5.1
w1 6.7 9.4 8.3 8.5
w2 37.6 31.5 89.2 88.2
W3 2.5 1.9 5.3 5.2
W4 3.7 3.0 9.1 9.1

atmosphere where a similar analysis of surface pressure
observations shows no particular prominence in the
eastward wave 2 component (Kertz 1956).

The seasonal evolution of the amplitude and phase
of the diurnal Kelvin mode in the 7 = 0.3 L16 ‘‘annual
cycle’” experiment is displayed in Fig. 20. These values
were calculated from overlapped 2-day segments of
hourly surface pressure data. The individual points in
this figure show the same quantities for the shorter pe-
riod L40 simulations, which employ various dust dis-
tributions (the results for 7 = 0.3 L40 simulations are
not shown since they are very close to those in the L16
integration). The strongest Kelvin mode response oc-
curs during the NH summer season, in agreement with
the idealized calculations discussed earlier (e.g., Fig.
14). For the uniformly mixed dust case in summer, the
simulated Kelvin wave amplitude is relatively insen-
sitive to the amount of atmospheric aerosol present,
although there is a distinct sensitivity of the phase on
dust loading. In the other seasons the Kelvin response
is actually a little stronger for larger optical depths.
Evidently, the stronger thermotidal excitation from the
increased dust can compensate for the effects of change
in the mean temperature on the resonant response.

3) DETAILED COMPARISON WITH VIKING LANDER
OBSERVATIONS

The amplitudes and phases of S;(p) and S,(p) in the
LAQ simulations at the model grid points nearest the
VL1 and VL2 sites are presented in Figs. 21 and 22.
The discussion will initially be confined to the simu-
lations with the standard prescribed dust distribution
and standard treatment of dust optical properties. These
results can be compared with the time series of actual
Viking observations of the same quantities shown in
Figs. 1 and 2. Overall, there is a reasonable degree of
agreement between the simulations and observations,
particularly when the observations during NH autumn
and winter dust storm periods are compared with the 7
= 2 simulations, while the rest of the observations are
compared with the 7 = 0.3 model results. The simu-
lations are notably successful in capturing the advance
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of the S,(p) phase from NH spring into summer and
the subsequent retardation in the autumn. This advance
is attributable to the presence of the Kelvin wave. This
effect is shown in Fig. 12a. Because the two Viking
Landers sites are almost exactly 180° apart, there is
similar phase behavior at the two sites at this time when
the Kelvin mode is especially prominent. The model
suggests that the seasonal behavior of the phase of
S:(p) at other longitudes would be more dramatic. The
simulated phase of S;(p) at VL1 during NH spring is
somewhat later than observed. The agreement with ob-
servations at this season could be improved if the model
produced a somewhat stronger Kelvin wave, although
note that the simulated results are strongly influenced
by wave-2 and wave-3 diurnal tidal components as
well. The observation that the S;(p) phase at VL2 is
significantly later than 0600 hours (expected from clas-
sical theory at this extratropical location) over most of
the year is also found in the simulations.

The simulated seasonal evolution of the phase of
S»(p) at both landers is also in broad agreement with
the observations, with both model and observations
showing an advance from NH summer to autumn (L
= 90 to L, = 180) and a subsequent lag through winter
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into spring. As discussed previously, the observed late
phases (later than 0940 hours) at some times in the
annual cycle are not consistent with sun-synchronous
tides alone. The presence of a semidiurnal Kelvin mode
in the simulation brings the model results closer to
those observed. The longitudinal variation in S,(p) as-
sociated with the interference of the eastward- and
westward-propagating zonal wavenumber 2 compo-
nents is such that the latest phases occur roughly at the
longitudes of the two landers (see Fig. 12b). This zonal
modulation is largest when the amplitudes of the two
components are comparable. There are still some quite
substantial differences between the simulations and ob-
servations, however. The simulated S, (p) phase at VL2
in the late winter remains earlier than 0900 hours,
whereas the observations indicate that the phase be-
comes much later in late winter. At this time, the model
result is closer to that expected from classical theory.
During NH summer, the simulated S, (p) phases at VL1
are several hours later than observed. It seems reason-
able to interpret these differences as evidence that the
simulated semidiurnal Kelvin wave is unrealistically
weak in NH winter and unrealistically strong in NH
summer.

The simulated amplitudes of S; (p) and S,(p) change
quite substantially as the prescribed dust opacity is var-
ied over the range 7 = 0.3 to 7 = 2. Thus, it seems that
observations and model results over most of the annual
cycle could be brought into agreement with an appro-
priate choice of dust opacity. For example, the rather
low values seen for the 7 = 0.3 simulation of tidal
amplitudes in early NH spring could simply indicate
that the actual mean optical depth at this time of year
is somewhat greater than 0.3. However, there is one
time of year when it is more difficult to explain the
discrepancy between the simulated amplitudes and
those observed. Near L, = 90 (NH summer solstice)
the S;(p) amplitudes in the 7 = 0.3 model results are
at least twice as large as actually observed at both the
VL1 and VL2 locations. There is a similar, though less
serious, overprediction of amplitude of S,(p) at VL1.
These problems persist even when the dust mixing ratio
is reduced by a factor of 3 (7 = 0.1). Much of the
simulated diurnal tidal amplitude at the lander sites in
this season is attributable to the resonant Kelvin mode,
and this accounts for the relative insensitivity of the
S, (p) amplitude to changing the global dust amounts.
At lower dust levels, the reduced forcing for the Kelvin



