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The Mars Pathfinder (MPF) arrived on the Martian surface on 4 July

1997 to become only the third successful landed mission to Mars, recording

surface meteorological data intermittently over a period of 83 Martian days

("sols"). The in situ observations made by the MPF meteorology (MET) ex-

periment were recorded at much greater precision than those of the previous

missions, Viking Landers 1 and 2. These observations have been analyzed,

focusing primarily upon the four so-called "Presidential" sessions, which each

covered a complete diurnal cycle.

The signature of very strong convective activity was seen in the temper-

ature data, beginning soon after sunrise with temperatures changing as much

as 14.39 K over the four-second interval between observations, and ceasing in

late afternoon at the collapse of the boundary layer. Less extreme variability

occurred at most other times of day and night.

Examination of the first ten tidal pressure harmonic amplitudes for each

Presidential session revealed strong diurnal and semidiurnal amplitudes and
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smaller, yet significant, amplitudes at the higher tidal frequencies. The nor-

malized diurnal amplitude was slightly more than 1.7% for one session and

averaged for the other three sessions. The semidiurnal amplitude av-

eraged '--1.3%. A pattern in the tidal pressure harmonic amplitudes exists, in

which odd-numbered harmonics (excluding the diurnal frequency) have smaller

amplitudes than those of the next lower and next higher, even-numbered har-

monics.

Wind direction data for one Presidential session show very high variabil-

ity throughout most of the diurnal cycle, the most intense activity occurring

during the daytime convective period. A generally clockwise rotation of the

mean wind direction was observed throughout the session.

Temperature and wind data were examined closely for evidence of con-

tamination of the temperature data by thermal effects of the lander itself. No

evidence was found for such "lander interference" in the morning, but lander

interference may have occurred in the afternoon of the session examined.

A study of a numerical simulation by the NASA Ames Mars General

Circulation Model (MGCM) showed prominent minima and maxima, resem-

bling those observed by MPF, in the diurnal pressure cycles of simulated sols

corresponding to the Presidential sessions. Also well simulated in each sol is the

very rapid increase in surface pressure immediately after the daily minimum.

Maps of diurnal and semidiurnal tidal amplitudes for the simulated Presiden-

tial sols show that tidal harmonic amplitudes are very spatially dependent, and

that large changes in the harmonic amplitudes at any given location are likely

to result if the global amplitude pattern for one or more frequencies undergoes

small shifts in areographic location.



Simulated temperature has a classic "red" power spectrum, while simu-

lated pressure power is concentrated in the tidal frequency range. These spectral

shapes are roughly consistent with those computed from the MPF Presidential

sessions. The ratios of simulated to observed temperature power spectral esti-

mates for frequencies from 1 to 50 cycles/so! show that the MGCM's simulated

temperature variability is too low at all frequencies and especially so at higher

frequencies.
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Diurnal and Subdiurnal Variability in the Mars
Pathfinder Presidential Meteorology Sessions

1. INTRODUCTION

1.1. BACKGROUND

Prior to the 4 July 1997 arrival of the Mars Pathfinder (later renamed

the Sagan Memorial Station), the only Martian meteorological measurements

collected in situ were those of the two Viking Lander missions, which landed

on Mars in 1976. Viking Lander 1 (VL1) touched down at 22.480 ±.003 N

47.968 ±0.1 E in Chryse Planitia on 20 July 1976, and Viking Lander 2 (VL2)

landed at 47.967 0 ±.003 0 N 134.263 0 ±0.1 0 W on 3 September 1976. The

prime meridian of Mars runs through the crater known as Airy-U [Kieffer et al.,

1992a; Snyder and Moroz, 1992]. The Viking Missions provided observational

time series from the two sites for multiple Martian years. Each lander was

equipped with essentially identical instrumentation.

Chamberlain et al. [1976] described the meteorological instruments and

their supporting equipment on the two craft in detail. In brief, the instrument

package comprised an array of three Chromel-Constantan thermocouples con-

nected in parallel as a free-air temperature sensor, a wind sensor consisting of

four thermocouples arranged 90 0 apart about a heated center post for determi-

nation of the wind direction and, for wind speed, two hot-film sensors mounted

orthogonally to each other (and controlled according to a reference tempera-

ture sensor (a platinum resistance thermometer) a few centimeters away), and

a stretched-diaphragm-type, variable reluctance transducer (Tavis) as an am-



bient pressure sensor. The wind and temperature sensors were mounted on a

boom that was extended after landing in order to position them as far as pos-

sible from any modification of the air temperature and/or flow caused by the

lander body itself. The pressure sensor was located inside the main lander body

and was also used during the parachute segment of the descent to landing.

