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A variety of general circulation model experiments are performed to

investigate the influence of seasonality and topography on the strength of baroclinic

eddies in the Martian atmosphere. Three different models are used: a full physics

model, a simplified physics model, and a zonally symmetric simplified physics

model. All three models are sigma coordinate, finite difference global atmospheric

circulation models that have been adapted to the Martian regime. The full physics

model has previously been tested extensively by researchers at the NASA Ames

Research Center. The simplified physics model replaces many of the atmospheric

physics routines with simple parameterizations; most importantly, the radiation

code is replaced by Newtonian cooling. A Newtonian cooling code with a radiative

time constant that varies in height and latitude produces superior results to one with

a radiative time constant that is the same everywhere throughout the atmosphere.

It is found that baroclinic eddy activity is extremely sensitive to the mean

meridional temperature gradient in the simplified model. A power law fit gives an

exponent of approximately six. The baroclinic eddy activity is also sensitive to the

maximum growth rate in the Eady model of baroclinic activity. This is due to the

close connection between the meridional temperature gradient and the maximum

growth rate. Baroclinic adjustment theory, which predicts how baroclinic eddies

will react to changes in the mean circulation, does not appear to be valid in the

Martian regime, according to the simplified model. This finding may be related to
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the differences in the relative strengths of the baroclinic eddies and the mean

circulation on Earth and Mars.

The simplified model indicates that seasonality is more important than

topography in creating stronger eddies in the northern hemisphere winter than in

the southern hemisphere winter. However, the effects of topography in the

simplified model may not be adequately matching the effects of topography in the

full physics model, particularly in the southern hemisphere.
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Baroclinic Eddies in the Martian Atmosphere:
A General Circulation Model Study

1. Introduction

We are all aware of the impact winter storms have on society, including

their impact on our personal lives. In the mid-latitudes, winter storms are caused by

a class of atmospheric motion known as baroclinic instability. A better

understanding of baroclinic instability could lead to more accurate prediction of the

timing and intensity of winter storms.

Mars makes an excellent laboratory for learning about baroclinic instability.

Mars is different enough from the Earth that new insights can be gained on

atmospheric phenomena, but similar enough to Earth that these new insights can be

applied to the terrestrial environment. The current study investigates the nature of

baroclinic instability on Mars, in particular, its sensitivity to topography and to the

thermal state of the atmosphere.

This introduction begins with basic concepts relevant to baroclinic

instability, followed by a comparison of the Earth and Mars. It continues with a

review of the studies of baroclinic instability on Mars, both from observation and

by modeling. Finally, a brief outline of the current investigation is given.

1.1. Review of Baroclinic Instability

This section provides an introduction to the basics of baroclinic instability.

The subject of baroclinic instability is vast, and this review will only cover the most

basic points. This section relies heavily on the work of Pedlosky (1971), Wallace

and Hobbs (1977), and Kundu (1990); more information can be obtained by



consulting any one of these works. To begin, it is useful to draw on common

experience. A weather map of the Earth almost always shows wave-like patterns in

pressure and temperature in mid-latitudes. These waves are on the order of 4000

km in wavelength. They tend to encircle the planet in the zonal (east to west)

direction, but are restricted to one high or low cell in the meridional (north to

south) direction. They grow and decay in a life cycle on the order of a few days.

Their spontaneous and erratic appearance suggests they are caused by an inherent

instability of the atmosphere. The term baroclinic instability refers to this
fundamental instability of the background flow, and the wave-like structures

formed by baroclinic instability are known as baroclinic eddies.

The background flow in which baroclinic eddies grow is created by the

differential heating of the Earth; its warmer near the equator and colder near the

poles. The atmosphere is in approximate geostrophic balance, the Coriolis force

balances the pressure gradient force. A horizontal temperature gradient implies a

change in the pressure gradient force with height, causing vertical shearing of the

mean wind, i.e. the wind speed will decrease or increase with height (the wind

speed must change so the Coriolis force can balance the changingpressure gradient

force). This relationship can be expressed by the thermal wind equation (given here

with a temperature gradient only in the y direction)

au R(aT"\ainpJ (1.1)

where u is the wind speed in the zonal direction, p is the pressure, R is the gas

constant for air (287 J K1 Kg), f=2sin is the Coriolis parameter, and the

subscript p indicates the derivative is to be taken along a line of constant pressure.

An atmosphere that has surfaces of constant pressure that are not parallel to

surfaces of constant density (or temperature) like the one described here where

vertical shear of the wind speed is caused by a temperature gradient at the surface,

is said to be baroclinic (as opposed to barotropic). This is the reason that the
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instability being discussed is called "baroclinie instability." An example of this

shearing of the wind speed with height in the presence of a temperature gradient at

the surface is the jet stream on Earth. The atmosphere of Mars has a similar jet as

will be shown in the output of the model used in the current study.

On the Earth and on Mars, potential temperature at the surface decreases

toward the pole, and potential temperature increases with height (i.e., the

atmosphere is stabily stratified). Therefore the surfaces of constant potential

temperature slope upward toward the pole (Figure 1.1). This situation has more

potential energy than a situation where the surfaces of potential temperature are

level with the surface (the latter situation has a lower center of gravity than the

former situation). Baroclinic eddies draw their energy from this potential energy

source. By reducing the slopes of the potential temperature surfaces baroclinic

eddies simultaneously lower the center of gravity of the atmosphere and reduce the

north-south temperature gradient at the surface. Both of these mechanisms

(lowering the center of gravity of the atmosphere and reducing the north-south

temperature gradient) are sources of energy for baroclinic eddies, and in fact, both

are necessary for their growth.

/ e /-&

Equator Pole

Figure 1.1 Illustration of sloping potential temperature surfaces. Slope of
surfaces greatly exaggerated, real potential temperature surfaces are more nearly
parallel to the ground.
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A fundamental question in the study of baroclinic instability is whether or

not an initially small perturbation in the mean flow described by the thermal wind

equation can extract energy from the sources described above and continue to.

amplify. To investigate this question, mathematical models of valying complexity

are constructed. Most of them follow a similar approach: they describe the flow in

terms of stream functions, divide the flow into a basic state portion and a

perturbation portion, and then linearize the equations. In general, the solution to the

perturbation equations can be written as a wave equation with a complex

amplitude. The problem now is to find the conditions under which the amplitude

has a positive complex part, that is, under what conditions will the amplitude of the

wave grow in time. Mathematical models (e.g. the Eady model described in Holton,

1992) show that the condition for instability is inversely proportional to the

wavelength. This leads to two results: 1) for sufficiently short wavelengths, the

flow is always stable; this is known as the short wavelength cut-off, 2) for

sufficiently long wavelengths, the flow is always unstable. These conclusions are

only strictly true in models that do not include a n-effect.

Knowing the meridional temperature gradients and atmospheric stabilities

common on the Earth, the wavelength necessary for instability can be calculated

from the mathematical models. This wavelength is much smaller than the distance

around the planet in mid-latitudes. Therefore, the atmosphere of the Earth is almost

always susceptible to baroclinic instability. The models also predict that the

wavelength of the most unstable, and therefore fastest growing, wave is

approximately 3.9A (e.g., Kundu, 1990), where A is the Rossby radius of

deformation (A = NH/f, where N is the static stability, H is the scale height of the

atmosphere, and f is the Coriolis parameter). On the Earth A is approximately 920

km and on Mars it is approximately 1150 km (Zurek et al., 1992). This means that

baroclinic instabilities on Earth should have on theoretical grounds a wavelength of

approximately 4000 km, which is in close agreement with observations. The e-

folding time of the instability of these models is on the order of a couple of days,

also in close agreement with observations. In summary, models show that a
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baroclinic jet is subject to instability which grows from an initially small
perturbation, and that the eddies formed by this instability have approximately the

same size and duration as the wave-like variations of temperature and pressure seen

on the Earth. It is now be of interest to investigate the energetics of baroclinic

instability.

As stated above, baroclinic eddies extract energy from the mean state by

lowering the center of gravity of the atmosphere. To do this warmer (less dense) air

parcels must move upward, while colder (more dense) parcels must move

downward. However, a purely vertical motion is not sufficient, as the atmosphere is

stabley stratified (Figure 1.1). Only motions that move warm air upward, but also

into regions of lower potential temperature will extract energy from the mean state.

Therefore there is a "wedge" between horizontal surfaces and surfaces of constant

potential temperature that will allow for the extraction of energy (Figure 1.2). This

is known as the wedge model of baroclinic instability. Notice that this
simultaneously accomplishes the transport of warm air pole-ward / cold air equator-

ward and warm air upward / cold air downward, extracting energy from both the

(closely related) energy sources of the meridional temperature gradient and the

potential energy of the tilted potential temperature surfaces. At the same time that

air parcels are moving in the wedge, the mean flow upon which this motion is

superimposed is moving eastward. Therefore, the mption is a complicated three

dimensional trajectory that is not bound in a closed cell, but is rather an open
motion.

Given the complex motion and energetics, it is sometimes difficult to define

the nature of the baroclinic eddies precisely. However there are some statistical

measures of the action of baroclinic eddies that can be formed. Baroclinic eddies

transport heat pole-ward and upward, and these fluxes are important measures of

the strength of the eddy activity. One can also measure the eddy activity by looking

at the fluctuations of temperature and geopotential on a constant pressure surface.

Another possible measure is the kinetic energy of the eddy motion itself. All of

these measures will be defined more precisely in section 2.6.2.3.
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Figure 1.2 Wedge model of baroclinic instability. Shaded region is the
wedge.' Parcel motions in the wedge transport warm air up / cold air down and
warm air pole-ward / cold air equator-ward.

The Earth exhibits wave-like motions of temperature and pressure and

baroclinic instability theory does a remarkable job of capturing the essential

features of these motions. However, baroclinic eddies are not peculiar to the Earth,

in fact any differentially heated rotating fluid is potentially subject to baroclinic

instability. Mars, like Earth, is a rapidly rotating planet with a relatively shallow

atmosphere, and baroclinic eddies have been observed on Mars. The next section

will discuss the differences and similarities of these two planets, which is followed

by a history of observations of baroclinic instability on Mars.
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1.2. Earth and Mars Compared

The Earth and Mars are similar in many ways (especially when compared to

the similarities between the Earth and Saturn, for example). There are also

significant differences between the Earth and Mars. Table 1.1 presents. some of the

basic characteristics of the two planets. The length of the day on both planets is

nearly the same, but the Martian year is almost twice as long as a year on Earth.

Mars has a much more elliptical path around the Sun than does the Earth (Figure

1.3). Because of this, it receives much more sunlight at perihelion than it does at

aphelion. This phenomenon is called seasonality in the current study and will be an

important issue in the experiments performed. The inclinations of the two planets

are very similar, giving Mars seasons similar to the Earth.

Table 1.1. Basic characteristics of Earth and Mars (after Zurek et al., 1992)

Earth Mars
Mean distance from Sun 0.98 - 1.02 AU 1.38 - 1.67 AU
Orbital eccentricity 0.0 17 0.093
Solar flux 1368W/rn2 491 -718w / m2 (range due to

eccentricity of orbit)
Radius of planet 6378 km 3394 km
Surface gravity 9.81 m / s2 3.72 m / s2

Inclination 23.5° 25°
Length of year 365 days 669 Sols (Martian Days) =

687 Earth Days
Length of day (solar) 86400 s 88775 s
Atmospheric composition
(by volume)

N2 78%
02 21%
Ar 1%
H20 0-4%
CO2 360 ppm

CO2 95%
N2 3%
Ar 2%

Surface pressure 1013 mb 6 8 mb (see Figure 1.4)
Specific heat, C, 1004 J K' Kg1 860 J K1 Kg'
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The atmosphere of Mars is composed almost entirely of carbon dioxide, and

has a surface pressure less than one percent of that of the Earth. The surface

pressure varies widely throughout the Martian year as carbon dioxide, the main

constituent of the atmosphere deposits (transforms directly form a gas to a solid) at

the winter pole (Figure 1.4). During the spring, the poles sublime carbon dioxide



back into the atmosphere. Since the southern hemisphere winter is longer than the

northern hemisphere winter, more CO2 deposits during southern winter than during

northern winter, causing the atmospheric pressure minimum to occur during

northern summer, and the pressure maximum to occur during northern winter

(Figure 1.4). This process, where the atmosphere deposits and sublimes (or

condenses and evaporates) is known as condensation flow. It is barely detectable on

Earth, but is an important component of the Martian atmospheric circulation.
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Figure 1.4 Annual pressure cycle of Martian atmosphere. Upper curve is
from Viking Lander 2 (48° N latitude), lower curve is form Viking Lander 1 (22° N
latitude). Time is measure in sols after Viking Lander 1 touchdown on the lower
scale, and in Ls on the upper scale. Perihelion marked by a 'P' on the lower scale.
The difference in pressure between the two Landers is mainly due to the difference
in altitude of the two landing sites. (Courtesy of J. E. Tiliman, University of
Washington, Dept. Atmospheric Sciences)
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1.3. Observations of Barodinic Eddies on Mars

Direct evidence for transient eddies on Mars was first detected during the

Mariner 9 mission in 1971-72 (Leovy et al., 1972) in the form of transient

structures that were analogous to terrestrial cold fronts. This notion was expanded

by using a larger set of the Mariner 9 data by Briggs and Leovy (1974). The Viking

landers arrived at Mars in 1976 and began the first surface meteorological

measurements, including temperature, pressure, and wind speed and direction. The

first report of station measurements that appeared to be of baroclinic eddies was

Ryan et al. (1978) followed shortly by Tiliman et al. (1979). Barnes (1980, 1981)

gave the first detailed spectral and cross-spectral analysis of the meteorological

fields giving a firm theoretical and observational basis to the idea of transient

baroclinic eddies on Mars. These findings prompted reanalysis of the Mariner 9

infrared sounding data, which revealed the presence of signals consistent with

transient baroclinic eddies (Conrath, 1981). The Viking landers continued to return

data for over three Martian years, and provided abundant evidence for transient

baroclinic eddies (Ryan and Sharman, 1981; Arvidson et al., 1983; Leovy et al.,

1985; Murphy et al., 1990). Collins et al. (1996) reanalyzed much of the data using

singular systems analysis (also known as EOF, Empirical Orthogonal Function) and

found baroclinic waves with periods that matched previous analysis. The Thermal

Emission Spectrometer (Christensen et al., 1992) on board Mars Global Surveyor

(MGS) currently in orbit around Mars should provide the most detailed in-orbit

temperature soundings yet of the Martian atmosphere. Initial analysis of the early

data looks promising (Hinson et al., 1999; Banfield et al., 2000; Conrath et al.,

2000). It is believed that much more knowledge about baroclinic eddies on Mars

will be gained using the MGS data set.

Currently, all observational evidence of baroclinic eddies on Mars is from

the northern hemisphere. There are no direct observations of baroclinic eddies in

the southern hemisphere, however, theoretical considerations make their presence

in the southern hemisphere very likely. Modeling studies of the Martian
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atmosphere do show baroclinic eddies in the southern hemisphere. The next section

is a synopsis of modeling studies of baroclinic instability on Mars.

1.4. Modeling Studies of Barodinic Instabifity on Mars

In 1969, a two layer model, a direct ancestor of the one used in the current

study, produced baroclinic eddies for Mars-like conditions (Leovy, 1969; Leovy

and Mintz, 1969). This model predicted that baroclinic eddies on Mars should have

a wavenumber of three or four and that they should be absent during the summer.

The effect of a sloping lower boundary layer was investigated by Blumsack and

Gierasch (1972). Pollack et al. (1981) incorporated the Martian topography into a

three layer model, and generated baroclinic eddies similar to previous studies and

consistent with observations. Barnes (1984) used a linear model to show that the

zonally symmetric topography of Mars could reduce the growth of baroclinic

eddies by a factor of two. The possibility that the short radiative relaxation time of

the Martian atmosphere may be the cause of the very regular eddies observed on

Mars was investigated by Barnes (1986).

Researchers at NASA Ames expanded their model to 13 layers and

performed a detailed analysis of baroclinic eddies in the atmosphere of Mars

(Barnes et al., 1993). Their finding that southern hemisphere eddies are much

weaker than northern hemisphere studies was 'a major surprise' (Barnes et al.,

1993). This paper also investigated the effects of topography on transient baroclinic

eddies. The NASA Ames MGCM continues to be used for research into baroclinic

eddies (for example, Hollingsworth et al., 1996). Results have also been reported

using a simplified model (Haberle et al., 1997), although a different simplified

model than used in the current study.

Other researchers outside of NASA Ames have independently developed

their own Martian models. Scientists at Oxford and Reading have studied the

regularity of baroclinic eddies using a spectral model (Collins et al., 1995; Collins
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and James, 1995). French researches, from the Laboratoire de Météorologie

Dynamique created a finite difference model (e.g., Hourdin, 1992) and have

collaborated with the English researchers to investigate the transition of baroclinic

eddies from one dynamical regime to another (Collins et al., 1996). In addition,

researchers at the Geophysical Fluid Dynamics Laboratory in Princeton, New

Jersey have also looked at baroclinic waves in their model (e.g., Wilson and

Hamilton, 1995).

1.5. A Comparison of Barocinic Eddies on Mars and the Earth

Transient baroclinic eddies occur in the atmospheres of both Mars and the

Earth. The horizontal scale of the eddies on the two planets is similar, with a

wavelength on the order of 4000-6000 km. Because of Mars' smaller size, this

implies a smaller wavenumber for Mars by roughly a factor of two, i.e. there are

fewer highs and lows encircling Mars than there are encircling the Earth. Yet, the

eddies on Mars are much deeper than they are on the Earth. The maximum

amplitude of the geopotential height perturbation of the eddies on the Earth occurs

at the tropopause, at a height of approximately 10 to 15 km. On Mars the maximum

amplitude of the geopotential height perturbation occurs much higher, between 30

to 50 km. This is associated with the deeper westerly jet and deeper temperature

front found on Mars (section 2.6.1).