1 May 1996 WILSON AND HAMILTON 1315
Viking Lander 1 Viking Lander 2
(a) Sy{p) Amplituds ® S,{p) Amplida
=2
4 15 M
2
25 i g o &
" f0 o
! i g - .
g 2 e ] ° E = =1
Y L)
- s Todtod 05 o ©0
1 . o 00% ° ° o
00900 [e] ° ° @ nonuniform dust
o o
foounifom . @ w0.1 w0
% 60 120 180 240 300 360 004 60 120 180 240 300 360
L LN
Viking Landar 1 Viking Lander 2
) Phase ) Phaso
o S 12 @ SitP
@ vd)
3 o =01
o ©
2 ° 1
= e dust — o e dust
g 1 ) 5 )
< <10 o 3
2 12 o o g ° o
o ° ol o0
1 000 modiied o o
. ° \2 ol 9 - -
1 vl ® @t e Sl w!._\ 3
=2 ,:2 wl
% 60 120 180 240 300 360 &g 60 120 180 240 300 350
L 4L

Fic. 22. As in Fig.

mode is offset by the enhanced resonance associated
with the lower mean temperatures.

4) SIMULATIONS WITH NONUNIFORM DUST
DISTRIBUTIONS

One possible explanation for the overly large ampli-
tude Kelvin modes in the simulated northern summer
season is that the geographical distribution of dust in
the Martian atmosphere is not well represented by the
“‘uniformly mixed’’ prescription used in the present
standard experiments [Eq. 4.1]. The idealized calcu-
lations described in section 6b provide guidance on
how the dust distribution could be modified so as to
reduce the amplitude of the simulated Kelvin wave. In
particular, it was shown that enhancing the thermotidal
heating over highlands should produce a thermally
forced Kelvin wave with the opposite phase of the
(dominant) topographically forced wave, thus leading
to a weaker Kelvin wave. This idea suggested a new
simulation using the full model with an imposed non-
uniform aerosol distribution. The dust distribution was
modified by increasing the aerosol mixing ratio at low
levels over highlands and decreasing it over lowlands
so as to yield a more nearly horizontally uniform sur-
face opacity with spatial variations on the order of 20%
rather than 250%. The salient features of this distri-
bution is shown in the top panel of Fig. 23, which rep-
resents the surface optical depth normalized with re-

21 but for S,(p).

spect to a reference surface pressure of 6.1 mb (note
that the present uniformly mixed distribution is just a
constant when represented in this manner). The mod-
ified distribution in Fig. 23a would be reasonable if dust
were preferentially raised or accumulated over high-
lands.

In a NH summer (L, = 100) simulation employing
the modified aerosol distribution, the amplitude of the
diurnal Kelvin wave is reduced by 40% and the phase
shifted eastward by 35° relative to the standard case.
The amplitude response is consistent with the interpre-
tation of a (partial) cancellation between the dust-in-
duced forcing and the dynamical (topographical ) forc-
ing of the Kelvin wave. As expected, the sun-synchro-
nous tides are relatively unaffected by the change in
the aerosol distribution. The overall geographical dis-
tribution of S;(p) amplitude in the modified aerosol
experiment (not shown) broadly resembles that for the
standard case (Fig. 9). However, the tidal amplitudes
and phases at the Viking lander sites are significantly
changed from the standard experiment. These results
are indicated in Figs. 21 and 22 by the points labeled
“‘nonuniform dust.’”’ The unrealistically large S,(p)
amplitudes in the standard experiment at both landers
are markedly decreased in the nonuniform dust case.
The phase of S,(p) has also moved into closer corre-
spondence with observations. Much of the reduction in
the amplitudes of S;(p) at the two lander sites can be
ascribed to the decrease in Kelvin wave amplitude (and
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Fig. 23. Column optical depth normalized by the local surface
pressure over the reference pressure. The contours have been multi-
plied by 10. (a) Imposed modified dust distribution. (b) Surface op-
tical depth in the annual cycle interactive dust simulation during NH
summer (L, = 100). (c) Surface optical depth in the annual cycle
interactive dust simulation during NH winter (L, = 270).

shift in phase); however, there are also contributions
from changes in the eastward propagating zonal wave
2 and 3 components. Since the amplitude of the Kelvin
mode relative to its westward counterpart is consider-
ably smaller in the other seasons, it seems reasonable
that sensitivity to deviations from the uniformly mixed
aerosol distribution would be less than during NH sum-
mer. This issue will be examined in a later section.

5) SENSITIVITY TO AEROSOL PARAMETERS

The aerosol optical properties employed will also in-
fluence the tidal simulations. The points labeled ‘‘mod-
ified”” in Figs. 21 and 22 are for uniformly mixed 7
= 1 simulations employing the aerosol scattering pa-
rameters suggested by Clancy et al. (1995). For a given
absorber distribution, these parameters (increased sin-
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gle scattering albedo and reduced backscattering) tend
to yield less radiative heating than the present standard
parameters. The global mean temperature is about 8°C
cooler than in the standard L, = 270, 7 = 1 experiment.
The tidal surface pressure amplitudes of the tidal com-
ponents are reduced by roughly 10% over the standard
case, with somewhat larger reductions in S,(p) and
S,(p) at the two lander sites. Simulations (not shown)
of tidal amplitudes during NH summer using various
aerosol optical parameters give evidence for the ro-
bustness of the Kelvin wave response at this time of
the season. Again, weaker radiative heating leads to a
cooler, hence more resonant, atmosphere, which com-
pensates for the reduced tidal forcing.

d. Near-surface winds

Figure 24 shows the horizontal winds composited at
1600 local time minus those at 0400 local time at the
lowest model level (~100 m) for a NH summer (1
= (.3) simulation and for a NH winter (7 = 1) simu-
lation, both carried out with the L40 model. A com-
parison with Fig. 7 shows that the diurnal winds are of
comparable strength to the time-mean winds. There is
an obvious influence of the topography on the diurnal
winds (the sun-synchronous tide by itself would result
in a zonally uniform distribution of local time winds).
There is a tendency for late afternoon upslope (early
morning downslope) winds over much of the surface.
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FiG. 24. The lowest model level wind field at 1600 local time minus
that at 0400, for the simulations depicted in Fig. 7. The wind differ-
ences are multiplied by 0.5 so as to compare with the time-mean
surface winds in Fig. 7.