The Viking Landers' pressure sensors were designed to measure pressures

in the range of 0 18mb, digitized with ten bits of precision [Chamberlain et al.,

1976]. However, the pressure data were in 88-mb quanta [Tiliman, 1988],

which is only about one fifth of the resolution implied by Chamberlain et al.

[1976]. The ".88-mb resolution proved to be too coarse to compute reliable tidal

harmonic amplitudes for harmonics higher than the quadridiurnal [Leovy, 1981].

As will be seen in section 1.2, pressure data resolution in the Mars Pathfinder

mission was greatly enhanced by the use of 14-bit digitization of the pressure

sensor's voltage output.

Viking Lander mission researchers had an advantage that would not be

repeated during the Mars Pathfinder mission in that each landed mission was

accompanied by a Viking Orbiter mission (VOl and V02), each orbiter carrying

an infrared thermal mapper (IRTM) instrument. IRTM data collected from

orbits over the VL1 and VL2 landing sites provided soil and surface temperature

information [Kieffer, 1976], from which cycles of vertical heat flux, friction

velocity, and Monin-Obhukhov length, as well as the values of other boundary

layer parameters were calculated [Sutton et al., 1978; Tillman et al., 1994].

Early computations of radiative relaxation times and equilibrium tem-

perature profiles for the Martian atmosphere [Goody and Belton, 1967; Giera.sch

and Goody, 1967] were followed by predictions of significant, thermally gener-
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ated, diurnal and semidiurnal, tidal effects upon the pressure and wind velocity

fields on Mars {Lindzen, 1970]. These pressure tides were later very prominent

in the pressure time series recorded at each Viking Lander site. (See, for ex-

ample, Leovy [1981], Zurek et al. [1992], and the obvious diurnal tide at VL2

evident in Barnes [1980, in Fig. 3].) The Martian atmospheric tides and the

effects of dust loading upon them have also been explored by means of numer-

ical simulations of the Martian atmosphere [e.g., Bridger and Murphy, 1998;

Wilson and Hamilton, 1996].

The amplitudes of the pressure tidal harmonics normalized by mean sur-

face pressure on Mars are much greater than in the terrestrial atmosphere. This

is primarily due to the short radiative time scales of the Martian atmosphere.

Zurek [1988] has also attributed this phenomenon to resonance between the

radiative forcing and the free modes of an atmosphere having the temperature

structure and gas composition of the atmosphere of Mars. This resonance effect

is in addition to the fact that radiatively active dust is ubiquitous in a deep

atmospheric layer extending upward from the Martian surface, which results

in very strong, diurnal, radiative forcing in the entire layer. In the case of
Earth, the radiative forcing is largely near the surface and in the ozone layer

above most of the mass of the atmosphere. More recently, data from the Mars

Global Surveyor (MGS) satellite's thermal emission spectrometer (TES) instru-

ment have supported the contention that eastward traveling tides often also

contribute heavily to total tidal harmonic amplitudes [Wilson, 2000].
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1.2. THE MARS PATHFINDER (MPF) METEOROLOGY (MET)
EXPERIMENT

The Mars Pathfinder meteorology (MPF MET) experiment was intended

to fill some of the gaps left by the Viking missions in understanding of the

Martian atmosphere. Temperatures were to be measured at multiple heights

to provide better understanding of vertical heat fluxes and the temperature

structure near the bottom of the surface layer. Pressure measurements were

to be recorded to much greater precision. Wind velocity measurements were

to be taken at a location considerably farther from the main lander housing

than was the case in the VL1 and VL2 missions. It was also expected that the

Pathfinder would land on Mars very close to the time of the annual pressure

minimum (L8 150 0 ), and that the selected landing area would be close enough

in latitude to the VL1 site, though less so in longitude, to provide an opportunity

to check the timing of the annual pressure minimum at a third areographical

location [Seiff et al., 1997]. (L3 is the areocentric longitude of the planet in its

orbit about the sun, also known as solar longitude. The northern hemisphere's

vernal equinox occurs at L3 = 360 the summer solstice at L = 90 the

autumnal equinox at L8 = 180 0 and the winter solstice at 270 0 None of

these coincides with the apsides, however. Aphelion is reached at L3 = 70
0 and

perihelion at L8 = 250 Results from the mission would also provide new or

improved constraints for use in the verification of numerical models. (See, for

example, Haberle et al. [1999].)