Unlike baroclinic eddies on the Earth which occur at irregular intervals, the

baroclinic eddies on Mars are relatively regular, occurring at fairly predictable

intervals. However, the Martian baroclinic eddies don't occur during the
summertime. Because of the strong radiative forcing of the atmosphere, the

summer hemisphere is warmer near the poles than the equator (not unlike the

Earth's stratosphere), a condition unfavorable to the growth of baroclinic

disturbances. On the Earth, baroclinic eddies are present year-round. In the northern



13

hemisphere, they move more to the north in the summer, and in the southern

hemisphere, they do not change dramatically from season to season.

On the Earth, mid-latitude disturbances tend to be mostly baroclinic in

nature. On Mars, mid-latitude disturbances have a mixed baroclinic and barotropic

nature (see section 4). Under certain conditions, it appears that Martian mid-latitude

disturbances may be more barotropic than baroclinic (Don Banfield, personal

communication).

On the Earth, baroclinic eddies in the northern and southern hemispheres

have very similar strengths. On Mars, models show that northern hemisphere

baroclinic eddies are considerably stronger than southern hemisphere baroclinic

eddies and may be important in understanding the Martian climate system. This

interesting characteristic of baroclinic eddies on Mars is the focus of the present

study.

1.6. Outline of Current Study

According to the models, baroclinic eddy activity on Mars during the

northern hemisphere winter is stronger than that during the southern hemisphere

winter (e.g., Barnes et al., 1993). Previous studies have shown that this difference is

at least partly due to the difference in topography between the two hemispheres

(Barnes, 1984; Barnes et al., 1993). Because typical baroclinic eddies grow from

the surface and are sensitive to the lower boundary (e.g. the lower edge of the

wedge in the wedge model, section 1.1), topography plays an important role in

strengthening or weakening the eddies. The northern and southern hemispheres of

Mars have substantially different topographies, and this may explain the difference

in the strengths of the baroclinic eddies in the two hemispheres.

Another possible explanation for the difference in the strengths of the

baroclinic eddies between the two hemispheres arises from properties of the orbit

of Mars. Because of the eccentricity of its orbit, Mars is further from the Sun
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during southern hemisphere winter than it is during northern hemisphere winter

(currently northern winter solstice and perihelion are very close, separated by

approximately 30 Martian days) (Figure 1.3). Therefore, Mars receives 1.45 times

more solar radiation per unit area during northern winter than during southern

winter. Because the southern hemisphere receives less sunlight, the meridional

temperature gradient in the southern winter is smaller than in northern winter. With

a smaller temperature gradient, there is less energy available for the baroclinic

eddies, resulting in less eddy activity. Thus, the difference in solar input between

the two winters, which the author of the current study calls seasonality, may also

explain the difference in the strengths of the baroclinic eddies.

The current study will use a simplified global circulation model, adapted to

the Martian regime, to investigate transient baroclinic eddy activity on Mars. The

model is adjusted so that its output does a good job of matching the current

knowledge of the Martian atmosphere. Important modifications to the model are

discussed in the section on model development (section 3). The model is then used

to investigate baroclinic instability in the atmosphere of Mars by conducting two

sets of experiments. One set of experiments investigates the effects of seasonality

on baroclinic instability (section 4). The other set of experiments investigates the

effects topography has on baroclinic instability (appendix). This investigation of
the effects of topography includes an analysis of the newly released MOLA data, a

highly accurate description of the Martian topography (Smith et al., 1999). A

comparison of the relative importance of the effects of topography and seasonality

on transient baroclinic eddy activity is presented in section 5.

Very recently, results of the latest version of the NASA Ames model have

become available. The new model is significantly different from previous models

and also has made use of the new MOLA topography. The preliminary results

(unpublished) from this model indicate that perhaps the simplified model used in

the current study is not adequately reproducing the circulation of the Martian

atmosphere in the presence of the MOLA topography. This prompted a detailed

analysis comparing the effects of the topography in the simplified model and the
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full physics model. Results of this investigation are presented in section 6. This

analysis indicates that care must be taken in interpreting the results of the

simplified model experiments with topography, but that the flat topography

experiments (i.e. the model improvement experiments and the seasonality

experiments) are less affected. The next chapter will describe all of the models used

in the current study.
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2. The Model

The current study uses three different variations of a Martian general

circulation model: a full-physics Martian GCM (MGCM), a simplified MGCM

(SMGCM), and a zonally symmetric SMGCM. This section will discuss the details

of these models, and the differences between them.

2.1. The Martian General Circulation Model (MGCM)

The models used in the current study are all based closely on the MGCM

developed at the NASA Ames Research Center. A thorough description of the

model can be found in Pollack et al. (1981) and Pollack et al. (1990). The brief

description given here is based on these papers and on Haberle et al. (1993). An

excellent description of the MGCMs used by the French and English researchers

can be found in Forget et al. (1999).

The MGCM solves for pressure, temperature, etc., using the non-linear

equations of motion in a discrete, time-stepping mode. These equations are:

the continuity equation

the horizontal momentum equations

the hydrostatic equation

(2.1)pDt

(2.2)
Dt pax

(2.3)
Dt pay

(2.4)
dz
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DT Dathe thermodynamics equation c + p J (2.5)vDt Dt

where p is the density, U is the horizontal velocity vector, u is the zonal wind

speed, v is the meridional wind speed, p is the pressure, f = 2sinI is the Coriolis

parameter, F and F are frictional terms in the zonal and meridional directions

respectively, g is the acceleration due to gravity, c is the specific heat at constant

volume, T is the temperature, a is lip, and J is the heating rate. The substantial

derivative is defined as

D a a a a-+u+ v+w
Dt at dx ay dz

(2.6)

These equations can be expressed in pressure coordinates (see for example, Holton,

1992) and then in the sigma coordinate system (see for example, Haltiner, 1971)

where sigma is defmed as

ppt
pspt (2.7)

where p is the pressure, Pt IS the pressure at the tropopause (the model top), and Ps

is the pressure at the surface.

These equations are solved on a staggered grid (the Arakawa 'B' grid) which

has a resolution of 25 latitude points, 40 longitude points, and 16 layers. The time

step used varies from 3 to 7 simulated minutes depending on the particular
experiment.

Heating of the atmosphere is calculated using a radiative transfer scheme

that assumes a pure gaseous CO2 atmosphere. The radiative effects of suspended

dust are also included. Dust loading is held constant in time and is not transported

with atmospheric motions. All of the experiments in the current study assume a



dust loading with an optical depth of 0.3. In the SMGCM, the radiation code is

replaced by Newtonian cooling (section 2.2).

Friction at the surface is calculated using a boundary layer scheme that

includes a convective adjustment scheme, where super-adiabatic layers are mixed

in an energy preserving manner. The boundary layer scheme is greatly simplified in

the SMGCM (section 3.1). In order to reduce reflections from the model top, the

model includes a Rayleigh friction "sponge" layer in the top three pressure levels.

The NASA Ames MGCM has been extensively compared to observations

of Mars (e.g., Haberle et al., 1993; Barnes et al., 1993) and is believed to provide a

quality simulation of the Martian atmosphere. The Thermal Emission Spectrometer

instrument on Mars Global Surveyor will allow a much better validation of the

MGCM (Conrath et al., 2000).

During the course of the experiments, two different versions of the MGCM

are used. The first MGCM is maintained at NASA Ames Research Center. It has

been modified since the time that the results used in the current study were

produced. The second is a version maintained by the author, and differs somewhat

from the first. Because the author does not have access to documentation detailing

exactly what was contained in the NASA Ames MGCM at the time its results were

produced, it is not possible to enumerate specifically the differences between the

two MGCMs. It is known that the Ames MGCM was a 13 layer model, whereas the

author's MGCM is a 16 layer model.

Many of the experiments performed for the current study are compared to

the first MGCM, because the author did not have access to his own version of the

MGCM at the time. After it became possible for the author to run his own copy of

the MGCM, it was this version that was used for comparisons because it allowed

the author to control the differences between the MGCM and the SMGCM. The

version of the MGCM run by NASA Ames is used in section 3. The version run by

the author is used in section 6.



2.2. A Simplified Martian General Circulation Model

Researchers at Ames Research Center have made modifications to the

MGCM described above to create a simplified MGCM (SMGCM). Most of the

simplifications to the MGCM reduce the complexity of the atmospheric physics

calculations. No simplifications are made to the atmospheric dynamics. For the

purposes of the current study, the most significant simplification is that the

radiation calculations are replaced by Newtonian cooling.

The MGCM uses a band by band radiative transfer model for CO2 at

Martian temperatures and pressures to calculate heating and cooling in the

atmosphere by radiative processes. Instead of using a full radiative transfer model,

the SMGCM uses a Newtonian cooling code. A one-dimensional radiative-

convective equilibrium model is used to create a steady state (in time) zonally

symmetric equilibrium temperature field, which is used as input to the Newtonian

cooling code (Figure 2.3a). When the SMGCM is run, temperatures are relaxed

back to the equilibrium temperature for each grid point according to the difference

between the actual temperature and the equilibrium temperature. At each time step,

the change in temperature at a particular location is given by

LT = - (z t) (T Tequji) I t (2.8)

where t is the time step used in the model, T is the actual temperature at that

location, Tequji is the equilibrium temperature at that location, and t is the radiative

time constant. Section 3.2 discusses a number of experiments that are performed to

determine an appropriate formulation for t.

There are three main reasons for using a simplified MGCM. 1) It is easier to

study the effects of dynamics on the circulation of the atmosphere without the

complications created by using the full equations of atmospheric physics. If
significant differences are found between the model runs of the MGCM and the

SMGCM, it can be concluded that processes that have been simplified in the
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creation of the SMGCM are ones that are important to the atmospheric circulation.

If few differences are found, then the SMGCM is capturing the essential

components of the atmospheric circulation. 2) Computer time is greatly reduced

allowing for a larger number of experiments. 3) Having an equilibrium temperature

field allows for some control of the temperature field, which gives the ability to

determine the effects of seasonality on the atmospheric circulation. More

specifically, it allows for some control of the meridional temperature gradient. The

reason the control is limited is that the circulation is constantly modifying the

temperature field, so it can never fully relax back to the equilibrium state.

One important implication of using a Newtonian cooling scheme is that the

model has no diurnal cycle, the temperature field is constantly being relaxed to its

time-mean state that does not change from night to day. This eliminates the thermal

tides. Thermal tides are caused by heating at the sub-solar point causing expansion

in the atmosphere that circles the planet once a day following the sun. In addition to

the diurnal phase, there are also semi-diurnal (two pressure waves a day) and
shorter periods. Thermal tides have been detected on Mars (e.g., Pirraglia and

Conrath, 1974; Banfield et al. 2000). Because they have a period of a day or less,

the thermal tides are easily distinguishable from baroclinic eddies, which have

dominant periods of 2 days and longer (Barnes, 1980; 1981), by low-pass filtering

(see section 2.6.2.3).

Collins et al. (1995) tested the effects ofa diurnal cycle in their MGCM and

found that with a diurnal cycle there is frequent and chaotic switching of the

dominant period of the baroclinic eddies from 2 days to 5.6 days. They found that

without a diurnal cycle, switching between the two dominant wavelengths was

much less common and that the baroclinic waves are more regular than those

observed at the Viking Lander sites (Collins et al., 1995). Figure 2.1 is a plot of the

period and wavenumber of the transient baroclinic eddies for two experiments with

MOLA topography and for northern hemisphere winter. Figure 2.la is for the

SMGCM and shows waves over a range of periods. Figure 2.la also closely

matches Figure 2. ib, which is for the full physics MGCM that includes the diurnal
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Figure 2.1 Wavenumber and period spectra of two northern hemisphere winter,
MOLA topography experiments, a) SMGCM (maximum value: 15,350) b) MGCM
(maximum value: 14,464). This figure shows that the baroclinic eddies in the
SMGCM simulations exhibit a range of periods and are similar in this respect to the
full physics MGCM.
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cycle. These plots indicate that the SMGCM used in the current study may not be

subject to the same overly regular eddies found in the model of Collins et al.

(1995).

A wide variety of studies of the Earth's circulation have been performed using

simplified GCMs. Just a few examples include studies of long term variability

(Hendon and Hartmann, 1985; James and James, 1989), a superrotational state

under Earth-like conditions (Suarez and Duffy, 1992) and a comparison of

dynamical cores between models (Held and Suarez, 1994). This list is only a small

sample of the studies that have been performed with simplified GCMs.

2.3. The Zonally Symmetric SMGCM

In order to determine where eddies modify the mean meridional circulation,

the SMGCM is converted to a zonally symmetric model which shows the state of

the atmosphere in the absence of eddy activity. The location and strength of the

effects of baroclinic eddies can be seen by subtracting the results of the zonally

symmetric SMGCM from the results of the fully three-dimensional SMGCM. The

zonally symmetric model is created by modifying the SMGCM so that the
temperature, meridional velocity, zonal velocity, and surface pressure are set equal

to the zonal mean (for that latitude and sigma level) at each time step. The results

of these experiments are discussed in section 5.3.3.

2.4. Model Inputs

The current study makes use of two different input files: the topography and

the equilibrium temperature field. All versions of the model use the topography

data, but the equilibrium temperature data set is used only by the SMGCM and the
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zonally symmetric SMGCM, since it is necessary for the Newtonian cooling code

as described in section 2.2.

2.4.1. Topography

In the main body of the current study, two topography data sets are used:

the Mars Observer Laser Altimeter (MOLA) topography (Smith et al., 1999) and

flat topography. Several other topography data sets are introduced in the appendix.

The MOLA topography data set is the most accurate representation to date of the

Martian topography, accurate to within 13 meters (Smith et al., 1999). In fact, the

topography of Mars is known with greater accuracy than the Earth's continents

(Smith et al., 1999). The MOLA topography data used in the current study has been

smoothed to the model resolution of 750 by 9.00 (Figure 2.2a).

The prominent high region centered on the equator at 110° W longitude is

the Tharsis Bulge. This is the location of the Solar System's largest volcano,

Olympus Mons. The individual volcanoes of Tharsis are not distinguishable at this

resolution, but the widespread uplifting in this region of the planet is obvious. The

lowest spot on Mars is the bottom of Hellas Basin, the large impact crater centered

at 50° S latitude and 70° E longitude. Valles Marineris, the "Grand Canyon" of

Mars, cannot be seen on this map; although it is 4000 km long, it is relatively

narrow and so does not appear at this resolution.

A major characteristic of the northern hemisphere is a gentle slope

descending to the pole throughout the entire hemisphere (Figure 2.2b). This large-

scale depression has lead to speculation of a polar ocean billions of years ago

(Parker et al., 1989). The southern hemisphere also has a slope downward to the

north (thus up to the pole). This planet-wide slope in both hemispheres is largely

due to an offset between the center of mass and center of figure of Mars (Smith and

Zuber, 1996; Smith et al., 1999).
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A slope down to the pole in the northern hemisphere may make baroclinic

eddies less vigorous because parcels near the surface tend to move parallel to the

surface, and therefore out of the wedge described by the wedge model of baroclinic

instability (see section 1.1). In the southern hemisphere, a slope up to the pole may

increase eddy activity if more air parcels move through the wedge. However, if the

slope of the topography is too steep, then eddy motions have a smaller wedge in

which to move, and thus may tend to decrease eddy activity. These ideas will be

explored further in the appendix.

Also note that both hemispheres have a general wave-like shape (Figure

2.2a). In the southern hemisphere, for example, this wave-like shape is caused by

the Tharsis Bulge and the Hellas Basin. The effects this wave-like topography may

have on exciting eddies will also be explored in the appendix.

Experiments with topography are often compared to experiments with a

completely flat topography. The flat topography (or "no topography") cases

represent what the atmospheric circulation would be in the absence of any

topographic effects. Therefore comparing runs with no topography, to runs with

topography indicates what role the topography has in changing the atmospheric

circulation. In the SMGCM, the effects of topography are purely mechanical in

nature. In the MGCM, there are also thermal effects due to topography.

2.4.2. The Euiibrium Temperature Field

As described previously, the SMGCM uses a Newtonian cooling code to

replace the full calculations of radiative transfer (section 2.2). A stand-alone

radiative convective code is used to calculate the equilibrium temperature field

before the SMGCM is run. This procedure is used to produce an equilibrium

temperature field for moderately dusty conditions (an optical depth of 0.3) for both

northern hemisphere winter (solar longitude, L = 270°) and southern hemisphere

winter (L = 90°). (Solar longitude, L, is a measure in degrees that a planet has
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traveled since northern hemisphere spring equinox (Figure 1.3). Thus, L = is

spring equinox in the northern hemisphere L = 90° is summer solstice, etc.) These

two equilibrium temperature fields are taken as the base states from which other

equilibrium temperature fields are derived. Note that the temperature field is

generated for both hemispheres in all experiments, but since transient baroclinic

eddies are virtually non-existent in the summer hemisphere, these cases are referred

to by which hemisphere is in winter.

The equilibrium temperature field for the northern hemisphere winter is

shown in Figure 2.3a. Temperature increases monotonically at a given height from

the south pole, which is in continual daylight, to the north pole. The atmospheric

temperature at a given height from the north pole to about 65° N latitude is constant

for two reasons. First, the north pole is in continual darkness. Second, the surface

temperature is held constant at the frost point of CO2, which is depositing out of the

atmosphere onto the northern polar cap (section 1.2). As will be seen (section

2.6.1), the actual temperature field is significantly different from the equilibrium

temperature field due to the heating and cooling effects of the circulation.