1 MAY 1996

A similar pattern holds for all seasons and dust distri-
butions considered. Around a latitude circle, the local-
time phase of S;(u) or S;(v) at the lowest levels can
vary by as much as 10 h during NH winter (when the
global-scale Kelvin wave is most strongly dominated
by the sun-synchronous tide), an indication of the
strong influence of the lower boundary. There are even
larger phase variations in the zonal wind during NH
summer, associated with the dominant Kelvin wave at
this time. Tidal wind phase variations are closely cor-
related with the resolved variations in topographic
slope. Examination of the comparable analysis from the
3° X 3.6° version of the L40 model reveals smaller-
scale variability in the phase of the diurnal wind, which
is again clearly correlated with the finer-scale topo-
graphical features.

While the results of the simulation support the view
that local (i.e., grid-scale in the model) topography is
important for determining the diurnal wind, there are
still strong diurnal surface winds even in regions where
the topographic slopes are weak, as well as regions
where the 1600 minus 0400 wind vectors are nearly
perpendicular to the topographic gradient. These de-
viations from pure afternoon upslope/morning down-
slope behavior are particularly pronounced in the sum-
mer hemisphere extratropics.

For optical depths of 1 and greater, the lowest level
winds associated with the semidiurnal tide achieve am-
plitudes comparable to those of the diurnal tide. The
semidiurnal wind oscillations are strongest poleward of
~40° and tend to show greater interhemispheric sym-
metry than the diurnal wind oscillations. The simulated
semidiurnal wind fields are much more uniform with
longitude than those for the diurnal tide, consistent with
the expected domination of S, by the global-scale sun-
synchronous components that are efficiently excited by
vertically extended heating.

Hodographs showing the composite diurnal evolu-
tion of the simulated lowest level wind at the grid
points closest to the VL1 and VL2 sites are presented
in Fig. 25. Results are for NH winter solstice and for
three different dust amounts. Note that these are winds
for ~100 m above the surface, rather than at 1.6 m as
observed by the Viking landers. In all cases, S,(u) and
S>(v) have larger amplitude at VL2 than VL1, and the
amplitude of the semidiurnal wind oscillation increases
strongly with dust loading. The behavior of the simu-
lated winds is in very good agreement with the obser-
vations at VL1 (Murphy et al. 1990) and VL2 (Leovy
and Zurek 1979) for dust storm conditions. The night-
time loop of the VL2 semidiurnal oscillation is weaker
than the daytime loop, as seen in the observations. This
behavior might be anticipated if the near-surface winds
become decoupled from the winds aloft as a very stable
boundary layer evolves during the night. In the simu-
lations, this difference becomes smaller for increasing
optical depth.
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Fic. 25. Surface wind hodographs corresponding to VL1 (left) and
VL2 (right) for three values of optical depth (= = 0.3, 1.0, 2.0). The
season is NH winter (L, = 270). The wind axis values are in m s™'.

The comparison of the simulated S; wind oscillation
with the Viking observations is less satisfactory. While
the overall clockwise rotation of the hodographs in Fig.
25 agrees with observations at this time of year, the
phases of both S, (#) and S, (v) in the model are in poor
agreement with those reported at VL1 and VL2 by
Murphy et al. (1990). In early NH summer, both the
observed and simulated diurnal hodographs (not
shown) display a more linear polarization, with a dom-
inant morning downslope-afternoon upslope character,
although once again there are significant differences
between the details of the daily surface wind evolution
in the model and observations.

The comparison with the individual site observations
is greatly complicated by the possible high degree of
local topographic control over the diurnal wind. The
results of the present simulations suggest that the to-
pography right down to the smallest resolved scales in
the 3° X 3.6° model has strong influence. It is certainly
possible that even smaller-scale components of the to-
pography are influencing the observed diurnal winds at
VL1 and VL2 and that the agreement with model re-
sults would improve greatly if the model could be run
at very high horizontal resolution. The diurnal modu-
lation of turbulent mixing may also have a significant
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effect on the phasing of the diurnal winds. However,
as discussed in section 3, even models using the best
estimate of the actual topographic slopes around the
Viking sites have had very limited success in account-
ing for the observed diurnal wind oscillation (Savijarvi
and Siili 1993; H93). It is not clear whether these prob-
lems result from the limitations of the simplified mod-
els employed or from inaccuracies in the estimate of
the topography.