Seiff et al. [1997] have described the MPF meteorology instruments in

detail, but a short summary is provided here. Three Chromel-Constantan ther-

mocouples, as on the Viking Landers, were the temperature sensors and were
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mounted on a meteorology instrument mast at heights of 0.25 m, 0.50 m, and

1.00 in above the solar panel petal to which the base of the mast was attached.

The thermocouples' temperature resolution was 0.01 K with a thermal response

time in the Martian atmosphere of 4-5 s at a wind speed of 1 rn/s and 0.6 s at

50 rn/s.

The pressure sensor chosen for the mission was the same model of Tavis

deflecting diaphragm, variable reluctance sensor used on the Viking Landers.

Response times were 1.5 s at 3 mb and 0.45 s at 10 mb. The most important

difference in the MPF configuration of this sensor vs. that of the VL1 and

VL2 pressure sensors was the digitization of the sensor's voltage output, which

would occur at a precision of 14 bits on two scales simultaneously, 6-10 mb

and 0-12 mb, providing pressure resolutions improved by more than two orders

of magnitude over the VL1 and VL2 pressure resolution. (See section 3.1.2 on

page 59.)

Six hot-wire anemometer units arrayed about a 2.7 cm-diameter cylinder

attached to the top of the mast at 1.10 m above the solar panel petal constituted

the wind sensor. Reference temperatures were to be determined by periodically

operating the anemometer elements in a low-power mode, such that the cur-

rent flowing through their wires would be too low to raise their temperatures

detectably above the ambient temperature.

There was also a housekeeping temperature sensor. This sensor was a

platinum resistance thermometer accurate over a temperature range of 200-

335 K with a 0.01 K resolution. During the landed meteorology (MET) phase,

this housekeeping temperature sensor's measurements were recorded once every

36 seconds (100 measurements/hour)the same sampling rate used for all other



housekeeping sensor measurementsand these observations would be used in

calibration corrections in the algorithms devised to convert the digitized voltage

readouts from the pressure and MET mast temperature sensors into pressures

in millibars and temperatures in Kelvins.

Although Mars Pathfinder must be considered a resoundingly successful

mission in many respects, the MET data sets collected from the mission suffer

a number of serious deficiencies. Although it was hoped that Mars Pathfinder

would continue in its extended mission for at least one Martian year, the lan-

der equipment failed late in its third month on Mars from causes that likely

will remain unknown until humans visit the landing site someday to examine

the equipment. The first observation in the MPAM_0001 data set (see sec-

tion 2.2) was recorded on the first sol (a sol is a Martian day) of the landed

mission at 0706:59.560 LTST (Local True Solar Time), corresponding to L3 =

142.80976246, and the last observation recorded, transmitted, and successfully

received on earth was taken on sol 83 of the landed mission at 1403:36.432 LTST

(L8 = 188.298724904). The realized lifespan of the mission prevents analysis of

the annual cycle in the manner done with the VL1 and VL2 data sets. (Local

True Solar Time uses the local solar noon as the primary reference point from

one so! to another in defining the length of a sol.)

The MPF MET data sets contain numerous interruptions. The resulting

gaps in the observational record have three causes: planned interruptions, inter-

ruptions due to crashes of the lander's operating system caused by an occasion-

ally triggered bug in its kernel, and gaps from data packets lost in transmission

to earth that were never recovered through retransmission. Data collection was

originally scheduled into finite-length sessions separated by periods of no (MET)
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data collection because the anticipated data transmission rates to earth were

too low to handle the full volume of potential MET observations along with the

data to be returned from the other experiments on the lander. Two gaps from

lost data packets marred the integrity of session 1415 of the MPAM_0001 data

set, one of only five sessions that spanned a full diurnal cycle with uninterrupted

observations.

Pressure data for two of the so-called Presidential sessions (i.e., the first

four of the five, full-sol sessions) were incorrectly digitized on the 6-10 mb scale

around the time of the diurnal pressure minimum. This misdigitization was

caused by combinations of low pressure and the sensor drift at low ambient

temperatures that produced voltage outputs outside the range covered by the

analog-to-digital conversion circuitry for that scale. The quality of the pressure

data on both scales at all times in all sessions was degraded due to the inability

of the MPF project team to calibrate the temperature dependence of some of

the components on the circuit board, which resulted in pressure values on the

two pressure scales differing from each other by far more than should result from

the difference in resolution of the two scales. (See section 3.1.2 on page 73.)