In addition to the two nominal equilibrium temperature fields (for the northern and

southern hemisphere winter cases), five other equilibrium temperature fields are

created by altering the northern and southern hemisphere winter equilibrium

temperature fields in the following way (see Figure 2.3 for an example). The polar

regions of the winter hemisphere are left unchanged. The mid-latitudes of the

winter hemisphere are warmed or cooled linearly from a zero degree temperature

change at 52.5° latitude to a Tadjust degree temperature change at 30° latitude, where

Taujjust can be -28, -14, +14 or +28 Kelvin. The tropics and the summer hemisphere

are warmed or cooled by a constant T5di. This method of creating new equilibrium

temperature fields has the advantage of not changing the static stability anywhere in

the field. Altering the equilibrium temperature field allows for a range of different

meridional temperature gradients In total, seven equilibrium temperature fields are

used, four northern hemisphere cases and three southern hemisphere cases. The
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four northern hemisphere cases are: Tadjt = +14 K, the nominal case, = -14

K, and Tadjust = -28 K. The three southern hemisphere cases are: the nominal case,

Tadjust = +14 K, and TadJt = +28 K.

2.5. Initial State

All model runs are initialized with a motionless, isothermal atmosphere, and

allowed to run for fifty simulated days. Data from the first 20 days are not used in

analysis in order to avoid transient start-up motions that are not representative of

the circulation of the Martian atmosphere. Although these transient start-up

motions are only present in the first few days of the model run, the 20 day start-up

time is used to ensure that the transient start-up motions are not affecting the values

of interest.

2.6. Model Output

2.6.1. First Order Fields

The basic state variables that are generated by the model include

temperature, zonal velocity, meridional velocity, and omega (vertical) velocity.

These data are averaged over the final thirty simulated days and are also zonally

averaged. The mass stream function is calculated from these variables. Examples of

these fields are shown in Figures 2.4 through 2.8. These figures are for a model run

with flat topography and the nominal northern hemisphere winter equilibrium

temperature field. The model used for these plots is the SMGCM, but results of the

MGCM and the zonally symmetric SMGCM appear similar (not shown). These

plots provide a general representation of the atmosphere.
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In general, at the solstice, the atmosphere of Mars is characterized by a

temperature field that increases smoothly from the summer pole to the winter pole,

and has a strong temperature front in winter mid-latitudes (Figure 2.4). The zonal

winds (Figure 2.5) are characterized by a strong westerly jet at the same location as

the temperature front, medium strength easterlies aloft in the summer hemisphere,

and weaker jets in both hemispheres near the surface. The strong winter hemisphere

jet is the mean flow that is subject to baroclinic instability (section 1.1).

Figure 2.6 shows the wind blowing from the northern hemisphere to the

southern hemisphere at the surface and returning to the northern hemisphere high in

the atmosphere. The southern hemisphere is characterized by rising wind and the

northern hemisphere by sinking wind (Figure 2.7). There is a thermally driven

single-celled circulation in the atmosphere of Mars at this season. Warm air in the

southern hemisphere rises and crosses to the winter hemisphere at high altitudes,

where it sinks and returns to the summer hemisphere. The sinking air in the winter
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hemisphere warms as it descends, warming the air south of the temperature front

seen in Figure 2.4.

This picture of a single-cell circulation pattern is seen again in the mass

stream function (Figure 2.8). In a steady state condition, air parcels will flow

parallel to the streamlines shown in Figure 2.8. Like Mars, Earth also has a

thermally driven circulation cell, called the Hadley cell. On the Earth, there are two

Hadley cells, one in each hemisphere. Both have a rising branch within a few

degrees latitude of the equator and a descending branch near 30° latitude. During

the solstice seasons, the Martian atmosphere is dominated by a single cross-

equatorial Hadley cell (Figure 2.8).

2.6.2. Derived Fields

The zonal mean temperature field is used to calculate two diagnostic values

that are of interest in the study of baroclinic eddies, the maximum growth rate, a,

from the Eady model and the X parameter from the Charney model.

2.6.2.1.Maximum Growth Rate

One very simple model of baroclinic instability is the Eady model (see for

example, Holton, 1992). Despite the simplicity of this model, it still satisfies the

conditions for baroclinic instability. The Eady model provides a simple solution for

the growth rate of baroclinic eddies. After a finite amount of time, the most

unstable eddy will dominate the flow field, so the growth rate of this eddy is an

important measure of the baroclinic instability of the atmosphere.

The maximum growth rate of the most unstable eddy, a, is a measure of the

degree to which the atmosphere is susceptible to baroclinic instability. The
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maximum growth rate is expressed in the form e(t, where the maximum growth

rate, a, is

a _O.311I')! (2.9)
LTdy)N

where g is the acceleration due to gravity, T is the temperature, y is the meridional

coordinate, and N is the buoyancy frequency. Simplistically, a is a measure of how

baroclinically unstable the atmosphere is at a given location. Figure 2.9 shows a for

the same model run as the previous figures. The maximum of a occurs at the

temperature front where dT/dy is the largest and has a maximum of about 4 x iO

s. A baroclinic eddy at this location would double in strength in approximately

seven hours, according to the simple linear theory.

2.6.2.2. The Lambda Parameter

An approach that has been used to investigate transient baroclinic eddy

activity involves the lambda parameter, A (e.g., Stone, 1978; Stone and Nemet,

1996). One interpretation of A is that it is a measure of how efficiently transient

baroclinic eddies react to changes in the mean meridional circulation. That is, A can

be used to measure the interaction between the baroclinic eddies and the mean

meridional circulation. The lambda parameter is introduced in the Charney model

of baroclinic instability (see, for example, Pedlosky, 1987), and is defined as

2 fgA= a3'
(2.10)

N2H N2HT
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Figure 2.9 As in Figure 2.4 except for maximum growth rate (106 s1).

where f is the coriolis parameter (= 2sin), u is the zonal wind speed, z is the

vertical coordinate, is the beta parameter (3 = df/dy = 2cos,/a), N is the
buoyancy frequency, H is the scale height (RT/g, where R is the ideal gas constant

for the Martian atmosphere, 192 JI K kg), and T is the temperature at that location.

The second form of A in equation 2.10 can be derived from the first from by

showing that

(2.11)
az -ray
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which can be accomplished by starting with the geostrophic approximation in

isobaric coordinates

ffi={J (2.12)

differentiating with respect to p, recognizing that d1 / dp = -1/ p, and that a

differential in p can be written as a differential in z divided by (-pg).

Figure 2.10 shows A for the same model run as the previous figures.

Lambda is largest along the temperature front, where transient baroclinic eddy

activity is concentrated.

Past research, both theoretical and observational, (e.g., Stone and Nemet,

1996) has shown that baroclinic eddies on Earth appear to respond to changes in

the mean meridional circulation in such a way as to keep A relatively constant in

time, and at low values (one or two). This behavior is known as "baroclinic

adjustment " in the literature. In brief, when the slope of the isentropic surfaces

(lines of equal potential temperature) exceeds a critical value, baroclinic instability

can efficiently transport heat, reducing the slopes of the isentropic surfaces (e.g.,

Stone and Nemet, 1996) (see the wedge model of baroclinic instability in section

1.1). The baroclinic eddy activity will increase or decrease in such a way as to keep

the isentropic surfaces neat their critical value. Lambda is a way of measuring this

effect because it can be written as

A = tan_/) (2.13)

where the value inside the parentheses is the slope of the isentropic surfaces (4 is

the latitude, a is the radius of the planet, H is the scale height and 9 is the potential

temperature). This form of A can be derived from the second form shown in



equation 2.10 by first recognizing that fY = tan4 a, and that N2 (g!9)(ae/az). It

only remains to be shown that a(lne)/ ay = a(lnT)I ay. This can be accomplished by

substituting 9= T(po/p)lc and noting that the partial derivatives of idn(p) and Kln(p)

are both zero in isobaric coordinates.

To test baroclinic adjustment theory in the Martian atmosphere, A was

calculated for a number of experiments. The results are discussed in section 5.3.

E
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Figure 2.10 As in Figure 2.4 except for lambda (dimensionless). Lambda is not
defmed at the poles.
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2. 6.2.3.Eddy Statistics

To determine the strength of the transient baroclinic eddy activity, five

values are calculated form the first order fields. These are

meridional heat flux: v'T' (2.14)

vertical heat flux: w'T' (2.15)

eddy kinetic energy: .(u2 + vF2) (2.16)

rrns variance of geopotential: (v2
)'

or (iv) (2.17)

rrns variance of temperature: (T2)X or (T')
TTDS

(2.18)

where v' is the deviation from the zonal mean of the wind in the meridional (north-

south) direction, T' is the deviation from the mean of the temperature, 0' is the

deviation from the mean of the vertical component of the wind defined in isobaric

coordinates (co DpfDz), and (V is the deviation from the mean of the geopotential

height. The overbar indicates Reynolds averaging. Zonal means are calculated on

constant pressure surfaces (not constant sigma surfaces).

These values are time averaged over thirty simulated days and zonally

averaged. As examples, Figures 2.11 and 2.12 show the meridional heat flux and

the eddy kinetic energy for the same model run as the previous figures. The eddies

are able to transport heat poleward all along the temperature front (Figure 2.11) but

do so most strongly at very low levels, near the surface, and at very high levels,

near the model top. The transient eddy kinetic energy is broadly distributed but is

concentrated at upper levels of the winter hemisphere (Figure 2.12).

As noted earlier (section 2.2) there is no diurnal cycle in the SMGCM. This

eliminates many of the effects of motions on daily or shorter time-scales such as
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thermal tides. However, the MGCM does have a diurnal cycle and consequently

has thermal tides and other transient motions on the order of a day or less.

Therefore, the transient eddy fields must be low-passed filtered to compare the

results of the SMGCM and the MGCM. The filter eliminates motions of a day or

shorter but preserves motions of two days or longer. Motions with a period between

one and two days are present but reduced in amplitude, because the filter is not

infinitely sharp.

Figure 2.13 shows the filtered and unfiltered transient eddy vertical heat

flux for a run of the MGCM with flat topography and northern hemisphere winter

conditions. The two figures look similar in the region of the polar front, around 6O

N latitude. This similarity implies that the heat flux here is from baroclinic eddies,

which have periods of longer than a day. Therefore, this region is relatively

unaffected by the low-pass filtering. However, there are dramatic differences at the

equator and in low southern latitudes, which indicates that there is substantial heat

flux in these regions from thermal tides. These motions most likely have periods of

one day and half a day. The low-pass filtering eliminates these motions almost

entirely. Whenever eddy statistics are taken from the full physics MGCM, they are

low passed filtered, in order to eliminate effects caused by thermal tides and other

phenomena with periods of a day or less.

Figure 2.14 is for a similar run (flat topography and northern hemisphere

winter) but using the SMGCM. Again, the filtered and unfiltered files are

presented. Because there is no diurnal cycle in the SMGCM, there are very few

motions with a period of a day or less for the low-pass filter to remove. There are

some reductions in the eddy heat flux, mainly at higher latitudes. A similar result is

found for all five eddy statistics listed above in the SMGCM experiments (not

shown). Because the eddy data are all pressure weighted when averaged (section

2.6.2.4) and because of the long computational time required for the low pass

filtering, unfiltered data are used for the evaluations of the SMGCM.
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Figure 2.13 Eddy vertical heat flux (106 K mb/s) for the MGCM, flat
topography, northern hemisphere winter experiment, a) unfiltered. b) filtered.
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2. 6.2.4.Hemispheric Averages

Many parameters, such as eddy kinetic energy, meridional heat flux, and

maximum growth rate are further averaged over the winter hemisphere. These

averages enable a given characteristic of the atmosphere to be represented by a

single number.

All of these averages are pressure and area weighted,

-
Lrca Lrcssure(area)(pressu1e)(X)

= (2.19)

where represents the parameter being averaged. These averages are taken over

three different latitude ranges: the full hemisphere from the equator to the pole, the

extra-tropics approximately 200 latitude to the pole, and the mid-latitudes

approximately 200 to approximately 73° latitude.

When taking the average of the meridional temperature gradient, two

further variations on hemispheric averaging are used. 1) Two different pressure

ranges are investigated: an average over all pressures and an average over low

pressure levels (approximately 2 mb to the surface). 2) The averages are counted

using two different methods. In the first method, all points in the domain are used

for the average. In the second method, only those points representing a decrease in

temperature toward the pole are used for the average (i.e. negative values in the

northern hemisphere and positive values in the southern hemisphere).

2.6.2.5. Wavenumber

Another way to look at the eddy activity in the atmosphere is to perform a

spectral analysis of the wave structure. For this analysis, a specific atmospheric
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measurement, such as geopotential height, is chosen at a given height (measured in

pressure coordinates) and at a given latitude. At each time step output by the

model, a spatial Fourier decomposition is performed. Then a cross-spectral analysis

in time is performed on all of the spatial spectra. These decompositions are

performed on a discrete frequency spectrum (1/16 so11) in the time domain and at

integer wavenumbers in the space domain.

For example, Figure 2.15 shows a decomposition of the geopotential

surface at 3.79 mb and 52.5° N (from the same model rim as presented in Figures

2.4 - 2.12). The atmosphere is dominated by wavenumber two in this example,

meaning that there are two peaks and two valleys in the geopotential surface going

around the planet at this pressure level and latitude.

The maximum variance for wavenumber two has a period about 5 days. For

wavenumber one the period is about 10 days and for wavenumber three the period

is about 3 days. This implies that all the waves have approximately the same phase

speed. The high geopotential of the wavenumber one wave would pass overhead

every tenth day, whereas three highs of the wavenumber three wave would pass

overhead in the same interval. In both cases, it takes the same amount of time for

the entire wave pattern to circle the planet.

A similar procedure is used and then integrated over period to calculate a

wavenumber spectrum of the traveling waves. Figure 2.16 shows this calculation

for the same model run as used for Figure 2.15. The dominance of wavenumber

two is still evident, along with significant contributions from wavenumbers one and

three. The analysis performed for the period and wavenumber spectra (such as

Figure 2.15) include only the coherent travelling waves. In addition to the coherent

travelling waves, the wavenumber spectra (such as Figure 2.16) contain non-

coherent travelling waves and standing waves.
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3. Improvements to the Model

A number of experiments are performed to verify that the SMGCM is

accurately matching the circulation produced by the MGCM. These experiments

include making adjustments to the simplified boundary layer scheme and to the

Newtonian cooling code.

The full (i.e. non-simplified) Ames MGCM has been compared to actual

observations of the Martian atmosphere and this model produces results that are

consistent with the observations (e.g., Haberle et al., 1993; Barnes et al., 1993). In

order to verify the accuracy of the SMGCM used in the current study, it is checked

against results from the MGCM under the same conditions (e.g. season, dust

loading, and topography). Comparisons are made to the MGCM rather than actual

observations for two reasons. 1) The MGCM has been extensively compared to

observations and is adequately modeling the Martian atmosphere. 2) Comparing to

the MGCM allows for a much greater number of variables to be checked. For

example, the maximum value of the mass stream function, a number not available

from observation, is easily compared between the SMGCM and the MGCM and

provides important information on the performance of the SMGCM.

For this section and the section on topography (presented in the appendix),

the MGCM results that were available at the time were from experiments

performed by researchers at NASA Ames Research Center. At that time, the author

of the current study did not have access to his own version of the MGCM. It was

not until later that the author was able to run his own MGCM experiments. Because

of slight differences in the two MGCMs, the results of the experiments are slightly

different (see section 6). Therefore, the MGCM results that are used for

comparisons in this section and the section on topography (appendix) differ from

the MGCM results used in section 6.
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3.1. Adjustments to the Simplified Boundary Layer Scheme

One change that is made to the SMGCM is to simplify the boundary layer

scheme. The full MGCM calculates eddy mixing coefficients based on a

Richardson number calculated at all levels. In addition, a bulk Richardson number

is calculated to parameterize surface properties. In contrast, the SMGCM calculates

a reduction in the wind speed at the bottom two sigma levels proportional to both

the wind speed and the magnitude of the component in the x or y direction,

Au = (Coefficient)(At)uVu2 + v2 (3.1)

where the value of the coefficient depends on the sigma level (-l.02x106 and -

3.76x107 1/rn in the fmal model), At is the time step used in the model, and u and v

are the zonal and meridional components of the wind, respectively. The reduction

in the wind speed, Av is calculated in a similar manner. The coefficients are chosen

so that the general circulation of the atmosphere produced by the SMGCM matches

the results of the MGCM. The primary fields used to judge this match are the

surface winds and the wave structure of the baroclinic eddies. The following is a

sample analysis of three model runs: a run of the MGCM, and two runs of the

SMGCM that are identical except for the magnitude of the coefficients in the

simplified boundary layer calculations.

All three scenarios are for flat topography and an optical depth of 0.3. (The

two SMGCM runs have a radiative time constant that varies in height and latitude.

See section 3.2). Figure 3.1 shows the zonally averaged zonal wind for all three

cases. As noted earlier, these are 30-day averages. Figure 3.la is for the MGCM,

the version of the code that contains the full boundary layer scheme. Figure 3. lb is

for an SMGCM run with simplified boundary layer coefficients exactly half that of

the run shown in 3.lc (otherwise, the models used to produce Figures 3.lb and 3.lc

are identical).
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Figure 3.1 Time and zonal mean zonal winds (mis). Shading represents
westward wind, a) MGCM b) SMGCM c) SMGCM with boundary layer
coefficients twice that of those used in b). Height given on left axis is approximate.
Note that the vertical scale of a) is different than the vertical scale of b) and c).



Both simplified model do an adequate job of matching the surface winds in

the summer (southern) hemisphere; 3. lb does a better job of matching the upper

level winds in the summer hemisphere. However, it is the strength of the baroclinic

eddies in the winter hemisphere that is of concern in the present study, so matching

the summer hemisphere winds is not of critical importance. The strength and shape

of the winter (northern) hemisphere surface jet in the tropics is adequately matched

by both 3.lb and 3.lc. (The cause of the westerly winds at the equator at about 5

mb in Figure 3. lb has not been adequately explained).