The diurnal and semidiurnal wind in the lowest few
model levels tend to be very roughly parallel to those
at the lowest level. Except at the lowest model level,
the §; and S, winds are intensified in the lowest ~2 km
near the ground. This surface intensification of winds
is a well-known feature of classical tidal theory results
for §; and S,. Figure 26 presents a view of the vertical
structure of S, (v) and S;(u) in the lower atmosphere
of the model. In particular, this figure shows the lati-
tude—pressure cross section of the amplitude of the di-
urnal meridional and zonal winds from a simulation
employing zonally averaged topography and 7 = 0.3
(note that very similar results are obtained for the sun-
synchronous components of S;(u#) and S, (v) for sim-
ulations with realistic topography). There is a strong
cross-equatorial flow in the lowest 2 km, with phase
such that the northerly (i.e., upslope) flow peaks in the
late afternoon. In simulations with full topography, the
slope winds have comparably shallow vertical scales.
In the absence of topography, the zonal and meridional
diurnal tidal winds tend to be symmetric and antisym-
metric, respectively, and have distinct, well-separated
amplitude maxima at roughly 30°N and 30°S. This re-
sult has been greatly modified by the topography in the
present model simulation.

During the NH autumn and winter seasons, the
strongest simulated diurnal tidal winds in the Southern
Hemisphere are located on the eastern flanks of the
Tharsis plateau (Solis Planum) and north and west of
the Hellas Basin. At the 1-km height level, these winds
are locally in excess of 30 m s ™!, Total wind speeds at
1 km are in excess of 45 m s ™' at 30°S around the time
of solstice. Such strong winds largely reflect the intense
lower branch of the Hadley circulation. Following au-
tumn equinox (L, = 180-210), the Hadley circulation
is relatively weak and, for 7 = 1.0, the tidal winds make
up a large fraction of the low-level winds. Generally,
the Kelvin wave makes a relatively small contribution
to the near-surface winds (typically less than 3 ms™)
due to its broad meridional scale.

The lowest level (~100 m) winds obtained in the
present simulations are generally below the ~30 m s !
threshold that has been estimated as necessary for the
~2 m winds to raise dust from the surface (Greeley et
al. 1980). However, as has been noted above, at 1 km
the model winds routinely exceed 30 ms™' in some
locations and times of the year. The model simulations
lack the small-scale wind fluctuations that could pro-
duce localized mixing within the boundary layer and

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 53, No. 9

Pressure (mb)

~

2.5}
2.
)
'\5

Pressure (mb)

LATITUDE

FiG. 26. Latitude—height plots of the amplitude of S,(v) (top) and
S1(u) (bottom) for a NH winter simulation employing Martian zonal-
mean topography: 7 = 0.3. Contour labels are in m s™". The vertical
coordinate is pressure in mb.

that could lead to gusts in which the surface wind
speeds might become comparable to that of the wind
aloft. Obviously characterizing such gustiness is a com-
plicated problem, but the present model results suggest
that a GCM will need a parameterization of this effect
in order to self-consistently produce a dust storm.

e. Interactive dust simulations

A final set of L16 integrations was carried out to
explore the tidal behavior in a version of the model with
self-consistent dust advection (see section 4f for de-
tails). Axisymmetric calculations performed by Ha-
berle et al. (1982) first demonstrated the importance of
radiatively active aerosol. Two such integrations, using
prescribed surface sources for the atmospheric dust,
will be described here. The first is intended to approx-
imate the onset of a major dust storm during NH winter.
The second is intended to investigate the nature of the
tidal response to the quasi-steady dust distribution that
results from a constant, globally uniform dust source.
Of specific interest is whether the model winds are able
to ‘‘self-consistently’” generate longitudinal variations
in aerosol mixing ratio that would yield Kelvin wave
behavior in closer accord with observation.

The standard uniformly mixed dust distribution with
optical depth 0.3 was used as a fixed background aero-
sol in both experiments. A source of additional aerosol
was introduced as a specified flux into the bottom
model atmospheric layer. The first experiment did not
include any sink for the atmospheric dust, while the
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second integration did incorporate sedimentation of the
dust (section 4f).

1) DUST STORM SIMULATION

This simulation extended for 60 days beginning from
a standard 7 = 0.3 run at L, = 270 (NH winter sol-
stice). The modulation of the surface dust source is
shown in Fig. 27a and features two major events ini-
tiated O and 30 days into the run. The dust source was
a constant in the latitnde belt 7.5° to 32.5°S and zero
elsewhere. This range of latitudes is considered to be
favored for sites of regional dust storms that evolve into
planetary-scale dust storms at this season (Martin and
Zurek 1993). The peak amplitude of the source is
roughly a third of that used by Murphy et al. (1993) in
earlier axisymmetric model calculations of the spread
of global dust storms. The early stages of the ‘‘dust
storm’’ are particularly interesting. Figure 28 shows an
isosurface of aerosol mixing ratio averaged over sols
12—-16 of the integration. In spite of the zonally uni-
form surface source, there are two very distinct dust
plumes evident, one associated with the Tharsis Plateau
and the other rising from the western slope of the Hellas
Basin. Note that due to the large topographic relief, the
optical depth at the surface is considerably larger in the
Hellas Basin than elsewhere. The regions just west of
the Hellas Basin (Hellespontus) and the southern part
the Tharsis Plateau (Solis Planum) are the two asso-
ciated with planet-encircling dust storms (Martin
1984). In the simulation, dust is advected southward
from the source region by the lower branch of the Had-
ley cell, concentrated and lifted into the summer east-
erlies in zonally localized plumes and then is trans-
ported northward by the upper branch of the Hadley
circulation. In the course of this integration, the global
mean atmospheric optical depth, 7, increases from 0.3
to ~2.2 with an intermediate leveling off at 7 ~ 1.3,