The most serious flaw in the MPF MET data set is the lack of valid wind

speed data. Although it is possible to calculate reasonably accurate wind di-

rection time series from the wind sensor elements' wire overheat temperatures,

retrieval of valid and reliable wind speeds from the wire overheat temperatures

has proven elusive. The determination of wind speed is most difficult for time

periods when turbulent flow resulted in rapidly fluctuating ambient air temper-

atures at the wind sensor. Inability to test and calibrate the wind sensor under

realistic, Marslike atmospheric conditions resulted in an inaccurate calibration



at low temperatures in a thin, CO2 atmosphere, and also resulted in the failure

of the MPF team to notice that the method of determining the reference tem-

perature was inadequate during the aforementioned times of highly variable,

ambient air temperatures. However, the original MET experiment did not in-

clude a wind sensor at all. The wind sensor was a late, low-cost addition to the

MPF instrumentation.

1.3. FOCUS OF THIS WORK

The oniy MPF MET data set available at the beginning of this project

was an early version of the binned data set (see section 2.1 on page 15) that

covered only the primary mission period (i.e., the first 30 sols). The gaps in the

binned data record due to the operating system failures mentioned in section

1.2 were grouped into short gaps of no more than sixteen bins (-7.75 hours)

and long gaps of greater duration. Gaps were then filled, where possible, in

a two-stage process, in which the short gaps were filled first by a cubic spline

interpolation, and longer gaps were filled next by a linear interpolation across

corresponding time bins (i.e., at the same times of day) in the nearest sols on

both sides of a gap that did have values in those time bins. It should be noted

that the latter process could, and did in many instances, interpolate across sols

between bins where one or both had originally been empty, but had been filled

by the cubic spline method. Gaps for a given time bin across more than six sols

were left unfilled.

A later version of the binned data covered the entire landed mission

period. Application of the same criteria and interpolation techniques to the full



period yielded an interpolated data set containing fewer and shorter gaps and

one gap-free segment of slightly more than 37 sols early in the landed mission.

The doubly interpolated time series spanning the entire mission period

for the top temperature sensor (T0) and the 0-12 mb scale of the pressure

sensor (P012) are shown in Figures 1.1 on the following page and 1.2 on page 11,

respectively. Both figures exhibit strong diurnal cycles. Also evident early in

Figure 1.2 is the arrival of the annual pressure minimum, soon followed by a

steep upward trend in daily mean pressure. The first 39 sols of this data set

enabled Barnes et al. [1998] to make an improved estimate of the date of the

annual pressure minimum at the MPF site, placing the minimum several sols

later than was initially estimated [Schofield et al., 1997, near sol 20 in Fig. 3A

and text on same page].

One notable difference between the temperature and pressure curves in

Figures 1.1 and 1.2 is the appearance of a semidiurnal pressure cycle superim-

posed upon the much larger diurnal cycle. This feature is much easier to see in

Figure 1.3 on page 12, which displays just the first 39 sols of the pressure record

in the same horizontal space as the 83 sols in Figure 1.2.

When the full MPAM0001 data set became available, a decision was

made to focus the remainder of the MPF data analysis phase of this project upon

the five sessions that each spanned a complete diurnal cycle of uninterrupted

sampling of surface meteorology at the MPF site. An interest in the surface

pressure tides required the use of sessions of at least one full sol in length for

analysis by the most direct spectral method. The full sol sessions are listed in

Table 1.1 on page 13. Results of this study phase are presented in Chapter 3.
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TABLE 1.1. The Mars Pathfinder Full-Sol Meteorology Sessions. Note that the first four of these sessions are also
called "Presidential" sessions.

The Mars Pathfinder Full-Sol
Meteorology Sessions

Session Session Start Session End
Number Sol Time (LTST) L Sol Time (LTST) L8

1030 25 0600: 26.852 155.379437948 26 0605 : 01.509 155.917252922
1309 32 0900 : 25.141 159.219935729 33 0904 : 54.762 159.764550425
1363 38 0854 : 46.387 162.489855017 39 0859 : 17.569 163.040304095
1402 55 0857: 24.928 171.954215177 56 0901 : 51.954 172.521604090
1415 68 0850 : 37.681 179.383569303 69 0855 : 02.320 179.964073926
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Near the end of the data analysis phase of this study, an investigation of

a numerical simulation of the first 64 sols of the landed mission by the NASA

Ames Mars General Circulation Model (MGCM), including some comparisons

between the simulation results and the MPF observational analysis results, was

added to the project. The motivation and results of the MGCM study are

covered in Chapter 4.