The most important feature to notice in these zonal wind plots is the

strength of the wind at the surface in the winter hemisphere mid-latitudes. Note in

particular that the 20 m/s isotach touches the surface at about 50° N in Figure 31 .a

(MGCM) and in Figure 3.lb but at about 60 N° in Figure 3.lc. In general, the

surface winds are too weak in the winter mid-latitudes in Figure 3. ic when

compared to 3.lb. This is one reason to prefer the values of the simplified boundary

layer scheme coefficients from the model used to produce Figure 3.lb.

Figure 3.2 shows the power spectrum of the travelling waves for the same

three scenarios as shown in Figure 3.1. These spectra are for rms geopotential

variance at 52.5° N latitude and a height of 3.79 mb. Both experiments with the

SMGCM (Figures 3.2b and 3.2c) give predominately wavenumber one with a

period somewhat longer than eight Martian days, in good agreement with the

MGCM (Figure 3.2a). (Note that runs of the SMGCM can give dominant

wavenumbers of three or higher and periods of three days of shorter). However, the

strength of the eddies (as measured in units of variance per angular frequency) is

very different. Figure 3.2b gives a maximum value of 45,986, which matches

almost exactly with the MGCM value of 45,988. The maximum value in Figure

3.2c is five times too low at 9,167. This is another reason to prefer the values of the

simplified boundary layer scheme coefficients used to produce Figure 3.2b. The

values for the simplified boundary layer scheme coefficients used for Figures 3.lb

and 3.2b are those used for all the remaining SMGCM experiments discussed in the

current study.
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3.2. Adjustments to the Radiative Time Constant

As stated in section 2.2, the SMGCM replaces the radiation code by

Newtonian cooling. The magnitude of the temperature change at any point is

inversely proportional to the radiative time constant, t (see equation 2.8).

Simplified GCMs modeling the Earth's atmosphere have exhibited improvement

when t is varied in height and latitude (Held and Suarez, 1994). The SMGCM as

developed by NASA Ames uses a t that is the same everywhere in the atmosphere.

It is investigated if the SMGCM can be improved by using a radiative time constant

that varies in height and latitude. In some experiments, 'r is held constant

everywhere in the atmosphere. For other experiments, 'r is allowed to vary in height

and latitude. ('r is not varied in time or in longitude in any experiment.) The results

produced by changing the manner in which the radiative time constant is calculated

are discussed in this section.

3.2.1. Constant and Snatially Varvin Radiative Time Constants
Compared

This section compares two experiments using the SMGCM to the results of

a run made with the MGCM under similar conditions. All three scenarios are for

northern hemisphere winter and a dust optical depth of 0.3. The two SMGCM runs

are identical except for the way the radiative time constant is calculated. In one

case, t is held constant everywhere at the value of two Martian days, called sols. Tn

the other case, t is allowed to vary in height and latitude according to:

f

(205 K
= (0.85)(1 sol)I I (3.2)

T1 )
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where Tequji is the equilibrium temperature for that height and latitude. To keep t

from becoming too large, t is not allowed to become larger than two sols. Figure

3.3 shows the value of 'r based on the northern hemisphere nominal equilibrium

temperature field (Figure 2.3a). Notice that the radiative time constant is the same

in the two SMGCM scenarios where the equilibrium temperature is 154.1 K or less.

(Plugging in a Tequji of 154.1 or less into equation 3.2 gives a t of 2 sols or greater,

but t is limited to a maximum of 2 sols.) This means the two are the same in

regions north of approximately 45° N latitude in the winter hemisphere and differ

south of approximately 45° N latitude. Allowing t to vary as a function of the
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Figure 3.3 Radiative time constant in sols (Martian days) for the nominal
northern hemisphere equilibrium temperature field.
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equilibrium temperature is primarily a simple way of allowing 'r to vary in height

and latitude. However, the formulation chosen is in accordance with simple theory.

Perturbing the governing equations of the window gray model gives

mC J (3.3)
4E(2.-E) T

where m is the mass of the atmosphere, Cp is the heat capacity, E is the emissivity,

is the Stefan-Boltzmann constant, and TA is the temperature of the atmosphere

(James A. Coakley, Jr., personal communication). Therefore, in this simple theory,

'r is proportional to l/T3, just as in the SMGCM experiments.

At any given location, the change in temperature during a given time step,

iT, is proportional to (T Tequji) in both the constant 'r and the spatially varying t

cases. Thus, in all the experiments, the change in temperature due to radiation (i.e.,

heating and cooling) is proportional to the difference of the actual temperature and

the equilibrium temperature. That is, the heating is still Newtonian (i.e. linear) even

in the case where 'r is allowed to vary in height and latitude.

Figure 3.4 shows the zonal average of the zonal wind speed for the three

cases currently under discussion: (a) is the MGCM, (b) is the constant t SMGCM,

and (c) is the spatially varying t SMGCM. The strength of the upper level winds in

the southern hemisphere is better reproduced (when compared to the MGCM) by

the variable t experiment than by the constant 'r experiment. Both SMGCM runs do

well in reproducing the upper level winds in the northern hemisphere. The southern

hemisphere surface jet is perhaps better in the constant 'r case. The structure of the

low-level winds near the equator is not well reproduced in either SMGCM

experiment, but winds at this location do not have much of an effect on transient

baroclinic eddies. In general, both SMGCM cases do a good job of reproducing the

zonal wind fields.
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Figure 3.4 Time and zonal mean zonal winds (mis). Shading represents
westward winds, a) MGCM b) constant t SMGCM c) spatially varying 'r SMGCM.
Height given on left axis is approximate. Note that the vertical scale of a) is
different than the vertical scale of b) and c).
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The zonal average temperature fields are given in Figure 3.5. Again, (a) is

the MGCM, (b) is the constant ISMGCM, and (c) is the spatially varying t

SMGCM. The overall temperatures in the variable 'r case are somewhat too high;

the constant 'r case does a better job of matching the overall temperature field of the

MGCM. However, the temperature gradients at the surface between approximately

400 S and 200 N latitude in the constant t case are much too strong. Notice how the

isotherms are nearly parallel with the surface in low latitudes of both hemispheres.

The variable 'r case'produces much more reasonable temperature gradients at the

surface. Since baroclinic eddies are ultimately generated as a surface phenomenon,

this is an important feature for the SMGCM to reproduce. For this reason, the

temperature field for the variable t case is actually preferable to the constantt case,

despite the fact that in general temperatures in the variable t case are too high. Held

and Suarez (1994) found that their simplified GCMs of the Earth had an

unreasonably cold layer at the surface unless the radiative time constant was

allowed to vary in height and latitude.

Another important consideration is the mean meridional circulation.

Because the mean meridional circulation is dominated by a single cross-equatorial

Hadley cell at this season, it is important that the Hadley cell have the proper

strength. One measure of the strength of the Hadley cell is the minimum value of

the mass stream function (see Figure 2.8 for an example), which is a measure of the

total flow rate (mass per unit time) of the Hadley cell, i.e. how much mass is being

moved by the mean meridional circulation. The fact that this value is negative only

indicates that the circulation is in a clockwise direction (when looking at the

southern hemisphere winter, the circulation is in the opposite direction, i.e. it is the

maximum positive value of the mass stream function that would be of interest). The

minimum value of the mass stream function for the MGCM is 181.8 x 108 kg/s.

In the constant 'r MGCM, this value is -70.1 x 108 kg/s. much too weak, that is, the

Hadley cell is not transporting enough mass. The variable t MGCM is closer with a

value of -156.6 x 108 kg/s.



a)

b)

-ø
E

-o
0

IJUIfl LAIJIUL)t (NORTh)

80 60 4020 0 20 40 60 80
I_lit tNIJI(jJ1)

c) r--------\

0

I-

0

0

0

55

Figure 3.5 Time and zonal mean temperature (K). a) MGCM b) constant t

SMGCM c) spatially varying t SMGCM. Height given on left axis is approximate.
Note that the vertical scale of a) is different than the vertical scale of b) and c).
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A final way to consider the differences between the SMGCM with a

constant 'r and the one with a variable t is to look at the power spectrum of the

transient waves in the atmosphere (Figure 3.6). The dominant wavenumber for both

the MGCM and the variable t SMGCM is wavenumber one. Wavenumber three

dominates the constant 'r case. The strength of the eddy activity as measured by the

variance of the dominant wave number is 37,293 in the MGCM. This is well

matched by the variable 'r case with a value of 42,573. The constant 'r case is much

too strong at 84,982. The variable 'r SMGCM does a better job of reproducing the

structure and magnitude of the transient eddies of the MGCM than does the

constant t SMGCM.

Thus, when the SMGCM is run with a t that varies in height and latitude, it

produces results that are in closer agreement to the MGCM than when the SMGCM

is run with a constant 'r. Both versions of the SMGCM produce acceptable zonal

mean wind fields. The variable 'r run produces temperatures that are generally too

high, but this deficiency is made up for by its superior ability to produce reasonable

temperature gradients at the surface. The variable t model gives a more accurate

strength for the mean meridional circulation and gives a better match for the

wavenumber structure and strength. All subsequent experiments with the SMGCM

in this study use a radiative time constant that varies in height and latitude.

3.2.2. Investi2ation of a Spatially Varying Radiative Time Constant

Since a model with a radiative time constant that varies in height and

latitude produces superior results to a model with a constant 'r, it is interesting to

determine what about a spatially varying t has the desired effect. To investigate this

question, a number of additional experiments are performed, in which the

temperature field is divided into a zonal mean component and an eddy component,



a)

*0000

*000
U
z

*00

*0

c)

*0000

U
z
'C

*000

*00

30

3 3 4 5 6 78910
WAVENUR8E8

2 3 4 5 678910
WAVENUMBEE

U
z
'C

*0000

*000

*00

57

b)

2 3 4 56 78910
WAVENUMBER

Figure 3.6 Wavenumber spectra for traveling waves in units of variance, a)
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T = T + T'. The two components of the temperature field are allowed to relax back

to the equilibrium temperature field independently, so

and

T_TiIAt (3.4)
tzonal

(3.5)
tcddy

since (Tequji)' = 0 (compare to equation 2.8).

In these experiments, t is divided into a component acting on the zonal

mean temperature, tzonal, and a component acting on the eddy temperature, teddy.

This allows for one component of the radiative time constant, for example to

vary in height and latitude, while the other, in this example teddy, remains constant

everywhere. It is important to emphasize again that all formulations of t are

constant in time. When t varies, it does so according to the formulation presented

in the previous section (equation 3.2).

The results of these experiments are presented in Table 3.1. This table

presents the strength of the traveling waves (in units of variance) for wavenumbers

one, two, and three. These results are for travelling waves as in the previous

section.

As explained in the previous section, the experiment where 'r is allowed to

vary in latitude and height is superior to the constant t case in terms of reproducing

the dominant wavenumber and total wavenumber strengths of the MGCM. These

results are given again on the first three rows of Table 3.1. If only the portion oft

acting on the zonally symmetric component of the temperature field, 'rzonai, is

allowed to vary in height and latitude then wavenumber two and wavenumber one

are of approximately equal strength (row four of Table 3,. 1). When only the
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component of c that acts on the eddy portion of the temperature field, teddy, S

allowed to vary in height and latitude, wavenumber three dominates (rows five and

six of Table 3.1). If the constant value of tZOflaI is two sols, the strength of

wavenumber three is larger than the strength desired for wavenumber one (compare

rows one and five of Table 3.1). If the constant value of tzoflal is reduced to one sol,

then the magnitude of wavenumber three becomes very large. None of the

experiments so far described where one component of t is held constant while the

other component oft varies, can reproduce the wave structure of the MGCM that is

reproduced when both components oft vary in height and latitude.

Table 3.1. Strength of travelling waves, for wavenumbers one, two and three, for
the spatially varying radiative time constant experiments.

Experiment Wave 1
Variance

Wave 2
Variance

Wave 3
Variance

1)MGCM 35OOO 15OOO 65OO

2)Constantt 3OOOO 1OOOO 85OOO

3) tzonal and teddy both vary 45OOO 15OOO 3OOO

4) tzonal varies, teddy constant 25OOO 25OOO 55OO

5) tzonal constant at 2 sols, teddy varies 95OO 95OO 55OOO

6) tzonal constant at 1 sols, teddy varies 5OOOO 3OOOO 9OOOO

7) tzonal varies in latitude, teddy varies 4OOOO 2OOOO 2OOOO

In the final experiment, teddy is allowed to vary in height and latitude and

tzonal is allowed to vary in latitude but not in height. For this experiment t zonal is

held constant at 1 so! in the southern hemisphere, varies as (lso!)/cos(latitude)

between the equator and 600 N, and he!d constant at two so!s north of 60° N. In this

way, t zonal is allowed to vary between one and two sols, which are the two values

used for tzonal in the previous two experiments (rows five and six of Table 3.1). In

this experiment, wavenumber one dominates and has a strength comparable to the

MGCM case (compare row one and row seven of Table 3.1). This indicates that for



the purposes of a simplified MGCM, the latitude varying portion of the radiative

time constant acting on the zonal mean temperature field is key to producing the

correct wave structure of the atmosphere. Further investigation is necessary to

confirm and better understand this result.

In order to achieve the appropriate baroclinic wave strength and structure it

seems to be very important that the heating at the surface be calculated in the

correct manner. In particular, the mean equator to pole temperature gradient must

be formulated correctly. The experiments in this section as well as the seasonality

experiments (section 4) show just how critical the meridional temperature gradient

is in determining the strength and structure of transient baroclinic eddies.

3.3. Summary of Model Improvements

This part of the current study focused on important results gained from

examining the simplifications made to the MGCM. First, appropriate coefficients

for the simplified boundary layer scheme were determined. After this, a number of

experiments exploring the effects of the radiative time constant were performed. It

was found that a radiative time constant that is allowed to vary in height and

latitude (but not longitude or time) gives superior model results when compared to

a radiative time constant that is the same everywhere in height and latitude. Further

experiments suggested that the essential feature of the spatially varying radiative

time constant may be the latitude varying portion of the radiative time constant

acting on the zonal mean component of the temperature field. This is consistent

with the low-level meridional temperature gradient being critical in determining the

eddy properties.
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4. Seasonality Experiments

This section of the present study focuses on seasonality. Seasonality is the

term used to describe the fact that the strength of the incoming solar radiation is

different between northern hemisphere winter and southern hemisphere winter. As

will be shown, the difference in the strength of the transient baroclinic eddy activity

between the two hemispheres is present, and even stronger, in the absence of

topography. The only difference in the two hemispheres in the flat topography

experiments is the equilibrium temperature field. Therefore, there must be some

difference between the two equilibrium temperature fields that causes the contrast

in the strength of the baroclinic eddy activity.

Figure 4.la shows the nominal equilibrium temperature field for the

northern hemisphere winter. Figure 4.lb shows the nominal equilibrium

temperature field for the southern hemisphere winter after it has been mirrored

across the equator for easier comparison to the northern winter case. (That is, in

Figure 4.la, north is to the right, but in Figure 4.lb north is to the left). Figure 4.lc

shows Figure 4.lb subtracted from Figure 4.la, i.e. the difference between the two

nominal equilibrium temperature fields. The differences in the equilibrium

temperature field presented in Figure 4.1 c are responsible for the large differences

in the eddy activity between the two hemispheres.

For the analysis performed in this section, the SMGCM is run seven times.

All runs are identical except for the equilibrium temperature field used. The seven

fields are the two nominal fields and five adjusted meridional temperature gradient

fields as described in section 2.4.2. All seven runs have flat topography and a

radiative time constant that varies in height and latitude.

There has also been a modification to the SMGCM for the experiments in

this and the following sections. In order to give a closer match of the first order

fields between the MGCM and the SMGCM when run with the MOLA topography,

the parameters used in the Newtonian cooling code have been altered. The
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coefficient used in equation 3.2 is changed from 0.85 to 1.5 and the maximum

value allowed for 'r is raised from two sols to three sols.

The sections on model improvement (section 3) and on topography

(appendix) use the old set of Newtonian cooling parameters. The experiments on

seasonality (section 4), seasonality and topography compared (section 5), and

section 6 use the new set of Newtonian cooling parameters. Except in the chapter

on model improvements, where changes to the Newtonian cooling parameters are

investigated, comparisons made between experiments with the SMGCM always

use the same set of Newtonian cooling code parameters. This ensures that it is not

the difference in the cooling code that is causing the differences in the experiments,

but the particular phenomena under investigation.

4.1. The Dependence of Barodinic Eddies on the Buoyancy Frequency

The mid-latitude, pressure-weighted, area-weighted average of the

buoyancy frequency in the northern hemisphere winter with the nominal

equilibrium temperature field is 0.0112 1/s. The value for the southern hemisphere

is 0.0107 1/s. The difference between these is only 5.0 %. The average buoyancy

frequency of all seven experiments is plotted against the mid-latitude average of the

meridional heat flux, a measure of the eddy activity, in Figure 4.2. There is little

dependence of eddy activity on the buoyancy frequency. Almost any level of eddy

activity can be present with little or no change in N. This behavior is unlike that of

dT/dy, which has a strong functional relationship with eddy activity as will be

shown next.



4.2. The Dependence of Barocinic Eddies on the Meridional Temperature
Gradient

Simple theory predicts that either the buoyancy frequency, N, or the

meridional temperature gradient, dT/dy, or a combination of both will be the

controlling factor in the growth of transient baroclinic eddies (see equations 2.9 and

2.10). The results of the previous section indicate that N is not a controlling factor.

This section will investigate the effects of dT/dy.
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Figure 4.2 Meridional heat flux versus buoyancy frequency. Values are mid-
latitude pressure and area weighted averages of the seven seasonality experiments.