Figure 27 summarizes a number of aspects of the
evolution of the tidal fields in this simulation. All the
tidal components shown have been calculated from
overlapped 2-day segments of hourly (1/24 sol) data.
Figure 27b shows the evolution of the maximum am-
plitude of the sun-synchronous component of S,(p),
and illustrates the increasing dustiness of the atmo-
sphere. The westward semidiurnal tide can be seen to
be tending toward equilibration near days 30 and 60.
The rapid rise in the amplitude of the sun-synchronous
semidiurnal tide is similar to the increase of optical
depth at the model grid points nearest the Viking
Lander sites. At both sites, the rise time was roughly
10 and 6 days for the first and second events, respec-
tively, with the surface optical depth increasing from
roughly 0.3 to 2.5 in two distinct steps, just as for the
S,(p) amplitude in Fig. 27b. The simulated optical
depth behavior at the location of VL1 during the second
‘‘storm event’’ is comparably rapid but less intense
than that actually observed during the 1977b dust storm
(Murphy et al. 1993).
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F1G. 27. Results from the NH winter dust storm simulation as de-
scribed in the text. (a) The time evolution of the zonally uniform dust
source representing two ‘‘events.”’ The dimensions of the dust source
are such that one source unit is equivalent to 2 X 107 kg m™s™".
(b) The maximum amplitude of the westward component of S,(p) as
a function of time. (c) The maximum amplitude of the eastward com-
ponent of S,(p). (d) Phase of the eastward component of S,(p). (e)
Amplitude of S\(p) normalized by the time mean pressure at the
model grid point nearest the Viking Lander 1 site. (f) Amplitude of
S2(p) normalized by the time mean pressure at the model grid point
nearest the Viking Lander 1 site. (g) Phase of S,(p) at VL1. (h) Phase
of S,(p) at VL1.

Figures 27c¢ and 27d show the evolution of the di-
urnal Kelvin wave amplitude and phase. The rapid
phase changes may be associated with the development
of a zonally nonuniform aerosol distribution during
times of maximum dust injection. The amplitude de-
crease and phase increase at the peak of each ‘‘storm’’
event is consistent with aerosol being concentrated over
highlands as seen previously with the modified static
dust distributions (e.g., section 6¢.4).

The amplitude and phase of §,(p) and S,(p) at the
grid point nearest the VL1 site are shown in Figs. 27e—
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FiG. 28. Isosurface of aerosol mixing ratio for the initial stage of a NH winter dust storm simulation. The dust distribution is a 4-day
average 12—16 days after initiation. The surface represents a mixing ratio yielding a column optical depth of unity if uniformly mixed. The
data is displayed in a latitude—longitude projection with the northernmost latitude running along the front edge of the picture. The general
upslope of topography from the NH to the SH is evident along the left edge of the picture. The smaller of the two dust plumes is rising up,
from the western slope of the Hellas Basin and continues into the Eastern Hemisphere as a distinct entity from the plume rising from the

southern edge of the Tharsis plateau.

h. The behavior of the simulated S;(p) during the de-
velopment of the second dust event starting at day 30
is quite similar to that actually observed at the onset of
the 1977b major dust storm (near L, = 270 in Fig. 1).
In particular, there is a sharp amplitude decrease during
days 30-35 followed by an increase over the following
10 days. These amplitude changes are accompanied by
a phase lag during days 30-35 followed by a ~3-h
phase advance over the next few days. During this pe-
riod of strong dust injection, the simulated amplitude
of S,(p) increases rapidly and there is an advance in
phase, just as in the observations (Fig. 1). The spatial
evolution of the surface optical depth, normalized to a
constant reference pressure, indicates a relaxation to-
ward a well-mixed dust distribution in the decaying
stages of each ‘‘storm event.”’” This process is partic-
ularly rapid in the zonal direction.

2) ANNUAL CYCLE EXPERIMENT WITH FIXED DUST
SOURCE

The second simulation incorporated a steady glob-
ally uniform dust source much weaker than the peak
source used in the dust storm experiment (5 units on
Fig. 27a) and included the aerosol sedimentation. The
integration was carried out for two Martian years of

300 sols (a factor of 2.2 speedup). The simulated sea-
sonal cycles of §;(p) and S,(p) are very similar (within
a few percent) in the two years, indicating that dust
particle lifetimes are much shorter than the (shortened)
annual period. Here, results are presented from the sec-
ond year of the integration. The globally averaged aero-
sol opacity was about 0.5, including the fixed back-
ground dust. Panels b and c of Fig. 23 show the nor-
malized surface optical depth for two times in the
integration: one at NH summer solstice and the other
for NH winter solstice. Dust plumes extended upward
and westward from regions of strong east-facing slopes
in the summer hemisphere in the manner noted in the
discussion of the NH winter dust storm simulation.
During NH summer, the prominent locations are the
Tharsis Plateau, Elysium (130° long) and Syrtis Major
(60° long). During SH summer, favored locations were
the southern end of the Tharsis Plateau and the western
Hellas Basin as described previously. It is noteworthy
that for the same source strength, the dust plume rising
from the southern end of the Tharsis Plateau during NH
winter is considerably more intense than its NH coun-
terparts during NH summer. Presumably this is a con-
sequence of the stronger winds and more intense heat-
ing during SH summer, which are able to concentrate
and loft aerosol more efficiently. The result is that a
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plume during SH summer is more likely to penetrate
higher into the atmosphere and have global influence
than is the case during NH summer where the plumes
have a more regional character.