A description of each data set is provided in Chapter 2, followed by

explanations of two mathematical methods used heavily in obtaining the results

presented in Chapters 3 and 4. A summarizing discussion of the results of

both the MPF data analysis study and the numerical model study, followed

by recommendations for future work and future Martian surface meteorology

experiments, appears in Chapter 5.
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2. DATA SETS AND ANALYSIS METHODS

The results of the present work are derived from four data sets. Certain

other data sets were examined and rejected for various reasons. All examined

data sets, whether accepted or rejected, are described in this chapter, although

rejected data sets may not be described completely. Certain time-domain filters

and a particular spectral analysis technique were employed extensively and bear

description here, following the data set descriptions.

2.1. BINNED MARS PATHFINDER (MPF) METEOROLOGY
(MET) DATA SET

After the primary mission (i.e., the first thirty days) had ended, we

received a preliminary file of MPF observational data represented as 51 values

per sol for each sensor and scale reported. Each value is the average of all

observational samples taken during one of 51 consecutive, non-overlapping time

periods of equal duration, called "bins", per sol. Each record of the data set

thus contains the average value of each variable during one time bin, including

values for:

pressure on a scale ranging from 6 mb to 10 mb (P610)

pressure on a scale ranging from 0 mb to 12 mb (p012)

temperature measured by the top temperature sensor on the meteorology

mast (T0)

temperature measured by the middle temperature sensor on the meteo-

rology mast (Tmid)
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. temperature measured by the bottom temperature sensor on the rneteo-

rology mast (Tb0t)

. temperature measured by the descent temperature sensor on the meteo-

rology mast (Tdesc); this sensor was used during the atmospheric entry,

descent, and landing phase of the MPF mission

Each record also contains timestamp information in the form of the so! number

(relative to the start of the landed mission) and bin number of the data record,

where the bin number is actually the time, represented as a fraction of a sol, at

which the bin (i.e., time period) ended. The final item included in each record

is the number of observations averaged to produce each variable's value for that

time bin.

Once the extended mission had come to a close, a new data set was

received that contained binned data for the entire mission period ending on so!

82. This data set is the version from which results shown in the current report

are derived.

2.2. MPAM.0001 DATA SET

This data set was originally provided on a CD-ROM by Jim Murphy

of the MPF MET team, but is now publicly available from the NASA Plan-

etary Data System/Atmospheres archive on the WorldWide Web by selecting

"mpam_0001" from the catalogue at

http: //atmos.nmsu.edu/dataandservices/atmospheresdata/catalog.htm

MPAM_0001 is described more fully in documentation files included in the data

set distribution. The data set succeeds an older version called MPF_MET,
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also provided on a CD-ROM, that was used in the early part of this project.

There are some differences in directory names and record formats between the

MPFMET and MPAM0001 data sets, so the program used to load session

science data for processing has been written to accommodate both versions.

The data set is divided into 1378 observation sessions, beginning with

session 39 and ending with session 1430. That range of session numbers includes

14 session files that are missing from the data set. Each session is further

divided into a science data file and a housekeeping data file. For this study,

the housekeeping data were not used, except that another member of the MPF

team used a graph of circuit board temperature data to help identify the cause

of disparities between the two scales of the pressure sensor, a problem which is

discussed in section 3.1.2.

Each science session file begins with a header record identifying the ses-

sion by number and providing session-related information, including the number

of observations in the file, the duration of the session, the sampling interval, and

the session start time. Note that, in some sessions, not all data packets were

successfully received on earth, and thus the observation count is less than the

duration divided by the sampling rate for the afflicted sessions.

The remainder of each science session file consists of observational mea-

surements, each line (or record) representing one sample from each of the science

instruments. The five sessions examined in this study were the five longest ses-

sions from the MPF mission, and each one spanned a full sol plus a few minutes.

The sampling interval was four seconds for each of the five sessions. Although

all measurements were transmitted by the spacecraft in the form of digitized

voltage readouts from the instruments, the values in the science and housekeep-



ing data files have been converted to appropriate units by software developed by

the ASI/MET Team according to calibration data collected prior to the mission

or, in the case of the wind sensor, after the mission.