4.2.1. Appropriate Measures of Meridional Temperature Gradient
and Eddy Activity

To address the issue of how much the eddy activity is affected by the

meridional temperature gradient (dT/dy), it is useful to have a single number that
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characterizes the average meridional temperature gradient as discussed in section

2.6.2. To come up with an appropriate number, dT/dy is averaged in a variety of

ways. For all of these methods, the average is area and pressure weighted and taken

over 22.5° to 75.0° latitude. (The meridional temperature gradient average is

pressure weighted to be consistent with the other averaging methods.) Two

different pressure ranges are tried: an average over all pressures and an average

over the lowest pressure levels (approximately 2 mb to the surface). The averages

are also calculated by the two different methods described in section 2.6.2.4:

counting all values and counting only specific signed values.

These four different averaging methods of dT/dy are plotted against five

measures of the average eddy strength (see section 2.6.2.3) The eddy measures are

averaged from approximately 200 to 73° latitude and pressure and area weighted.

The eddy measures are taken over the full pressure range, and all values (not justa

certain sign) are used. Figure 4.3 shows the four different averaging methods of

dT/dy plotted against the average meridional heat flux. The interpretation of this

figure is the same regardless of which averaging method is used. The functional

relationship between the hemispherically averaged dT/dy and the hemispherically

averaged meridional heat flux is the same irrespective of which one of the four

averaging methods is used to calculate the meridional temperature gradient. A

similar result is found for the other four eddy statistics (not shown). The remainder

of this study will use the method of averaging over all pressures (not just low

levels) and of counting all values (not just those representing a decrease in

temperature toward the pole).

It is also useful to reduce the number of eddy activity measures. The five

eddy measures are plotted against each another. They all exhibit an apparently

linear correspondence (for example, Figure 4.4). That is, an increase or decrease in

any one eddy statistic corresponds to similar increase or decrease of any other eddy

statistic. To a good approximation, any one eddy measure can be used as a proxy

for another. That is, any analysis that uses, for example, an increase in the

meridional heat flux to argue for an increase in eddy activity could equally use any



of the other four eddy statistics, eddy kinetic energy for example. In the remainder

of the current study, meridional heat flux is most often used as a measure of the

eddy activity, although, as just stated, it serves to represent all five measures of

eddy activity.
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Figure 4.4 shows the meridional heat flux plotted against the vertical heat

flux. There is a nearly linear relation between these two eddy measures, and the line

that fits these points passes approximately through zero. Figure 4.5 shows eddy

kinetic energy versus meridional heat flux. In this case, the relationship is still

approximately linear. However, the line fit to these points does not go through zero.

This indicates that there are eddies (atmospheric motions that have eddy kinetic

energy) that are not transporting heat poleward. A possible explanation for this is

that these eddies are not entirely baroclinic in nature, they are partially barotropic
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(or possibly equivalent barotropic). Simple eddy models show that pressure and

temperature crests must slope westward with height in order to transport heat

poleward (see, for example, Holton, 1992). If they do not slope, i.e., if the peaks

and troughs of the waves are stacked directly above each other (in height), the

waves are barotropic, and will not transport heat. The fact that the curve fit to the

eddy kinetic energy versus meridional heat flux points does not go through the

origin may be due to the portion of the eddy activity that is barotropic in nature.
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Figure 4.4 Vertical heat flux versus meridional heat flux. Values are mid-
latitude pressure and area weighted averages of the seven seasonality experiments.

The five variables used to measure eddy activity can be classified into two

groups. Meridional heat flux and vertical heat flux are one group; they are

dependent on the baroclinic portion of the eddy activity. The other group consists



of the remaining three measures: eddy kinetic energy, rms temperature variance,

and rms geopotential variance. These measures depend on both the baroclinic and

barotropic components of the eddy. When analyzing experiments it is sufficient to

look at one eddy measure from each group. The author chooses meridional heat

flux and eddy kinetic energy for closest study.
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An appropriate averaging method for taking hemispheric averages of the

meridional temperature gradient has been determined, and it has been found that it

is sufficient to look at only one, and sometimes two, different eddy activity

measures: meridional heat flux and eddy kinetic energy.



4.2.2. Meridional Temperature Gradient Versus Eddy Activity

Figures 4.6 and 4.7 show the meridional heat flux and the eddy kinetic

energy, respectively, as a function of meridional temperature gradient. In both

plots, northern and southern hemisphere winter cases are plotted in different

symbols. It is clear that there is a strong dependence of eddy activity on the average

meridional temperature gradient. Eddy activity increases greatly as the temperature

gradient increases.
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Figure 4.6 Meridional heat flux versus meridional temperature gradient. Values
are mid-latitude pressure and area weighted averages of the seven seasonality
experiments.

The observed meridional heat flux values approach zero with a dT/dy of

approximately 15 K / 1000 km. while the observed values of the eddy kinetic

energy remain well above zero at the same dT/dy. This is again due to the presence
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of a barotropic component in the eddies. There is apparently some threshold for the

meridional temperature gradient below which eddies are unable to transport heat

poleward, i.e., they become mainly barotropic in nature. At this threshold, the

meridional heat flux reaches small values, whereas the eddy kinetic energy remains

at non-zero values. There is eddy motion in the atmosphere, thus kinetic energy,

but the eddies are not transporting heat poleward.
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Figure 4.7 As in Figure 4.6 except for eddy kinetic energy.

Figures 4.6 and 4.7 also show that the experiments for the northern

hemisphere and the experiments for the southern hemisphere exhibit a very similar

functional dependence of eddy activity on the meridional temperature gradient.

Despite some differences in the structures of the equilibrium temperature fields for
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the two hemispheres, it is the average of the meridional temperature gradient that

has a significant effect on the eddy activity. If these figures are compared to Figure

4.2 showing the average buoyancy frequency, it can be seen that the eddy activity is

strongly dependent on the mean meridional temperature gradient but not the mean

buoyancy frequency.

Another way to present this same information is shown in Figure 4.8. This

figure shows all the data from Figure 4.6, however the data is classified differently.

Also included on this figure are the results from the two experiments (northern and

southern hemisphere winter) with the MOLA topography. In this figure, the

nominal equilibrium temperature field experiments are given one color, while the

experiments with the adjusted equilibrium temperature fields (section 2.4.2) are

given a different color. This graph suggests that the variation between the two

hemispheres can be explained by varying the mean meridional temperature gradient

of either equilibrium temperature field. The results from the two experiments with

MOLA topography also show a strong dependence of eddy activity on the mean

meridional temperature gradient. However, these points are shifted toward lower

values of the meridional temperature gradient when compared to the flat cases,

indicating that the topography can alter the strength of the baroclinic eddies.

It is interesting to note just how sensitive the baroclinic eddy activity is to

the meridional temperature gradient. The value of the average meridional

temperature gradient changes from 13.6 to 23.8 K / 1000 km while the strength of

the eddies as measured by the average meridional heat flux changes from 0.50 to

16.9 K rn/s. That is, by less than doubling the meridional temperature gradient (x

1.75) there is an increase in the meridional heat flux by a factor of 33.8.

A power law curve of the form ykf can be fit to the data on the

meridional heat flux versus meridional temperature gradient plot (Figure 4.6). The

best fit curve gives n 6. Power law formulations for the Earth give n 1.5 to 3.5

from observations (Stone and Miller, 1980) and n 3 to 4 from model studies

(Zhou and Stone, 1993). Because there are only seven data points, fitting a power

law has some uncertainty, but it seems that meridional heat flux is more sensitive to
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meridional temperature gradient on Mars than it is on Earth, according to the

models.
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It is also worth noting that even in the experiments with a reduced

meridional temperature gradient, the gradient is still very sizeable, at least 13.6 K I

1000 km. This represents a temperature gradient of 42.4 K over the mid-latitude

averaging range (22.5 to 75.Oe latitude) and 72.7 K if the gradient extended from

equator to pole. This is larger than the Earth's winter temperature gradient (for

example, Peixoto and Oort Figure 7.5). Yet, the baroclinic eddy activity drops to

almost zero. As noted earlier, there is still eddy activity in the atmosphere, but it is

almost entirely barotropic in nature.
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4.3. Baroclinic Eddy Parameters

4.3.1. The Maximum Growth Rate from the Eady Model

Recall that the maximum growth rate, a, is a measure of the degree to

which the atmosphere is susceptible to baroclinic instability (section 2.6.2.1).

Hemispheric averages of a are taken in the same manner as the previous averages,

i.e. area and pressure weighted over the latitude range from 22.5° to 75Øo Figures

4.9 and 4.10 show the hemispherically averaged meridional heat flux and eddy

kinetic energy respectively, plotted against a.
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These plots are nearly identical to Figures 4.6 and 4.7, where the

independent variable is the meridional temperature gradient rather than the

maximum growth rate. Equation 2.9 shows that is dependent only on g, T, dT/dy,

and N. When viewed as mid-latitude averages, g, T, and N all vary much less than

does dT/dy between the seven seasonality experiments. Gravity, g, is constant in all

experiments. As seen in section 4.1 (and Figure 4.2) the hemispheric average of N

is nearly constant over the seven experiments. The mid-latitude average of

temperature does vary some, but since it is in the Kelvin scale, even a change of 10

degrees is only a 5% variation. The variation in the mid-latitude average of ci is

dominated by the variation in dT/dy, which changes by almost a factor of two

between the seven experiments.
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The variation in a in the seven experiments is less than the variation in

dT/dy. This may be a result of the way in which the equilibrium temperature fields

are created. To adjust the meridional temperature gradient, the values in the

equilibrium temperature field are raised or lowered through much of the
atmosphere. This will raise or lower the average temperature of the entire

atmosphere. Sigma is proportional to lIT (equation 2.9), so a change in the average

temperature will affect the value of a. Creating a stronger meridional temperature

gradient is accomplished by raising the temperature, which tends to reduce the

value of a. However, creating a stronger temperature gradient also creates a

temperature field that is more susceptible to baroclinic eddies tending to raise a.

These two tendencies partially counter-act each other. Similarly, a reduction in the

meridional temperature gradient raises a because of the lIT dependence and lowers

a because of less susceptibility of the atmosphere to baroclinic eddies. This may be

why variations in a in the seven experiments are smaller than variations in dT/dy.

Thus, the interpretation of the plots of kinetic energy and meridional heat

flux versus a is the same as the interpretation for the plots of kinetic energy and

meridional heat flux versus meridional temperature gradient. Transient baroclinic

eddy activity is very sensitive to the Eady growth rate and the difference between

the northern and summer hemispheres can be reproduced by varying the Eady

growth rate (through a variation of the meridional temperature gradient).

4.3.2. The Lambda Parameter from the Charney Model

To test baroclinic adjustment theory, which appears to have application to

the Earth's atmosphere (Stone and Nemet, 1996, among others), X was calculated

from the temperature fields of the SMGCM. As stated in section 2.6.2.2, baroclinic

adjustment theory predicts that baroclinic eddies will respond to changes in the

mean meridional circulation in such a way as to keep X at values near one or two.
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Figure 2.10 shows the values of X calculated for the northern hemisphere

winter experiment with the nominal equilibrium temperature field and flat

topography. Only the plots from this experiment are shown, as the results of the

other experiments (i.e. adjusted dT/dy experiments both northern and southern

winter cases) support the same conclusion. Transient baroclinic eddies on Mars are

not able to maintain X at levels near one or two as on Earth. In fact, X gets as high

as 25.8 in the SMGCM data. The observation that transient baroclinic eddies

respond to changes in the mean meridional circulation in such a way as to keep X at

low values does not apply to the Martian atmosphere. The next section will provide

a possible explanation for this finding.

4.3.3. Comparison with a Zonally Symmetric Model

To determine more precisely where the eddies are able to make alterations

in the atmospheric circulation, it is necessary to compare the circulation with and

without eddies. To accomplish this, a zonally symmetric version of the model is

created as described in section 2.3. The zonally symmetric model, as the name

implies, simulates a three-dimensional circulation, but is forced to be zonally

symmetric; it has no eddies. Lambda is calculated from the temperature field of the

zonally symmetric model and compared to A of the fully three-dimensional model.

Figure 4.11 shows the A field of the zonally symmetric model subtracted from the A

field of the fully three-dimensional model for the northern hemisphere winter.

Results for the southern hemisphere winter are very similar (not shown). Negative

values are plotted in gray; these are regions where the eddies are able to reduce A to

values less than they would be in the absence of eddies.
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Figure 4.11 Lambda of the zonally symmetric model subtracted from X of the
fully three-dimensional model (lambda is dimensionless). Negative values are
shaded and indicate regions where X of the zonally symmetric model is greater than
X of the fully three-dimensional model, i.e. areas where eddies reduce X. Lambda is
not defined at the poles.

There are three locations on Figure 4.11 that are note-worthy. 1) At very

high altitudes (above 0.1 mb) near the north pole, there is a region where large

values of A in the zonally symmetric model are next to but not co-located with a

region of large values of A from the fully three-dimensional model. This is because

the temperature front, and thus the region of greatest baroclinic eddy activity,

moves further north in the fully three-dimensional model than it does in the zonally



symmetric model. Baroclinic eddies are not reducing A, it is only the location of the

temperature front that has changed. 2) A second region of interest is centered at

about 1 mb and 65° N. Here is a region where the eddies are able to reduce A.

However, A is larger than six in the zonally symmetric experiment. The eddies are

lowering A but they are unable to maintain A at a value near one or two. 3) The

third region of interest is at the surface at 52.50 N. This is a region of very low

buoyancy frequency in the zonally symmetric model. The low value of N results in

an extremely high value of A (see equation 2.10). This is not a region where

baroclinic eddies are reducing A, but rather a region where the symmetric model

has a high value of A because of near neutral conditions near the surface. None of

these three regions are locations where baroclinic eddies are able to reduce A to low

values. In summary, Mars is not acting in an Earth-like manner; eddies can not

counteract the influence of the mean meridional circulation in such a way as to

keep A at low values. Thus, baroclinic adjustment theory does not appear to be

valid on Mars. To explain this, it is useful to take a closer look at the results of the

zonally symmetric model.

Figures 4.12 and 4.13 show the zonal temperature and zonal wind fields of

the zonally symmetric case. A comparison of these plots to Figures 2.4 and 2.5

shows that the zonally symmetric model and the fully three-dimensional model are

similar. The mean meridional circulation is strong enough that baroclinic eddies do

not stand out prominently in these figures. Figure 4.14 shows the residual stream

functions for the fully three-dimensional SMGCM and the zonally symmetric

SMGCM (for a description of the residual circulation see, for example, Holton,

1983). The major difference is in low winter latitudes near the surface. The fully

three-dimensional model has a small kink when compared to the zonally symmetric

field. It makes the circulation look more like the letter 'Q' than the letter '0'. This is

the region most affected by transient baroclinic eddies and the region where the

majority of the meridional heat flux by transient eddies occurs (see Figure 2.11).
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Figure 4.12 Time and zonal mean temperature (K) for the zonally symmetric
model.
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Figure 4.13 Time and zonal mean zonal wind (mis) for the zonally symmetric
model. Shading indicates westward winds.
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The relative strengths of the mean meridional circulation and the baroclinic eddies

are one way in which the circulations of Earth and Mars are different.

Eddies are unable to maintain low values of A because the radiative forcing

and the mean meridional circulation are much stronger in relation to the baroclinic

eddies on Mars when compared to the Earth. The transient baroclinic eddies cannot

maintain a constant slope for the isentropic surfaces, their ability to do so is much

less than is required to offset the changes to the isentropic surfaces caused by the

mean meridional circulation and the radiative forcing.

A simple scaling argument indicates that an appropriate scale for the

dynamical heating rate due to the eddy motions goes as

v'T'
L

where L is a characteristic length scale of the heating by eddy motions. This scaling

gives a heating rate for heating by the eddies of approximately 2 K per sol. Typical

heating rates of the radiative forcing are on the order of 10 K per sol. The heating

of the atmosphere is controlled much more strongly by radiation than by the eddy

motions, explaining why eddies are unable to counteract the influence of radiation

in such a way as to keep values of A near 1 or 2.

4.4. Summary of Seasonality Experiments

This section of the present study focused on seasonality. An analysis was

performed to determine an appropriate way to measure the effects of seasonality

and the strength of the transient baroclinic eddy activity. From the experiments

described in sections 4.1 and 4.2, it was found that the eddy activity is highly

sensitive to the meridional temperature gradient but not to the buoyancy frequency.

The difference in eddy activity between the two hemispheres can be accounted for



by changing the strength of the mid-latitude meridional temperature gradient. It

was noted that there is a portion of the eddy activity that is barotropic in nature, i.e.

it does not transport heat upward or poleward.

In section 4.3, two simple theories of baroclinic instability were applied to

the data. It was seen that the maximum growth rate of baroclinic eddies as

predicted by the Eady model behaves very much like the meridional temperature

gradient. This is because the controlling term in the maximum growth rate

calculation is the meridional temperature gradient. The Charney lambda parameter

was also investigated. Unlike Earth, eddies on Mars are not able to react to changes

in the mean meridional circulation in such a way as to keep X at low values. This is

because the strengths of the mean meridional circulation and the radiative forcing

relative to the transient baroclinic eddies are different on Mars and on the Earth.

4.5. Future Work

In the present study, the equilibrium temperature field is altered to change

the meridional temperature gradient. This produces dramatic responses from the

baroclinic eddies, indicating they are extremely sensitive to changes in atmospheric

heating. These experiments have relevance to other areas of research on the

circulation of the Martian atmosphere that can be investigated in future work using

SMGCM simulations. For example, in all the experiments in the current study the

dust optical depth is held at a constant value of 0.3. However, the dust loading on

Mars is quite variable, ranging from a nearly clear atmosphere to very high dust

loads during planet encircling dust storms. The change in the location of

atmospheric heating due to changes in the location and amount of suspended dust

particles may have a dramatic effect on baroclinic eddy activity. If baroclinic

eddies are partially responsible for the location and concentration of suspended dust

particles, this could be an important feedback mechanism.
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Another example of possible future research is to investigate the seasonal

cycle of Mars. Since the solar input changes in strength and location through the

course of the Martian year, the meridional temperature gradient also changes during

the year. The SMGCM could be used to investigate how the seasonal cycle effects

the transient baroclinic eddy activity.