The temporal behavior of the aerosol at two latitudes
is summarized in Fig. 29. At both latitudes, the greatest
deviations from uniform mixing occur during the sum-
mer season. The influence of Hellas and Tharsis is
clearly seen in the left panel. The right panel shows
that at the longitude of VL1 (312°), there are maxima
in optical depth at L, = 50 and 170 with a modest clear-
ing tendency during summer as the aerosol is evidently
preferentially advected toward the highlands to the
west. Overall, the tendency for aerosol to be advected
and concentrated over highlands (in the summer hemi-
sphere) leads to a distribution of dust that deviates
strongly from the standard ‘‘uniformly mixed’’ case
and, in some respects, resembles the prescribed non-
uniform case discussed in section 6c.4 (cf. Figs. 23a
and 23b).

Figure 30 compares some aspects of the tidal re-
sponse in this experiment with those of the L.16 annual
cycle simulation ( with fixed, uniformly mixed aerosol)
described in the previous section. The results are shown
from late NH spring through autumn, the period that
displays the least interannual variability in the obser-
vations. During NH summer, while the S, Kelvin wave
amplitude in the interactive dust case differs little from
that in the prescribed dust simulation (Fig. 30a), the
phase is quite strongly modified (Fig. 30b). This leads
to a much smaller (and more realistic) amplitude of
S1(p) at VL1 in the interactive dust model (Fig. 30c).
The early phase of S;(p) at VL1 relative to that ex-
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pected from classical theory is evident in both simu-
lations (Fig. 30e). The amplitude of S;(p) is enhanced
in the interactive dust experiment, presumably due to
the somewhat greater average optical depth (Fig. 30d).
The phase for S,(p) is also changed considerably in the
interactive dust case (Fig. 30f). In general, the NH
summer VLI results in the interactive experiment are
somewhat more realistic than those in the prescribed
dust case, although it seems that even better agreement
with observations would be obtained by results some-
where between those of the two experiments. For ex-
ample, the S,(p) amplitude is somewhat overpredicted
and the S;(p) amplitude somewhat underpredicted in
the interactive dust integration, which suggests further
improvement could be achieved in an experiment with
a somewhat weaker surface dust source. The results at
VL2 (not shown) in the interactive dust case are also
improved. As at VL1, the prominent peak in S;(p) at
VL2 during summer solstice is markedly decreased in
the interactive dust case relative to the uniformly mixed
aerosol simulation.

This simulation demonstrates that rather realistic re-
sults for S;(p) during NH summer can be plausibly
attained by allowing the model winds to advect the
aerosol distribution. The steady dust source may be
considered to represent the cumulative (stochastic) ef-
fect of small-scale transient dust raising events (dust
devils) that could be expected to be widespread during
the summer. For example, Ryan and Lucich (1983)
have deduced the presence of numerous vorticial wind
events { most common in spring and summer) from the
VL1 and VL2 meteorological data. Thomas and Gier-
asch (1985) have reported the identification of dust
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devils with horizontal scales ~ 1 km in Viking Orbiter
images. Such small-scale wind systems could play a
significant role in the maintenance of the background
aerosol level in the Martian atmosphere in the NH dur-
ing this season. Of course, much of the dust injection
into the atmosphere in the other seasons is probably
due to baroclinic wave activity and other regional-scale
events. The main point is that dust devil activity is most
likely to be important as a local source of dust raising
in the NH during the summer season. It is the altered
heating due to the nonuniform transport of this aerosol
that is responsible for the suppression of the Kelvin
waves modes, yielding better agreement with Viking
lander observations. Moreover, this activity would be
expected to have little interannual variability, so long
as the atmosphere remained relatively clear as has been
observed.

There have been some limited attempts to deduce the
longitudinal variations in dust concentration from ob-
servations. Drossart et al. (1991) report evidence that
the total dust column is rather constant along the flanks
of a Martian volcano. Such a result would imply con-
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siderably larger dust mixing ratios over higher terrain,
in broad agreement with the present model results. Of
course, the results of Drossart et al. are for horizontal
scales somewhat smaller than actually resolved in the
model. Chassefiere et al. (1995a,b) used solar occul-
tation measurements to determine the aerosol opacity
in the 15-25-km height range. They found no indica-
tion of longitudinal variability of aerosol. Their obser-
vations were obtained near equinox (L; = 0-20) at a
number of longitudes in the latitude range 0°—20°. This
result is actually in reasonable agreement with the pres-
ent model simulation, which produces a rather zonally
uniform aerosol mixing ratio for these latitudes at this
time in the Martian year.

7. Conclusions

This paper has described results from a newly de-
veloped comprehensive GCM of the Martian atmo-
sphere. The basic features of the model simulation are
in good overall agreement with those of the NASA
Ames model (Pollack et al. 1990; H93) and the LMD
model (Hourdin et al. 1993). In particular, simulations
with comparable dust distributions yield similar zonal
mean fields. Surface wind fields are comparable as
well. One interesting difference with H93 is the greater
tendency for tropical westerlies in the height range
~ 10-30 km in the present model. Most features of the
diurnally averaged simulation in the present model
appear to agree well with available observations. By
far the most serious exception is the underestimated
amplitude of the simulated transient waves at VL1.

Topography plays a fundamental role in determining
the three-dimensional structure of the diurnally aver-
aged winds in the model. Large-amplitude, nearly baro-
tropic stationary waves are present up to high altitudes
in the winter hemispheres (predominantly zonal wave
2 in the NH, and zonal wave 1 in SH). Stationary ed-
dies are present in the Tropics as well and appear to be
largely forced by thermal effects associated with the
topography. The Hadley circulation is strongly affected
by the thermal effects of zonal mean topography, so
that during the SH summer, the winds of the surface
branch are much stronger that those corresponding to
NH summer (this is so even if the experiments are re-
peated keeping the solar insolation the same in both
NH summer and SH summer). The Hadley cell is also
strongly modulated in the zonal direction in the form
of western boundary currents, most notably along the
east-facing flanks of the Tharsis plateau. During SH
summer there is strong large-scale ascent along the
southern extent of the Hadley circulation with strongest
ascent at the longitudes corresponding to Tharsis and
the western part of the Hellas Basin. These topograph-
ically influenced large-scale circulations could be ex-
pected to have a major effect on aerosol transport.