The measurements reported in each science data record consist of the

temperature measured by each of the four temperature sensors mounted on the

meteorological instrument mast (T0, Tmid, Tb0t, and TdescTdescwas not used

in this study), the pressure as digitized on the 6-10 mb scale (P610) and on
the 0-12 mb scale (p012), and the temperatures of each of the six elements of

the wind sensor. Also included in each science data record are the spacecraft's

system clock value (SCLK) in real seconds at the time of the sample, the sol

number, the local true solar time (LTST) at the time of the sample derived from

the system clock value, and the wind sensor's power state (low or high) at the

time of the sample.

2.3. So! 25 WIND DIRECTION DATA SET

The only MPF wind data considered to be valid for this project are
found in this data set. This data set contains one record for each MPAM0001

session 1030 record whose observation occurred at a time when the wind sensor

was operating at its high power setting. Thus every block of 39 consecutive

observations (156 seconds) is separated in time from its temporal neighbors by

a gap of three observation times (12 seconds). Each observation record contains:

timestamp information

sol number

local true solar time (LTST) of the observation
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system clock (SCLK) value (i.e., time) of the observation in real

seconds

. wind direction in degrees to one decimal place derived from the six wind

sensor element overheat temperatures

overheat temperatures for all six wind sensor elements

top mast temperature (T0) at the observation time

top mast temperature (T) at the time of the most recent low-power

wind measurement

It is important to note that this data set does not include any form of wind speed

information derived from the wind sensor element overheat temperatures. Wind

direction is derived from these overheat temperatures, but the data set covers

only so! 25 (session 1030).

2.4. So! 25 WIND DIRECTION AND SPEED DATA SET

This data set corresponds to the sol 25 wind direction data set and

contains the same wind direction information, but with the addition of two

calculated wind speeds for each observation. The two speeds in each observation

were calculated separately for the two most windward sensor elements according

to the calculated wind direction and the orientations of the six sensor elements.

High hopes for making use of this data set were dashed as soon as soft-

ware development had progressed far enough to begin inspecting the quality of

the data. This data set was rejected from further analysis once it was discovered

that:
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there were isolated observations made during the night for which one or

both calculated speeds were 40 rn/s or greater, although the immediately

preceding and following observations showed speeds less than 10 rn/s and

in the same range as other speeds for an hour or longer before and after

the aberrant observations;

one (312 cases) or both (123 cases) calculated wind speeds for some obser-

vations were negative values, (-7.58 rn/s being the most extreme,) imply-

ing that the wind directions for those observations were wrong by more

than 90 and/or, more likely, the wind speed calculation algorithm was

incorrect; and

there were sixteen observations for which one or both speed values were

missing; of these, some records were also missing one or both sensor ele-

ment overheat temperatures.

In short, the wind speed data were judged not to be reliable enough for use in

this study.

2.5. GCM SNAPSHOT DATA SETS

These three data sets each consist of a series of snapshots of the NASA

Ames Mars General Circulations Model's (MGCM's) surface pressure field,

lowest-layer temperature field, and lowest-layer horizontal wind field (as u- and

v-components). Each variable was written to the snapshot file as an array of

40 x 25 elements, corresponding to the horizontal dimensions of the model's

PT (pressure and temperature) and UV (Cartesian wind velocity components)

grids. A snapshot was taken every second timestep of the simulation, yielding
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112 snapshots per modeled sol and, therefore, a Nyquist frequency fN = 56
cycles/sol. (Note that, for one-sided spectra, this means that the highest usable

frequency is 55 cycles/sol.) This sampling rate should be fast enough, from an

areophysical standpoint, to avoid problems due to aliasing, but it is conceivable

that processes internal to the model and occurring with periods shorter than

two timesteps could create an aliased signal. However, because such model

processes could only be repeated once per timestep, the power that would be

aliased in such a situation could only occur at the two frequencies, +fN = +112

cycles/sol, where fN is the Nyquist frequency of the model itself, which makes

the potentially contaminated frequencies identifiable. (Note here, too, that the

highest usable frequency for producing one-sided spectra would actually be 111

cycles/sol.)

The first data set was provided by Jim Murphy of the MPF MET team

and was quickly found to have pressure tidal harmonic amplitudes that bore

no resemblance to the pattern of amplitudes observed by the Mars Pathfinder.

Analysis of this data set was therefore discontinued.