A third example of possible future research is related to studies of the

epochal changes of Mars' orbit. The meridional temperature gradient is currently

strongest in the northern hemisphere winter because of the timing of perihelion and

winter solstice (Figure 1.3). However, over the course of millions ofyears, these

orbital parameters change and perihelion can occur anytime during the Martian

year. If perihelion occurred during southern winter, the atmospheric circulation

could be quite different.



5. The Relative Importance of Topography and Seasonality on Barocinic
Eddy Activity

As discussed earlier, previous studies of Martian baroclinic eddies indicate

that the reason the northern hemisphere eddy activity is stronger than the southern

winter eddy activity is due to topography as well as to seasonality (Barnes et al.,

1993). These previous experiments were performed with the best topography data

sets then available. The MOLA topography data set became available in the spring

of 1999 and is much more accurate than any previous data set (Smith et al., 1999).

It is of interest to see if the model developed for the current study shows what

previous studies had shown, namely that the topography is a major factor in

determining the dichotomy between the northern and southern hemisphere eddies.

To investigate the role of topography, the SMGCM is run with four

combinations of inputs: northern winter equilibrium temperature with flat

topography, northern winter equilibrium temperature with MOLA topography,

southern winter equilibrium temperature with flat topography and southern winter

equilibrium temperature with MOLA topography. The strengths of the eddy

activity in these four cases are quantified by taking hemispheric averages of two

eddy measurements: transient eddy kinetic energy and meridional heat flux (section

2.6.2). The results for the experiments with the MOLA topography are presented in

Table 5.1. Only the data from the winter hemisphere are given. Also listed is the

relative strength of the northern hemisphere eddies to the southern hemisphere

eddies (simply the northern hemisphere number divided by the southern

hemisphere number). Here it can be seen that the northern hemisphere winter

eddies are much stronger than the southern hemisphere winter eddies by both

measurements.

The results for the flat topography experiments are presented in a similar

fashion in Table 5.2. The last column of Table 5.2 shows that the eddies in the

northern hemisphere are stronger than eddies in the southern hemisphere by as



much as a factor of 7.4. Because the topography is flat in these experiments, the

only difference is the equilibrium temperature fields, that is, seasonality. Thus,

seasonality must be an important factor in the difference in the strengths of the

eddies between the two hemispheres.

Table 5.1. Strength of winter hemisphere eddies in the MOLA topography,
SMGCM experiments. The negative sign for the meridional heat flux in the
southern hemisphere indicates that heat is being transported pole-ward (in the
negative x direction).

Kinetic energy
Averaging
range

Northern
hemisphere

Southern
hemisphere

Relative Strength
(N/S)

Full hemisphere 56.0 (mIs)2 35.7 (mIs)2 1.57 times as strong
Extra-tropics 69.5 28.9 2.40
Mid-latitudes 68.3 37.6 1.82

Meridional heat flux
Averaging
range

Northern
hemisphere

Southern
hemisphere

Relative Strength
(N/S)

Full hemisphere 5.59 K m/s -1.62 K m/s 3.45 times as strong
Extra-tropics 8.33 -1.17 7.12
Mid-latitudes 8.73 -1.65 5.29

It can be seen by comparing Table 5.1 and Table 5.2 that the eddies in the

flat topography experiments are of comparable strength or weaker than the

corresponding eddies in the MOLA topography experiments. It can also be seen, by

comparing the last column of the two tables, that the difference in the strengths of

the eddies between the two hemispheres is less in the MOLA topography case than

it is in the flat topography case, except as measured by the mid-latitude average of

the meridional heat flux. That is, the dichotomy between the two hemispheres is

actually stronger in the absence of topography. This result is presented in another

way in Table 5.3. These experiments indicate that it is not the topography that is



responsible for the difference between the two hemispheres. In fact, the topography

is acting to reduce the dichotomy between the two hemispheres in the SMGCM.

Table 5.2. Strength of wmter hemisphere eddies in the flat topography, SMGCM
experiments. The negative sign for the meridional heat flux in the southern
hemisphere indicates that heat is being transported pole-ward (in the negative x
direction).

Kinetic energy
Averaging
range

Northern
hemisphere

Southern
hemisphere

Relative Strength
(N/S)

Full hemisphere 42.0 (m/s)2 19.7 (mIs)2 2.13 times as strong
Extra-tropics 50.3 16.5 3.05
Mid-latitudes 51.7 21.8 2.37

Meridional heat flux
Averaging
range

Northern
hemisphere

Southern
hemisphere

Relative Strength
(N/S)

Full hemisphere 5.69 K m/s -1.55 K rn/s 3.67 times as strong
Extra-tropics 7.92 -1.07 7.40
Mid-latitudes 8.23 -1.97 4.18

Table 5.3. The north / south dichotomy is stronger in the flat topography
experiments than in the full topography experiments. (Calculation: [X-Y] / *

100%, where X represents "relative strength, flat topography (last column of Table
5.2)" and Y represents "relative strength, MOLA topography (last column of Table
5.1)")

Eddy strength measurement Averaging
range

Change in north/south dichotomy

Kinetic Energy Full hemisphere 35.9%
Extra-tropics 26.8%
Mid-latitudes 30.6%

Meridional beat flux Full hemisphere 6.4%
Extra-tropics 4.0%
Mid-latitudes -21.0%



Another line of reasoning looks at the Fourier decomposition of the

travelling waves (see section 2.6.2.5). Table 5.4 lists the strength (in units of

variance) of wavenumbers 1, 2, and 3 for the geopotential surface at 52.5° latitude

and 3.79 mb. Notice that the wavenumber one waves in the southern hemisphere

with flat topography are 7.38 times weaker than the wavenumber one waves in the

northern hemisphere with flat topography. The wavenumber two waves are 15.68

times weaker. Again, the only difference between these two experiments is the

seasonality.

Table 5.4 shows that the northern hemisphere waves are stronger than the

southern hemisphere waves. This is true with or without the topography. In

comparison to the differences between the hemispheres, the differences caused by

topography are small. Again, the only difference in the two flat cases is seasonality.

It seems that seasonality is a more important factor than topography in creating

stronger eddies in the northern hemisphere according to the SMGCM results.

Table 5.4. Strength of travelling waves.

Wavenumber 1 Wavenumber 2 Wavenumber 3
(variance) (variance) (variance)

Northern Winter, 14,869 28,269 9,733
Flat Topography
Northern Winter, 20,889 27,277 9,748
MOLA Topography
Southern Winter, 2,014 1,803 2,138
Flat Topography
Southern Winter, 3,265 5,734 1,259
MOLA Topography

Because of the eccentricity of the orbit of Mars, the northern hemisphere

receives 1.45 times more solar input during the northern winter than the southern

hemisphere receives during southern winter. This difference in the amount of

heating is what is referred to as seasonality in the current study. Since this is the



only difference in the two hemispheres in the flat topography experiments, it

suggests that seasonality is responsible for the large differences in eddy activity

between the two hemispheres.

A number of experiments were performed to analyze the effects of

topography on the strengths of baroclinic eddies before the MOLA data set became

available. These experiments are still of interest but do not explain the cause of the

dichotomy between the strength of the eddies in the two hemispheres. For this

reason, these topography experiments are discussed in the appendix.

The analysis of this section did not compare the results of the SMGCM to

the results of the MGCM, but only SMGCM results to other SMGCM results. The

next section compares the SMGCM to the MGCM.
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6. A Closer Look at the SMGCM with MOLA Topography

6.1. Motivation for a New MGCM

Researchers at the NASA Ames Research Center have recently completed

testing the latest version of their MGCM. This model contains updated code for the

dynamical computations, updated radiation and boundaiy layer schemes and the top

of the model extends much higher into the Martian atmosphere ( 100 km; the

models in the current study extend to 50 1cm). Preliminary results with this new

model indicate that the SMGCM used in the current study is not accurately

portraying certain aspects of the circulation of the Martian atmosphere. In particular

the SMGCM may not be accurately portraying the effects of the MOLA

topography on the baroclinic eddies in the southern hemisphere (Jeff Barnes,

personal communication). This has prompted further comparison of the SMGCM to

the MGCM.

The MGCM used in section 3 was run by researchers at the NASA Ames

Research Center prior to the updates mentioned above. In contrast, the MGCM

used for this section is a version run at Oregon State University. This ensures that

the SMGCM and the MGCM are as similar as possible. Note that the MGCM run

at OSU is not the MGCM described in the previous paragraph (the latest Ames

MGCM). Rather, it is a version that is similar to the one that produced the results

for comparison in section 3. There are some differences between the results

produced by the previous Ames MGCM and the OSU version of the MGCM.

Because the author does not have access to the code used to produce the AMES

results, these differences can not be fully accounted for. They may be due to minor

variations in the code itself, or to the manner in which two different computers

compile and run the code. One basic difference between the two models that is

known is that the Ames model used in chapter 3 is a 13 layer version and the OSU



model used in this chapter is a 16 layer version. This also implies that the model

top is somewhat lower in the Ames version than it is in the OSU version.

It is also important to recall that the parameters used in the Newtonian

cooling scheme are slightly different in the SMGCM used in this section (and in

sections 4 and 5) from the parameters used in the SMGCM in section 3. The

coefficient used in equation 3.2 is changed from 0.85 to 1.5 and the maximum

value allowed for t is raised from two sols to three sols.

The results presented in the next section show that care must be taken when

evaluating the results of the SMGCM. In particular, the strength of baroclinic

eddies in the SMGCM and the MGCM, when run with MOLA topography and for

southern hemisphere winter conditions, do not match well. There is reason to be

cautious in interpreting the results of the SMGCM for the southern hemisphere

with MOLA topography. However, the analysis in this chapter was prompted by

the latest version of the MGCM run at NASA Ames with MOLA topography and

was not able to be performed until the very end of the analysis phase of the current

study. In fact, the southern hemisphere winter, MOLA topography run of the full

physics MGCM was the last experiment performed for this study (out of

approximately 70 experiments). Because questions about using the SMGCM with

MOLA topography were discovered so late in the process, no experiments were re-

done. Much of the analysis of these results was re-done with the results of this

section in mind, but no new experiments were conducted.

The next section will provide an examination of the differences in the

MGCM and the SMGCM. This will be done in the context of how the two models

are affected by the flat and MOLA topographies.

6.2. Comparison of SMGCM and MGCM

This section will investigate the effects of topography on transient

baroclinic eddies. To accomplish this objective, runs with flat topography will be
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compared to runs with MOLA topography (section 2.4.1). The effects of

topography will be investigated for winter in both hemispheres. This procedure will

require an investigation of four model rims: northern winter, flat topography;

northern winter, MOLA topography; southern winter, flat topography; and southern

winter, MOLA topography. In addition, these same four experiments will be

carried out using the full physics MGCM and the SMGCM, in order to determine if

the simplified model is behaving in a similar way to the MGCM. This results in a

total of eight experiments that will be examined in this section.

6.2.1. First Order Fields

Figures 6.1 through 6.4 present the temperature fields of the eight

experiments as well as differences between pairs of temperature fields. Differences

compare the MGCM to the SMGCM under the same conditions (same topography

and winter hemisphere) by subtracting the SMGCM field from the MGCM field. In

all the experiments, the SMGCM is warmer than the MGCM throughout most of

the atmosphere. There is a layer near the surface where the MGCM is wanner than

the SMGCM. This is the region where the SMGCM with a constant radiative time

constant gave large temperature gradients. Both of these features were noted in

section 3.2.1. The SMGCM experiment that is the best match to theMGCM is for

southern hemisphere winter with MOLA topography. The models are furthest apart

for northern hemisphere winter with MOLA topography.

Figures 6.5 through 6.8 are comparisons of the zonal wind field of the eight

experiments. In all cases, the winter hemisphere jet is stronger in the SMGCM than

it is in the MGCM. In the northern hemisphere experiment withMOLA
topography, the jet produced by the SMGCM is over 40 m/s stronger than the jet

produced by the MGCM. The two models match well for the southern hemisphere

MOLA topography experiment.
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Table 6.1 lists the strength of the mean meridional circulation for the eight

experiments. The strength of the circulation is represented by the minimum (for

northern hemisphere winter experiments) or maximum (for the southern

hemisphere winter experiments) value of the mass stream function. This indicates

how much mass is transported by the mean meridional circulation (kg/s). The

simplified model does a good job of matching the strength of the mean meridional

circulation of the MGCM in the southern winter cases. However, the simplified

model has a mean meridional circulation that is generally too weak in the northern

hemisphere cases. The previous SMGCM and MGCM runs (section 3.2.1) also are

not closely matched in the strength of the mass stream function (-156.6 * 108 kg/s

and -181.8 * 108 kgls, respectively), though the agreement is better.

Table 6.1. Strength of the mean meridional circulation. The strength is measured as
the minimum (maximum for the southern hemisphere winter experiments) of the
mass stream function in units of 108 kg/s.

Scenario SMGCM MGCM
Northern winter, MOLA topography -86.20 -112.31
Northern winter, flat topography -105.21 -169.53
Southern winter, MOLA topography 47.96 41.63
Southern winter, flat topography 84.86 90.56

When compared to the MGCM under similar conditions, the SMGCM tends

to produce states that are wanner, have stronger zonal winds, and a weaker mean

meridional circulation. These results could be altered by choosing different

parameters for the Newtonian cooling code and the boundary layer friction (section

3). However, adjusting the model so that one field has a better match usually

creates poorer matches in other fields.

In terms of the first order fields, the poorest match is in the northern

hemisphere, particularly with the MOLA topography. The first order fields for the

southern hemisphere experiments with MOLA topography match well. However,
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the SMGCM does a poor job of matching the MGCM in terms of the effects of the

MOLA topography on baroclinic eddies in the southern hemisphere, as will be

shown next. In the northern hemisphere (where the first order fields are not as well

matched) the SMGCM does a good job of matching the MGCM in terms of the

effects of the MOLA topography on the strength of the baroclinic eddies.

A simple way that topography can affect the baroclinic eddies may be that

the topography changes the first order fields (e.g. temperature) and then in turn the

first order fields cause a change in the baroclinic eddies. The results shown here

indicate that this is not what is happening. Despite the good match of the first order

fields in the southern hemisphere winter, MOLA topography experiments, the

strengths of the eddies are not well matched. The opposite is true for the northern

hemisphere, MOLA topography experiments: the eddy strengths are well matched,

but the first order fields are not. The MOLA topography is clearly interacting with

the baroclinic eddies in a more subtle and complicated manner than suggested

above.

6.2.2. Eddy Fields

In order to investigate the effects of topography on transient bároclinic

eddies, a detailed analysis of the eddies for the eight experiments described in this

section is performed. Care is taken to examine whether the simplified model is

reproducing the results of the full-physics model.

6.2.2.1. Temperature Field Measures

The temperature field can be used to determine the susceptibility of the

atmosphere to transient baroclinic eddies. The stronger the meridional temperature

gradient and the weaker the static stability, the more ability a baroclinic eddy has to
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grow, according to linear theory. For all eight experiments, both the mean

meridional temperature gradient and the stability are calculated from the zonal

mean temperature field. The mid-latitude area and pressure weighted averages of

these values are calculated using the methods described in section 2.6.2. These

averages are compared in pairs, flat topography to MOLA topography, for:

SMGCM northern hemisphere winter, SMGCM southern hemisphere winter,

MGCM northern hemisphere winter, and MGCM southern hemisphere winter. In

all pairs of experiments and by all averaging methods, the MOLA topography

produces smaller meridional temperature gradients and smaller values of the static

stability. That is, the SMGCM produces the same effects of the MOLA topography

on the mean meridional temperature gradient and static stability as the MGCM.

To investigate the differences between the two models further, the method

described in the previous paragraph is used to calculate the growth rate of the most

unstable eddy, a (section 2.6.2.1). This indicates which experiments have

atmospheres that are more susceptible to transient baroclinic eddies. In all pairs of

experiments (as described in the previous paragraph), the MOLA topography cases

have a smaller value of the mid-latitude average of a than do the flat topography

cases. This is true in both the northern and southern hemisphere winter

experiments. Again, the SMGCM is reproducing the MGCM in terms of the effects

the MOLA topography has on a in both hemispheres.

6.2.2.2. Wave Structure Statistics

One method of evaluating transient baroclinic eddy activity is to take a

Fourier decomposition of the geopotential on a given pressure surface (section

2.6.2.5). In this analysis, the surface chosen is the 3.79 mb surface at 52.5° north or

south (in the winter hemisphere). Figure 6.9 shows a plot of the strengths (in units

of variance) of the four northern hemisphere winter experiments: SMGCM with flat

topography, SMGCM with MOLA topography, MGCM with flat topography, and
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MGCM with MOLA topography. All four curves are very close together, implying

that the SMGCM is performing well in reproducing the MGCM and that the

MOLA topography in the northern hemisphere does not have a major impact on the

strength and structure of the baroclinic eddies in either model. In the SMGCM, the

MOLA topography gives a stronger wavenumber one eddy and a wavenumber two

eddy of slightly weaker but comparable strength when compared to the flat

topography experiment of the SMGCM. In the full-physics MGCM, the MOLA

topography yields stronger eddies. Both models show that the MOLA topography

produces slightly stronger eddies than the flat topography.

Figure 6.10 is a similar plot, but for the southern hemisphere experiments.

For these experiments, the curves are not close together, indicating that the

SMGCM is not providing as good a match with the MGCM as it did in the northern

hemisphere experiments and that the MOLA topography has a stronger effect on

the baroclinic eddies in the southern hemisphere than in the northern hemisphere.