This expectation is borne out in the two simulations
described in section 6e, in which radiatively active
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aerosol was advected by the model winds. Although
axisymmetric surface dust sources were specified in
these simulations, regional-scale redistribution of aero-
sol resulted, most notably in the form of plumes rising
from the highlands near the subsolar latitude.

The presence of boundary inhomogeneities (partic-
ularly in topographic relief and surface thermal inertia)
provides excitation of non-sun-synchronous tidal com-
ponents. Prominent in the present simulations is the
eastward propagating wave 1 diurnal Kelvin wave con-
firming the prediction of Zurek (1976). This wave is
nearly resonant and thus easily excited, resulting in a
surface pressure amplitude comparable to that of the
sun-synchronous tide. The resulting interference be-
tween the two components yields a pronounced longi-
tudinal modulation of both the amplitude and local time
phase of the diurnal surface pressure oscillation. A
near-resonant semidiurnal Kelvin wave is also strongly
excited, and this appears even in the absence of the
zonal wave 4 boundary inhomogeneities that would di-
rectly force it. In simulations without wave-4 boundary
forcing, the amplitude of the semidiurnal Kelvin wave
was shown to have a roughly quadratic dependence on
the amplitude of the diurnal Kelvin wave. The impor-
tance of tidal nonlinearity in determining the observed
daily variation of surface pressure is an unexpected re-
sult and certainly one with no terrestrial analog.

Several series of simulations were carried out to ex-
amine the resonant response of the Kelvin mode. In
each series, the atmospheric temperature was varied by
a specified offset while the tidal forcing was kept con-
stant. These are analogs of the linear tidal theory cal-
culations discussed by Zurek (1988). These experi-
ments confirmed the earlier predictions that the Kelvin
normal modes on Mars have natural frequencies close
to the diurnal frequency (and its harmonics). At all
seasons, the Martian atmosphere is predicted to be sub-
resonant, so that increased atmospheric heating (either
from orbital changes or increased dust loading) leads
to a warmer and less resonant atmosphere. This has an
interesting consequence for tidal simulations, since any
effect that increases the atmospheric heating (more
dust, higher solar insolation) leads to stronger direct
tidal forcing but also to a mean state that pushes the
Kelvin wave resonance farther from the diurnal fre-
quency. These two effects can act to cancel each other
and make the predicted Kelvin wave rather insensitive
to the global dustiness of the atmosphere. In fact,
during NH summer, the model predicts a remarkably
small sensitivity of the Kelvin wave amplitude to vari-
ations in the total global-mean dust column employed
(Fig. 20).

The model results for the diurnal and semidiurnal
surface pressure oscillations were compared in detail
with the observations at the two Viking lander sites.
These observations were shown to be reasonably well
simulated over much of the year with a globally uni-
form aerosol mixing ratio (as long as more total aerosol
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is employed in the northern winter season, when the
largest dust storms are generally observed). There are
features of the Viking observations that do not seem to
be explainable in this way, however. In particular, in
early northern summer, the model predicts amplitudes
for the diurnal pressure oscillation at both lander sites
that are much larger than observed. Also the phase of
the simulated S,(p) at VL1 is a few hours later than
observed. Much of the S;(p) amplitude at VL1 site at
this time of year in the model is attributable to the Kel-
vin wave. It was also shown that the simulated S,(p)
phase at VL1 was largely controlled by the strong S,
Kelvin wave occurring in the NH summer simulation.
As noted earlier, the simulated diurnal Kelvin wave is
rather insensitive to the total dustiness, and this is re-
flected in the model results for the VLI site as well.
However, it was shown that the simulated diurnal Kel-
vin wave in the model can be weakened if the geo-
graphical distribution of aerosol is altered so that aero-
sol mixing ratios are largest over high topography.
Such a dust distribution leads to a better prediction of
the S,(p) phase at VL1 as well. Moreover, concentra-
tion of aerosol over highlands (at subsolar latitudes) is
consistent with the simulated advective dust transport.
The tidal pressure oscillations in the annual cycle in-
teractive dust simulation were analyzed in detail and
were found to reproduce rather well the seasonal evo-
lution observed at VL1 and VL2, with the obvious ex-
ception of the times during global dust storms.