The second data set was provided by Jim Schaeffer of the NASA Ames

Research Center and showed more realistic patterns of tidal harmonic ampli-

tudes for a few simulated sols during the MPF mission period, although the

amplitudes themselves were generally too low. However, the model's dust load-

ing parameter, which is set as a constant value for optical depth at the 6.1 mb

pressure level, had been set well under the optical depths typically observed by

MPF. Also, it appeared that the model's spin-up behavior had extended into

the early part of the MPF mission period. For these reasons, this data set was

also not used, and we requested output from one more run of the model in an
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attempt to get a closer match between the model output and the actual MPF

data.

The third data set was also made available by Jim Schaeffer and was pro-

duced by a known version (2001.09) of the MGCM using a dust loading/optical

depth typical of observations during the MPF mission. An initial look at this
data set showed more sols with tidal harmonic amplitude values and patterns of

those values for various harmonics similar to those observed by Mars Pathfinder

during the Presidential MET sessions, so this data set was used for further anal-

ysis and for comparison with the findings from the MPAM0001 data.

2.6. LOW-PASS, FINITE IMPULSE RESPONSE (FIR), LINEAR,
DIGITAL FILTERS

A finite impulse response, linear, digital filter is, in essence, a sequenced

set of coefficients or weights used in computing a weighted, running mean of

a time (or space) series of discrete data by convolution of the filter with the

data, such that the resultant running mean retains only signals in the desired

frequency range(s) out of all signal frequencies found in the original series of

data. Methods of generating these coefficients are often derived by some minor

tinkering with spectral windows sometimes used in spectral analysis of time (or
space) series.

For example, a commonly used method of generating filter coefficients is

based upon the Fourier transform pair,

fl(f) D sinc(t) (2.1)
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where 11 (f) is the rectangle function,

{1, f<
11(f) = (2.2)

0, for all other f

and
sin(irt)sinc(t) (2.3)irt

In the case of the continuous Fourier transform (FT), this pair of functions

defines a pair of ideal, low-pass filters for frequencies between 1/2 and 1/2, i.e.,

filters whose frequency response is unity in the desired range of frequencies and

zero at all other frequencies, either by multiplication by 11(f) in the frequency

(or wavenumber) domain or by convolution with sinc(f) in the time (or space)

domain. The range of frequencies symmetrical about the zero frequency that

is passed by this type of filter can be varied through application of the Scale

Theorem, which states that

giving

y(af) D 11Y (i), (2.4)

1
H(af) j sinc ( ) . (2.5)

at \aJ

Reducing the frequency range (a > 1) passed by the resulting rectangular spec-

tral filter corresponds to a wider time-domain filter and vice versa; i.e., the
moving average of the time-domain function being filtered by convolution of the

function with the time-domain filter is a longer-term moving average to isolate

signals that have longer periods.

A high-pass spectral filter can be constructed by subtracting a low-pass

spectral filter from a "filter" that passes all frequencies: 1 11(af). In similar
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fashion, band-pass and band-stop spectral filters can be specified as the result

of adding and subtracting high- and low-pass filters to pass or stop selected

frequency ranges. By the Addition Theorem, which says,

x(t) + y(t) D X(f) + Y(f), (2.6)

the time-domain equivalents are the results of adding and subtracting the inverse

FTs of the high- and low-pass spectral filters.

This method works ideally, as previously noted, where the continuous

Fourier transform can be used. In practice, however, data are not continu-

ous, but rather are series of discrete samples. Therefore the filter function

must also be discretely sampleted, and the relationship between a pair of time-

series and spectral filters is via the discrete Fourier transform (DFT), rather

than through the FT. For this reason, sinc-based digital filters perform well in

terms of frequency response, but not perfectly, leaving room for improvement

by modification. IDL's digitaliilter() function incorporates just such an

improvement. digitaLfilter() multiplies the weights of the basic sinc-based filter

by the corresponding weights of a Kaiser-Bessel data window having the same

number of weights. (See section 2.7 on page 27 for more information about this

window and the IDL Reference Gnide, Vol. 1 [Research Systems, Inc., 1997] for

instructions in the use of digitaLfilterQ.) This technique enables one to tune a

trade-off in the filter's frequency response between steepness of the transition

ramp and maximum amplitude of the Gibbs phenomenon ("ringing"). A com-

parison of the frequency responses of two low-pass filters of identical lengths is

shown in Figure 2.1 on page 26. The difference does not appear to be dramatic

in the graph, yet the digitaLfilter() version has a maximum ringing amplitude

that is less than half that of the sinc-based filter. The Kaiser-Bessel sinc-based
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filter also has a very slightly steeper transition ramp than the sinc-based filter.