In the SMGCM, the MOLA topography experiment has stronger eddies than the

flat topography experiment. In the MGCM, the flat topography experiment has

stronger eddies than the MOLA topography experiment. That is, the two models

exhibit opposite changes in the strength of baroclinic eddies when the flat

topography is replaced by the MOLA topography.

If the geopotential at 3.79 mb is decomposed into period as well as
wavenumber (section 2.6.2.5) the situation becomes more confusing. The
wavenumber plots (Figures 6.9 and 6.10) and the wavenumber versus period plots

(Figures 6.11 through 6.14) include slightly different types of waves (section

2.6.2.5). The wavenumber versus period plots only measure coherent travelling

waves. The wavenumber plots measure all transient motions including standing

waves and incoherent disturbances.

In the northern hemisphere winter cases, the transient eddies are weaker in

the MOLA topography experiment than in the flat topography experiment in the

SMGCM model (Figure 6.11). However, the MGCM gives eddies that are
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comparable or stronger (as measured by the maximum value of the wavenumber

versus period spectrum) with MOLA topography (Figure 6.12).

In the southern hemisphere winter experiments, the SMGCM shows that the

topography has little effect on the strength of the eddies but that the waves switch

from eastward propagating to westward propagating when the topography is

switched from flat to MOLA (Figures 6.13). In the. MGCM, the waves are

predominantly eastward propagating in both topography experiments (with some

westward propagating waves in the MOLA topography experiment), but the

strengths are an order of magnitude different (Figure 6.14).

All the experiments show that the topography has an effect on the transient

eddies. Unfortunately, the simplified model does not produce the same effects as

the full physics MGCM. This difference between the models is most notable in the

southern hemisphere winter experiments, where the two models show qualitatively

different effects caused by the topography. The MGCM shows that the MOLA

topography creates weaker baroclinic eddies, while the SMGCM shows the MOLA

topography produces higher levels of eddy activity.

6.2.2.3. Hemispherically Averaged Eddy Statistics

In addition to the analysis of the geopotential variance at 52° latitude and

3.79 mb presented above (section 6.2.2.2) further analysis was carried out using the

hemispherically averaged eddy statistics: vertical heat flux, horizontal heat flux,

eddy kinetic energy, rrns geopotential perturbation, and rms temperature
perturbation (section 2.6.2). Because the results are hard to interpret but generally

agree with the previous analysis (section 6.2.2.2) only a summary is presented here.

In the northern hemisphere winter, both models have stronger eddies with

the MOLA topography than with the flat topography. However, the models give

opposite results for the southern hemisphere winter experiments. The SMGCM

gives stronger eddies with the MOLA topography than with the flat topography,but
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the MGCM gives weaker eddies with the MOLA topography than with the flat

topography. This supports the previous evidence that the results of the SMGCM

with MOLA topography in southern hemisphere winter are not matching the results

of the MGCM for MOLA topography and southern hemisphere winter.

6.3. Possible causes of the differences between the MGCM and the
SMGCM

As shown in section 6.2, there are significant differences in the strengths of

the transient eddies produced by the SMGCM and the MGCM, particularly in the

southern hemisphere. There is likely some process in the MGCM that is not being

fully reproduced by the SMGCM, which is responsible for the differences in the

eddy strength in the two models. Three possibilities are: topographic heating,

surface thermal properties, and dissipation

On Mars, topography provides a strong thermal forcing to the atmosphere.

To a first order approximation, the temperature of the ground is a function only of

solar input. Solar input is dependent on atmospheric dust loading, season, latitude,

etc., but is not strongly dependent on altitude. Topographic highs tend to be warmer

than the adjacent atmosphere and are heat sources. Similarly, topographic lows are

cooler than the surrounding air and are heat sinks. Because of the large-scale zonal

asymmetry of the Martian topography, topographic heating will also be zonally

asymmetric and can have a large effect on eddy motions. The heating of the

SMGCM is dependent on the zonally symmetric equilibrium temperature field,

which does not take into account variations in topography. Therefore, the SMGCM

is unable to represent heating and cooling of the atmosphere due to the asymmetric

highs and lows of the topography.

A closely related issue is that of surface thermal properties. The MGCM

incorporates variations in both the albedo of the surface and the thermal inertia of

the soil when calculating the solar heating. These effects are not in the SMGCM.
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Again, this is because the heating in the SMGCM is controlled by the zonally

symmetric equilibrium temperature field. Asymmetric components of either the

albedo or the thermal inertia may be having an affect on the eddy motions in the

atmosphere in the MGCM.

A third possible explanation for the differences between the strength of the

eddies in the two models is dissipation. It is possible that the two models have

different levels of dissipation and that the MGCM dissipates eddy motions more

rapidly than the SMGCM, i.e. the MGCM provides more of a brake on transient

eddies than does the SMGCM. There are at least two aspects to having a simplified

boundary layer scheme that could reduce the amount of dissipation in the model. 1)

The two models calculate surface friction in different ways. Frictional dissipation

on the atmosphere as it interacts with the surface preferentially reduces the

momentum of the air near the surface. If the models have different levels of

friction, they may produce eddies of differing strengths. 2) Most boundary layer

codes, including the one used by the MGCM, but not the SMGCM, have

convective adjustment. When the lapse rate in the boundary layer is super-

adiabatic, the air in the super-adiabatic region is mixed (in a mass-and energy

preserving way). That is, the momentum gradients in the boundary layer are

smoothed out, which will reduce the strengths of eddies. Thus, simplifications

made in the boundary layer scheme of the SMGCM, may cause less dissipation of

transient eddies in the SMGCM than there is in the MGCM and may be a cause of

the stronger eddies in the simplified model.
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6.4. Implications for Using the SMGCM

6.4.1. Implications for Parameters Used in the Simplified Model

One possibility that must be considered is whether the differences in eddy

activity between the SMGCM and the MGCM are simply a matter of the
parameters used in the simplified model. Perhaps by choosing different parameters

for the Newtonian cooling code and the boundary layer code, it would be possible

to create eddies in the SMGCM that are a better match to the MGCM. It is possible

to adjust the model so that a particular field matches better to the MGCM.

However, this usually leads to other fields becoming less well matched.

Of the eight experiments discussed in this section, the southern hemisphere

MOLA topography experiment was the least well matched in terms of the eddy

statistics. In terms of the first order fields, the two models are best matched with

southern hemisphere winter and MOLA topography. It seems unlikely that the

SMGCM produces a different response to the MOLA topography in the southern

hemisphere than does the MGCM simply because of the particular choice of

parameters used in the simplified code. It is more likely that there is a subtle, and as

of yet, not well understood mechanism that is not included in the SMGCM.

Determining more about this particular mechanism would lead to a better
understanding of how topography affects transient baroclinic eddies.

6.4.2. The Effects of Top o2raphy on Transient Baroclinic Eddies

The previous results show that care must be taken when evaluating the

effects of topography on baroclinic eddies when analyzing the results of the

simplified model. This section will try to identify which results of the topography

experiments using the simplified model can be interpreted with greatest confidence.
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Both the SMGCM and the MGCM experiments indicate that the northern

hemisphere MOLA topography produces stronger eddies. By almost any measure,

the eddies in the northern hemisphere winter are stronger with the MOLA

topography than they are with the flat topography. Further analysis of the

topography using the SMGCM was undertaken to determine which specific aspects

of the northern hemisphere topography cause stronger eddies. Because of the

difficulty in distinguishing effects caused by simplifications in the model and actual

effects of the topography, this analysis is presented in the appendix. The studies in

the appendix imply that the zonally averaged component of the MOLA topography,

in particular the planetary-scale slope from equator to pole throughout the northern

hemisphere, is responsible for the enhanced eddies with the MOLA topography.

Unlike the northern hemisphere winter experiments, which appear to give

reasonably close matches between the MGCM and the SMGCM, the southern

hemisphere experiments are not matching well. The two models produce opposite

effects for the MOLA topography. The full physics MGCM indicates the MOLA

topography weakens the eddies in the southern hemisphere, while the SMGCM

indicates that the southern hemisphere MOLA topography enhances the eddy

activity. As with the northern hemisphere topography, a number of experiments

were performed to determine the aspects of the southern hemisphere MOLA

topography that may be responsible for its ability to enhance eddy activity (in the

SMGCM). These results are presented in the appendix.

The MGCM simulations performed to date indicate that topography may

play a very important role in creating stronger baroclinic eddies in the northern

hemisphere than in the southern hemisphere. The SMGCM alone may not be an

adequate tool to investigate this further. However using the SMGCM in

conjunction with the MGCM should reveal much about the effects of topography

on baroclinic eddies in the atmosphere of Mars. It should be possible to determine

more specifically which simplifications are responsible for the SMGCM yielding

different results. This may lead to a better understanding of which specific



114

processes are important in determining the interaction between baroclinic eddies

and topography.

6.4.3. Can the SMGCM Be Used to Study the Effects of Seasonality on
Baroclinic Eddies?

The previous section examined the effects of topography on the transient

eddies using the MGCM and the SMGCM and compared the results of the two

models. The ability of the SMGCM to perform sensitivity studies with topography

is limited, and a good use of the SMGCM might be to track down which

simplification causes topography to have such different effects in the southern

hemisphere in the two models. This could lead to a deeper understanding of the

physical processes that effect transient baroclinic eddies.

This section looks at the effects of seasonality. It begins with another

comparison between the two models, and shows that the SMGCM can reliably be

used as a tool for investigating the effects of seasonality. Note that the experiments

in this section all use flat topography.

Table 6.2 shows the mid-latitude, pressure and area weighted averages of

five different eddy measurements (section 2.6.2). These eddy measures are shown

for four different experiments, all with flat topography. They are the southern and

northern hemisphere winter experiments performed on both the SMGCM and the

MGCM. Comparing the eddy measures for each hemisphere between the two

models (e.g. comparing meridional heat flux for the SMGCM northern hemisphere

winter case with the meridional heat flux for the MGCM northern hemisphere

winter case), it can be seen that the absolute values of the heat flux measures

(meridional and vertical) are not particularly well matched in the absence of

topography. With flat topography, the SMGCM produces heat fluxes that are 2.2 to

3.0 times larger than the MGCM. However, the other three measures (eddy kinetic

energy, rms geopotential variance, and rms temperature variance) match more
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closely. The rms temperature and rms geopotential differ by factors from 1.11 to

1.58. By these measures, the SMGCM captures the effects of the difference in

season between the two hemispheres with flat topography reasonably well.

Table 6.2. Measures of eddy activity for four flat topography experiments. The
lower half of the table gives the ratio of the eddy measures (the northern
hemisphere value divided by the southern hemisphere value).

Model Winter Meridional Vertical Eddy rms rms tern-
hemi- heat flux heat kinetic geopotential perature
sphere (K mis) flux energj variance variance

(106 K (mis) (m) (K)
mb/s)

SMGCM Northern 8.30 -12.3 51.65 91.46 3.61
MGCM Northern 3.60 -4.10 25.82 72.06 2.29
SMGCM Southern -1.97 -2.51 21.79 46.62 1.97
MGCM Southern -0.90 -0.919 16.15 51.88 1.44

SMGCM Ratio of J 4.22 4.92 2.37 11.96 1.84
N/S I______

MGCM Ratio off4.Ol
____
4.46

____
1.6

_______
Ti9

_____
1.59

N/S

The seasonality sensitivity studies (section 4) investigate the, relative

changes in the magnitude of eddy activity in response to changes in seasonality.

For this kind of analysis, the results of the SMGCM match the results of the

MGCM very well. Table 6.2 presents the ratios of the eddy statistics between the

two hemispheres (e.g. the meridional heat flux of the SMGCM for the northern

hemisphere winter experiment divided by the meridional heat flux of the SMGCM

for the southern hemisphere winter experiment). Particularly in the heat flux

measures the two models match very well. The SMGCM has a northern to southern

ration of meridional heat flux of 4.22 compared to the MGCM value of 4.01. These

numbers indicate that the SMGCM is able to reproduce the changes in eddy activity

due to changes in seasonality that are calculated by the MGCM with flat
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topography. Therefore, the SMGCM appears to be an adequate tool for studying

the effects of seasonality on transient eddies in the atmosphere of Mars in the

absence of topography

6.5. Summary

The investigation presented in this section compared two models: the

MGCM and the SMGCM. It was shown that the first order fields of the two models

(e.g. zonal average wind speed, etc.) were adequately matched and that the best

match was for the experiments with southern hemisphere winter and MOLA

topography. The response of the hemispherically averaged meridional temperature

gradient, buoyancy frequency and growth rate parameter, , to the addition of the

MOLA topography was similar in the two models. On the other hand, the match of

various eddy activity measures was less good. The two models responded similarly

to the addition of the MOLA topography in the northern hemisphere, but not in the

southern hemisphere. Care must be taken when analyzing the results of the

SMGCM in response to topographic forcing. However, the SMGCM appears to be

an adequate tool for studying baroclinic eddies in the atmosphere of Mars in the

context of changes in the eddies associated with seasonality, in the absence of

topography.
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7. Conclusions

Atmospheric models predict that transient baroclinic eddy activity on Mars

is stronger in the northern hemisphere winter than it is in the southern hemisphere

winter. Prior research indicated that the difference in the topography between the

two hemispheres was largely responsible for the difference in baroclinic eddy

strength (Barnes et al., 1993). The current study used a modified version of the

NASA Ames Research Center's Simplified Martian General Circulation Model

(SMGCM) to investigate the effects of seasonality and topography on the strength

of baroclinic eddy activity. The model was run in three main configurations: a full

physics (i.e., non-simplified) mode, a simplified mode, and a zonally symmetric

mode. Many modifications were made to the model, most importantly to the

Newtonian cooling scheme. The model was run with a variety of inputs, in

particular, various topography data sets and various equilibrium temperature fields.

The parameters used in the simplified model were adjusted so that the results of the

SMGCM matched the results of the full physics MGCM as closely as possible.

Before the seasonality and topography experiments were performed, an

investigation was made of the SMGCM itself. This investigation showed that

improvements can be made to a simplified MGCM by allowing the radiative time

constant used in the Newtonian cooling code to vary in height and latitude (but still

remain constant in time and longitude). This result is similar to that found by Held

and Suarez (1994) for the Earth. It was found that the key aspect of a spatially

varying radiative time constant is the latitude varying component of the radiative

time constant that acts on the zonal mean component of the temperature field. It

was suggested that this conclusion is closely related to the finding that baroclinic

eddy activity is very sensitive to the magnitude of the meridional temperature

gradient.

The first set of experiments investigated the effect of seasonality on the

strength of the transient baroclinic eddy activity. By taking the hemispheric average
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of various measures of the eddy activity, it was shown that the strength of the eddy

activity is very sensitive to the mid-latitude meridional temperature gradient.

Baroclinic eddy activity is greater in the northern hemisphere than in the southern

hemisphere because of the greater meridional temperature gradient in the northern

hemisphere, which is a consequence of Mars being closer to the sun during

northern winter than during southern winter. It was also shown that eddy activity

varied independently of the average buoyancy frequency. Finally, it was

demonstrated that baroclinic adjustment theory, which predicts that the eddy

activity will respond to changes in the radiative forcing and the mean meridional

circulation in such a way as to keep the lambda parameter small, is not applicable

to the Martian atmosphere. The changes to isentropic surfaces produced by the

radiative forcing and the mean meridional circulation are greater than that which

can be compensated for by the transient baroclinic eddies.

The other set of experiments investigated the effect of topography on the

strength of the transient baroclinic eddies. The SMGCM shows that topography

acts to increase the eddy activity in both hemispheres and that the difference in

eddy activity between the two hemispheres is less with topography than it is
without topography. If the hemispheric dichotomy is less with the MOLA

topography than with flat topography, it must be the seasonality that is responsible

for the difference in the eddy activity between the two hemispheres in the
SMGCM.

A closer look at the effects of topography in the SMGCM was prompted by

the latest results from the NASA Ames MGCM. It was found that the models

produce similar baroclinic eddies in the northern hemisphere winter, despite some

differences in the first order fields. The two models produceda better match for the

first order fields in the southern hemisphere winter, but did not produce matching

baroclinic eddies, particularly with the MOLA topography. The conclusion of this

analysis was that the results of the topography experiments with the SMGCM must

be treated with caution. The analysis indicates that the basic findings of the

seasonality experiments with the SMGCM for flat topography are valid.
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With the experiments conducted for this study, it cannot be determined

definitively why the baroclinic eddies in the northern hemisphere are stronger than

the baroclinic eddies in the southern hemisphere. The latest NASA Ames MGCM

experiments show that both topography and seasonality are very important in

determining the relative levels of eddy activity in the two winter seasons (Bob

Haberle, personal communication). Progress has been made in this study in

determining some of the important effects that topography and seasonality have on

the strength of baroclinic eddies on Mars. The key finding is that the level of

baroclinic eddy activity is highly sensitive to the zonal mean meridional

temperature gradients.
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Appendix:
The Effect of Topography on Transient Baroclinic Eddies

A1.Purpose of Study

As stated in the main body, the goal of the current study is to investigate

why transient baroclinic eddy activity in the atmosphere of the southern hemisphere

of Mars may be weaker than the transient baroclinic eddy activity in the

atmosphere of the northern hemisphere of Mars. Previous work (Barnes et al.,

1993) and preliminary work for the current study indicated that the differences in

the topography of the two hemispheres is a primary factor in creating the

hemispheric dichotomy. This work, however, was based on knowledge of the

topography gained from the Mariner and Viking missions. During the course of the

present study, the MOLA topography data set, which is much more accurate than

previous topography data sets, was released (Smith et al., 1999).

Early analysis of the SMGCM indicated that the effect of seasonality was

more important than the effect of topography. Later analysis comparing the MGCM

to the SMGCM indicated that the SMGCM might not be an adequate tool for

exploring the effects of topography on baroclinic eddies. For both of these reasons,

the topography experiments are presented in this appendix rather than in the main

body of the text.