There has been a strong focus in this paper on the
NH summer season because the Viking observations
indicate strikingly little interannual tidal variability for
this season. Moreover, the atmosphere is relatively
clear during this season so that modeling results should
be less subject to uncertainties due to regional-scale
episodic dust storms. The simulations indicate that the
diurnal pressure oscillations at the two landers are
strongly dominated by the near-resonant Kelvin wave
at this time, consistent with the observed anomalously
early phase of the diurnal tides, which presumably is
the signature of the dominant presence of a Kelvin
mode. In this regard, it is interesting to note that Clancy
et al. (1990, 1996) present evidence for a distinctly
cooler (and presumably less dusty) atmosphere during
the summers of the third and fourth Viking years than
during the first two summers, whereas there is no in-
dication of any significant change in the observed tides
at VL1. Observations of S,(p) indicate a pronounced
minimum at the time of NH summer solstice. This is a
robust feature of the model simulations and is consis-
tent with resonant enhancement of the semidiurnal Kel-
vin mode. It is also interesting to point out that later in
the NH summer (L, = 135-150) the increased vari-
ability of amplitude and phase of S;(p) and S,(p) dis-
cussed by Tillman (1988) occurs at a time when the
Kelvin and sun-synchronous tides become comparable
in amplitude.
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The evolution of the observed S;(p) and S,(p) dur-
ing the global dust storms is itself a rather interesting
issue. Observations indicate a rather impressive brief
drop in §; (p) amplitude at the onset of the 1977b storm,
and at the onset of both the 1977a and 1977b storms,
the phase of S,(p) at VL1 and VL2 displayed periods
of rapid regression and progression. At least the qual-
itative behavicr in the observations was captured in an
interactive dust simulation in which a strong zonally
uniform dust injection was prescribed in the SH Trop-
ics and subtropics. The rapid (~ few days) response
of the simulated tides in this experiment was largely a
result of the rapid geographical organization of the dust
by the model wind fields (Fig. 28). The simulation
suggests a prominent role of the diurnal Kelvin wave
in this process, as suggested by Zurek and Leovy
(1981).

Both the annual cycle and ‘‘dust storm’’ interactive
dust simulations show that a rather impressive amount
of information about the atmosphere may be inferred
from very limited tidal observations when used in con-
junction with a sophisticated model. The details of the
present model results for the effects of large-scale ad-
vective dust transport with the tides should be verifiable
by future spacecraft missions. Particularly needed, of
course, are more direct observations of the geographi-
cal distribution of atmospheric aerosol. Also a network
of surface pressure observations, even just slightly ex-
panded over that provided by the Viking mission, could
provide valuable confirmation of the present tidal re-
sults.

While the present model does a rather good job of
simulating available Viking observations of S;(p) and
S2(p), the agreement of the daily cycle of the surface
wind in the model with the VL1 and VL2 observations
is less impressive, particularly for §;. Examination of
the global distribution of the §; wind field in the sim-
ulations provides some indication of the source for
these difficulties. The S;(#) and S;(v) in the model
appear to reflect a superposition of the global-scale tide
and winds driven by topographic slopes (typically with
strong upslope components in the late afternoon). The
topographic slopes have an effect at all horizontal
scales. The strong cross-equatorial diurnal winds seen
in Figs. 25 and 26a are an example of global-scale slope
winds associated with the topography. The importance
of even rather small-scale topography was shown by
results from experiments in which the model horizontal
grid spacing was reduced to ~150 km (section 6d).

The present model will be employed for additional
investigations of Martian tidal dynamics. One issue that
should be examined further is the nonlinear saturation
of the diurnal tidal amplitude that apparently occurs at
high levels (section 6b.4). This result in the present
nonlinear model was anticipated by Zurek (1976), who
predicted saturation of the diurnal tide at low latitudes
due to local gravitational breaking. With further diag-
nostic analysis, the present model could be used to ex-
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amine the importance of gravitational breaking and the
effects it may have on vertical turbulent mixing and the
tidal driving of the mean flow. The general issue of the
tidal effects on the mean flow could also be further
examined. Even below the breaking height, the eddy
fluxes associated with the diurnal tide can be significant
(Hamilton 1982; Zurek 1986). In the present full
GCM, there is the possibility of self-consistent simu-
lation not only of the tidal mean flow driving but also
of the response of the rest of the circulation. One simple
approach is to compare simulations performed with di-
urnally varying and diurnally averaged solar radiation.
As noted in section 5a.2, preliminary comparisons of
such integrations have suggested that the thermal tides
play a significant role in forcing the equatorial super-
rotation seen in the region ~ 10—-30 km.

A final issue that needs to be mentioned, and one
that connects many aspects of the Martian atmospheric
modeling, is the generation of dust storms. As noted in
section 6, the present results suggest that quite strong
winds can be simulated at the lowest model level
(~100 m), but if any simple (e.g., logarithmic) scaling
were applied to the near-surface winds, the values right
near the ground would be significantly weaker than the
~30 m—s~! value that is thought to be needed to raise
significant amounts of dust. Clearly if a model is to be
constructed that self-consistently generates a dust
storm, some better treatment of the near-surface wind
needs to be included. One approach that is now being
pursued is to simply increase the vertical resolution in
the model and include a more sophisticated closure
scheme to account for vertical turbulent mixing.
‘Whether this approach can produce the required results
remains to be seen. It is quite possible that parameter-
izations that also consider the effects of horizontal in-
homogeneities at subgrid scales will need to be devel-
oped. In any event, the present results certainly do em-
phasize the importance of topography in determining
both the mean and tidal excursions of the surface
winds.
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APPENDIX

Analysis of the Viking Lander
Pressure Observations

Diurnal pressure composites were formed by assign-
ing groups of 300 individual pressure observations into
24 “‘hourly’’ bins per sol. Detrending was carried out
by removing the annual pressure signal. Typically, a
diurnal composite represents a 3—4 sol interval of data,
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with longer intervals during the fall and winter seasons
in Martian years 3 and 4 at VLI1. Intervals of length
greater than 25 days were not considered nor were
composites with any empty bins. The latter condition
was relaxed for the diurnal composites for the time se-
ries at VL2 from late spring onward in the second year
in which all had missing ‘‘bin’’ data (no more than 1
consecutive data gap) that were filled in with linear
interpolation. These composites typically spanned in-
tervals of 20 sols. The results are consistent with the
more complete first year observations.
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