This appendix will briefly discuss some results of the experiments

performed to determine the effect of topography on transient baroclinic eddy

activity on Mars.
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A2.1. The Model
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The model used for these experiments is the same SMGCM that is used for

the experiments in the main body of the current study (see section 2 for more

details and a list of references). Note that the parameters used to calculate the

radiative time constant, 'r, are slightly different in these experiments than they are

in the seasonality experiments discussed in sections 4, 5, and 6. The coefficients

used are exactly those described in section 3.2.1. Care should be taken in making

direct comparisons between these results and the results of the seasonality

experiments.

A2.2. Topography

The MOLA data set is a very accurate representation of Mars, with an

accuracy of 13 m and a resolution of 37.5 cm (Smith et al., 1999). The MOLA

topography has been smoothed to the model resolution of 7.5° by 9.0°. Smoothing

is accomplished by averaging all values in the region containing the grid-point, and

then taking a weighted average of each grid-point and the eight surrounding grid-

points. The model is also run with a completely flat topography to determine the

strength of the baroclinic eddies in the absence of topography.

A number of other topography data sets are used that are not intended to be

representations of the actual Martian topography. These include the zonally

symmetric topography and the zonally asymmetric topography (Figure Al). The

zonally symmetric topography is created by setting all heights on a latitude circle

equal to the mean height of the MOLA topography at that latitude. The zonally
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Figure Al MOLA topography and its components. a) MOLA topography. b)
Zonally symmetric MOLA topography. c) Zonally asymmetric MOLA topography.
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asymmetric topography is created by subtracting the zonally symmetric topography

from the MOLA topography.

In order to isolate specific features of the topography, a number of idealized

topography data sets are constructed: slope topography, wave topography, and

trough topography. These topography sets are described next.

A2.2.1.Slope Topo2rapby

Figure A2a shows the zonally symmetric topography. In the northern

hemisphere, this topography is dominated by a downward slope from the equator to

high latitudes. Figure A2b shows an artificial data set where the southern

hemisphere is flat, the region from the equator to 67.5° N has a uniform slope of

0.00 15, and the region north of 67.5° N is flat.

For the southern hemisphere, artificial topography data sets are created that slope

upward from equator to pole (Figure A2c). In the steepest case, the slope is

confined between 20.0° and 75.0° S, and has a value of 0.002. The other two

southern hemisphere slope topography data sets have slopes that are one half and

one quarter as steep (0.00 1 and 0.0005, respectively). These two slopes are

confined between 1OM° and 65.0° S. All four slope topographies are zonally

symmetric.

A2.2.2.Wave Topo2raphy

An artificial topography set is created to look at the transfer of energy

between stationary and travelling waves. The topography of the northern

hemisphere is given a wavenumber one or wavenumber two shape in order to force

standing waves (Figure A3). Both topographies have a maximum amplitude of 2

km.
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Figure A3 Idealized wave topographies. a) Wavenumber one topography. b)
Wavenumber 2 topography.

A2.23.Trou2h Topo2raphy

The zonally symmetric topography in the southern hemisphere is more

suggestive of a u-shaped trough than a simple slope (Figure A2a). For this reason,

the model is run with the artificial trough topography shown in Figure A4. The

topography is flat between the north pole and 100 S, between 30° and 500 S, and

between 70° S and the south pole. The topography has a slope of 0.00 1 between

10° and 30° S and between 50° and 70° S.
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A2.3. Eddy Statistics
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180

The principle measure of the eddy activity in these experiments is a Fourier

decomposition of the geopotential height of a given pressure surface. For this

analysis, a pressure level of 3.79 mb is used and all measurements are taken at

52.5° latitude (north or south). For the travelling waves, the eddies are also

decomposed into period as well as wave number. These later plots (period versus

wavenumber) measure only coherent traveling waves, whereas the wavenumber

plots also include other transient motions such as standing waves. These two

measures are closely related but are not the same (see section 2).
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Figure A5 gives an example of the plots generated by the model run for the

northern hemisphere winter with flat topography. Figure A5a gives the

wavenumber decomposition of the travelling waves, A5b gives the period and

wavenumber decomposition of the travelling waves, and A5c gives the

wavenumber decomposition of the stationaly waves. The values shown in Figures

A5a and A5c can be tabulated for all the different topography experiments. Table

Al lists the strength (in variance) of wavenumbers 1, 2, and 3 for the travelling and

stationary waves for all the experiments discussed in the appendix. Most

experiments in this appendix have results that look like Figure A5b; they are

dominated by wavenumber one and have a period of about 10 sols.

There are other ways to compare the eddy activity in these runs. One

method is to integrate the meridional heat fluxes over mid-latitudes as is done in

the main body of the current study. If further investigation of the effects of

topography becomes more relevant, these and other ways of looking at the eddies

should be considered. However, in order to keep this appendix relatively short, only

the Fourier decomposition of the geopotential height is discussed.

A3.Northern Hemisphere Winter

A3.1. Flat and Actual Topography Compared

Table Al shows that in the absence of topography the northern hemisphere

winter is dominated by a strong wavenumber one structure (line 1 of Table Al).

The variance of wavenumber one is three times larger than the variance of

wavenumber two and more than 10 times larger than wave number three. As is

expected for the flat topography case, the stationary eddies are significantly smaller

than the travelling eddies. Stationary eddies are non-zero in the flat topography
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Figure A5 Spectra of geopotential variance for the northern hemisphere winter,
flat topography experiment, a) Wavenumber spectrum of travelling waves. b)
Period and wavenumber spectrum of travelling waves. c) Wavenumber spectrum of
stationary waves.
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experiments despite the lack of asymmetric forcing because of the thirty day

averaging period used for calculation. Very slow moving waves will contribute

some energy to the stationary wave calculations over the thirty day averaging

period.

Table Al. Strength of transient baroclinic eddies and of stationary waves for the
topography set of experiments.

-
Strength of travelling Strength of stationary waves
waves (variance) (variance)

wave I wave 2 wave 3 wave 1 wave 2 wave 3Row Topography
1 Flat =45,000 =15,000 =3,000 =4,000 =600 =10
2 MOLA =18,500 =10,000 =6,000 =8,000 =85,000 =1,500
3 Zonally =18,000 =10,000 =5,000 =550 =700 =10

Symmetric_______
4 Zonally =4,000 =6,000 =2,000 =2,000 =150,000 =10,000

Asymmetric
5 0.0015 slope =21,500 =10,000 =5,000 =1,500 =2,000 =1

downto pole
6 Wavenumber =24,500 =15,000 =6,000 100,000 =10,000 =200
_one
7 Wavenumber =25,000 43,000 =7,000 =500 =5 10,000 =90Ztwo
8 Flat =5,500 =3,500 =2,000 =100 =650 =3
9 MOLA =7,000 =5,000 =3,000 =70,000 =20,000 =20,000
10 Zonally =4,500 =3,000 =4,000 =850 =250 =4

Symmetric_______
11 Zonally =6,000 =6,000 =1,000 =105,000 =20,000 =30,000

2 Asymmetric
- 12 .002slopeup =3,000 -4,000 =300 =1,000 =30 =5

to pole
13 .001 slope up =7,000 =2,500 =1,000 =1,300 =500 =3
_topole
14 MOO5slopeup =3,500 =3,000 =500 =350 =30 =30

15 Trough =25,000 =10,000 =28,000 =3,800 =30 =5



-rsi

When the model is run with the MOLA topography, the travelling eddy

strength is reduced by more than a factor of two from the flat topography case (line

2 of Table Al). This indicates that the topography of the northern hemisphere acts

to reduce the transient baroclinic eddy activity. With topography, the stationary

waves are stronger than the travelling waves and are dominated by wavenumber

two.

This is in contrast to the results found in section 6, where the MOLA

topography is found to be create slightly stronger eddies compared to the flat

topography. This is a consequence of the difference in the Newtonian cooling

parameters used in the two versions of the SMGCM.

A3.2. Zonally Symmetric and Zonally Asymmetric Topography

Lines 3 and 4 of Table Al show the results of the model runs with the

zonally symmetric and zonally asymmetric topographies respectively. Stationary

eddy activity is almost non-existent in the zonally symmetric topography case and

travelling eddy activity is about the same as in the full MOLA topography case.

When the model is run with the zonally asymmetric topography the

standing eddies take over from the travelling eddies. The travelling eddies are

greatly reduced in strength and become more wavenumber two than wavenumber

one (in contrast to the flat and full MOLA topography cases). Figure A6 gives the

period decomposition of the travelling waves for the zonally asymmetric

topography experiment. The structure of the eddies is significantly different from

the other three cases, which all resemble Figure A5b. The stationary waves are

predominantly wavenumber two, as they are in the full topography experiments and

they have nearly doubled in strength from the full topography case. The zonally

asymmetric topography strongly enhances stationary eddy activity, even over the

level of activity present in the full MOLA topography experiment.
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A3.3. Artificial Topography

Row 5 of Table Al gives the wavenumber decompositions of the model run

with the northern hemisphere slope topography. The strength of the travelling

waves is still half that of the flat case but comparable to the MOLA topography

case. The stationary waves are an order of magnitude weaker than the travelling

waves. The results of the downward sloping topography experiment most closely

resemble the results of the zonally symmetric MOLA topography experiment.

to

0

z
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Figure A6 Period and wavenumber spectrum of the travelling eddies for the
northern hemisphere winter, zonally asymmetric topography experiment.

The results from the experiments with wavenumber one and wavenumber

two topographies are given in rows 6 and 7 of Table Al, respectively. The strength

of the travelling wavenumber one is about the same in these two cases, but much

stronger than the travelling wavenumber one for the zonally asymmetric

topography case. In the wave 'one case, the travelling waves have the same basic
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structure as in the flat and full MOLA topography runs, strongly wavenumber one.

However, in the wavenumber two topography case the travelling waves are

dominated by wavenumber two and are actually propagating westward (Figure A7).

In the wavenumber one topography case, the stationary waves are predominantly

wavenumber one. In the wavenumber two topography case, the stationary waves

are predominantly wavenumber two and their amplitude is very large (Figure A8).

It can be seen in Figure A8 that the wavenumber two topography excites even

number standing waves (wavenumber two, four, six, etc.) much more than odd

number standing waves.

A4.Southern Hemisphere Winter

This section discusses some of the results of the topography experiments

focusing on the southern hemisphere. It is important to note that the runs for the

two hemispheres use their respective equilibrium temperature field. Therefore,

differences between the southern and northern hemisphere are the result of the

combined effects of topography and seasonality. It is important to keep this in mind

when comparing the northern hemisphere topography experiments to the southern

hemisphere topography experiments.

A4.1. Flat and Actual Topography Compared

The model is again run with both flat and MOLA topography data sets, but this

time with the equilibrium temperature field relevant for southern hemisphere winter

(rows 8 and 9 of Table Al). The travelling eddies in the southern hemisphere

without topography are nine times weaker than those in the northern hemisphere.

This again supports the conclusion that seasonality is a major factor in the
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Figure A7 Period and wavenumber spectrum of the travelling eddies for the
northern hemisphere winter, wavenumber two topography experiment.
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difference between the eddy activity in the two hemispheres, as everything but the

seasonality is identical in the two flat topography experiments.

Again, it is important to note that the Newtonian cooling parameters in this

section are different than those in section 6. However, with both sets ofparameters,

the SMGCM shows that the southern hemisphere eddies are much weaker than the

northern hemisphere eddies in the absence of topography. That is, regardless of the

parameters used in the Newtonian cooling code, the SMGCM produces much

weaker eddies in the southern hemisphere than in the northern hemisphere, with flat

topography.

Figure A9 gives the wavenumber and period decomposition of the

travelling waves for the southern hemisphere MOLA topography case. The

structure of the eddies is fundamentally different in this experiment (compare with

Figure A5b); there are westward propagating wavenumber two eddies and

significant wavenumber three eddies. It is beyond the scope of the current study to

determine why the MOLA topography creates such unusual eddy behavior in the

SMGCM.

A4.2. Zonally Symmetric and Zonally Asymmetric Topography

The model is run with the zonally symmetric and zonally asymmetric

topography for southern winter conditions (rows 10 and 11 of Table Al
respectively). As expected, stationary waves are very weak with the zonally

symmetric topography and quite strong for the zonally asymmetric topography.

Surprisingly, however, the strength of the travelling waves is very similar in the

two cases and of comparable strength to the flat topography case.

The strength of the travelling wave activity, is fairly uniform in all four southern

hemisphere experiments (MOLA, zonally symmetric, zonally asymmetric, and flat

topography). The only note-worthy deviation from the pattern is that the travelling
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eddies in the zonally asymmetric topography case are about equally wave one and

wave two, whereas the other cases are primarily wave one.

I0
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Figure A9 Period and wavenumber spectrum of the travelling waves for the
southern hemisphere winter, MOLA topography experiment.

A4.3. Artificial Topography

As is done for the northern hemisphere, the model is run with a slope

topography that slopes from equator to pole, but in this case ascending to the pole.

A gentle upward slope promotes parcel motion into the 'wedge' described by the

wedge model of baroclinic instability (section 1.1), which will increase eddy

activity. If the slope is too steep, the wedge between the topography and the

isentropic surfaces becomes too small and eddy activity will decrease, according to

the linear theory. Rows 12 through 14 of Table Al show the results for three

different magnitudes of the slope: 0.002, 0.001, and 0.0005 respectively, that is, the
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slope is halved in each successive model run. (Note that the slope is 100 further

north in the later two experiments as shown in Figure A2b). Baroclinic activity is at

its maximum at the intermediate slope, for both stationary and travelling waves, in

qualitative agreement with simple linear theory. For the steepest slope, the

travelling waves are slightly more wavenumber two than wavenumber one, but for

the intermediate and shallow slopes, wavénumber one is stronger than wavenumber

two.

The results from the experiment with the trough topography are given in

row 15 of Table Al and Figure A 10. For this topography the travelling waves are

very strong, stronger in fact, than any other southern hemisphere run for the

topography set of experiments. The travelling waves have a strong wavenumber

three component. This is the only southern hemisphere topography experiment in

which wavenumber three is dominant. The fact that the results of running the

model with the trough topography are so different from other results suggests that

the trough-like feature observed in the zonally symmetric topography is not

responsible for the overall wave structure and strength of the full or zonally

symmetric topography runs (or is being counteracted by other features).

A5.Northern and Southern Hemisphere Experiments Compared

In the flat topography experiments, traveling eddies are nine times stronger

in the northern hemisphere winter than they are in the southern hemisphere winter.

The only difference between these two experiments is the seasonality. Thus, in the

SMGCM, seasonality must be a significant factor in explaining the difference in the

strength of the eddy activity between the two hemispheres.

With the Newtonian cooling parameters used in this appendix, the MOLA

topography in the northern hemisphere weakens the traveling eddies (rows 1 and 2

of Table Al) while the MOLA topography in the southern hemisphere strengthens

the travelling eddies (rows 8 and 9 of Table Al). This is the opposite from what
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should occur if the topography is the cause of the difference in the strengths of the

eddy activity between the two hemispheres.

In general, the strength of the travelling waves in the northern hemisphere is

greater than the strength of the travelling waves in the southern hemisphere. The

two exceptions are the zonally asymmetric topography in the northern hemisphere

and the trough topography in the southern hemisphere. The impression is that
eddies in the northern hemisphere are stronger regardless of what topography is

used and that some factor other than topography is responsible for the difference in

eddy activity between the two hemispheres in the SMGCM.
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Figure AlO Period and wavenumber spectrum of the travelling waves for the
southern hemisphere winter, trough topography experiment.
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A6.Conclusion

The descriptions given in this appendix are not meant to be a thorough

analysis of the effects of topography on baroclinic eddy activity in the Martian

atmosphere. They are meant only to be suggestive of some of the lines of thought

taken by the investigator. Because the SMGCM showed that seasonality was the

dominant factor in explaining the difference in eddy activity between the two

hemispheres, thorough and detailed analysis of the topography experiments

received less attention. These results are presented only to be suggestive of some of

the effects topography may have, and to indicate possible starting points for future

investigation.

The analysis presented in this appendix used only the Fourier
decomposition of the variance of the geopotential at 52.5° latitude and 3.79 mb.

There are many other ways of characterizing the strength of baroclinic eddies

(section 2.6.2). This single measure of the eddy strength was used in order to keep

this section relatively short. Because baroclinic eddies are analyzed using only this

particular method, the results in this appendix may be different from an analysis

that uses other methods of measuring eddy strength.

It is also important to recall that the results of the SMGCM with topography

must be interpreted with some caution. Section 6 presents a comparison of the

SMGCM to the full-physics MGCM with and without topography. It is shown that

the strengths of the eddies, particular with MOLA topography in the southern

hemisphere winter are not well matched. It is likely that the SMGCM is not fully

capturing the effects of topography on baroclinic eddies.

In the SMGCM, the full MOLA topography weakens baroclinic eddies in

the northern hemisphere (as compared to the no topography state) whereas the

southern hemisphere MOLA topography strengthens the eddies. In the northern

hemisphere experiments, the strength of the travelling waves varied considerably

with the flat, zonally symmetric, zonally asymmetric, and full MOLA topographies.
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This was not the case in the southern hemisphere where the strength of the
travelling eddies remained fairly constant for these four different topographies.

Upward sloping topographies in the southern hemisphere do not show the
dramatic differences that some of the northern hemisphere topographies have
shown. The most dramatic southern hemisphere topography was the trough
topography, which produced greatly strengthened eddies. Without the last case, one
would be tempted to conclude that the southern hemisphere is incapable of
producing large travelling eddies in the SMGCM, given the weak solar input at this
time of the Martian year. However, the results of the trough topography experiment
show that this is not the case, and that the southern hemisphere can exhibit
travelling eddies that are as strong or stronger than the travelling eddies in the
northern hemisphere.