Because the Kaiser-Bessel sinc-based filter's frequency response is improved in

these ways over that of the basic sinc-based filter, this Kaiser-Bessel modifica-

tion was selected for use in this project.

It should be noted that IDL's digitaL.filter() generates coefficients for

low-pass filters that do not accurately preserve the mean of the data. This

problem is easily corrected by normalizing the coefficients such that their sum

is unity.

A simple "boxcar" (i.e., a rectangle function) smoother was also used

for filtering over very short time periods of 9 samples and 17 samples. In those

cases, reducing the magnitude of observation-to-observation fluctuations, while

still being able to use a very short filter, was deemed of greater importance than

keeping the filtered result free of noise introduced by Gibbs ringing. (Graphs

using the 9-sample smoothing do not appear in this document.)

2.7. CALCULATION OF POWER, SQUARED COHERENCE,
AND PHASE SPECTRA

All spectra have been calculated by the direct, Fourier transform method.

The procedure used is described step by step here. The following ten steps were

implemented in IDL® code for this effort, and the following ten steps were

coded as a function called crossspectrumQ, which calculates ensemble-averaged

cross-spectral density estimates for two time (or space) series x and y.

1. Calculate the block boundaries

As noted above, the block average (ensemble average)

method is used. Block boundaries within each input series are
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first calculated from the number of blocks specified, the spec-

ified percentage by which each block overlaps the next block,

and the length of the observational record(s) from which the

desired spectrum is to be calculated.

2. Calculate the data window (data taper) coefficients

A Kaiser-Bessel data window with the tuning parameter

a = 3.5 was chosen for use in spectral calculation in this work

for several reasons. According to Harris [1998], the Fourier

transform of a Kaiser-Bessel data window with a 3.5 has a

highest sidelobe level that is 82 dB lower than the main lobe's

peak level, one of the best performances against spectral leak-

age out of the many windows presented in that report. Kaiser-

Bessel windows (for any a) have a 6 dB/octave sidelobe decay

and were later confirmed as being among those with very good

sidelobe behavior [Nuttall, 1981].

Because the author of the current work learned how to cal-

culate equivalent degrees of freedom (EDOF) only near the end

of the research phase of this work, it was important to select a

window for which the EDOF would always be nearly the same

as the raw degrees of freedom (DOF) for the purpose of cal-

culating confidence intervals. Harris [1998] claimed that the

Kaiser-Bessel data window with a = 3.5 applied to data blocks

overlapped by 50% had an overlap correlation of only 0.048, the

fourth lowest of those he presented, making the window very

attractive.



Another attribute considered in the selection of the data

window was the ability of the window to detect low-amplitude

signals with frequencies close to those of high-amplitude sig-

nals. This ability was important for this work because of the

limited frequency resolution available from the MPF data, the

longest sessions of which are only a few minutes longer than

one complete sol, thus yielding a maximum resolution of just

under 1 cycle/sol. At this and lower resolutions, spectral

smearing is an unavoidable impediment to the study of some

phenomena, including the thermal tidal activity, because no

frequencies of interest can be individually resolved into sepa-

rate peaks, regardless of window type, and any window except

a rectangular window (i.e., no window) will smear spectral en-

ergy across neighboring frequencies. The problem of smearing

among neighboring frequencies, however, is minor in compari-

son to the danger of relatively weak signals being drowned out

by the noise of leakage caused by a poorly chosen window. The

Kaiser-Bessel window was shown, for values of its tuning pa-

rameter a ranging from 2.0 to 3.5, to identify peaks at closely

spaced frequencies and differing by two orders of magnitude in

power spectral density [Harris, 1998].

The coefficients w(n) of the Kaiser-Bessel window are calcu-

lated according to the definition (Eqn. 46a in Harris [1998])

'o [a1.O_
N

w(n) = , 0 < II <-, (2.7)
To [ira] 2
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where I() is the zero-order, modified Bessel function of the first

kind:
xk 2

I(x)= [] , (2.8)

and N is the number of coefficients required (i.e., the number

of data points in the block to be windowed).

3. Remove linear trend from each data block

crossspectrum() accepts an optional, numerical parameter to

apply a simple, linear detrending method to each block of the

time series. The number specified is the number of data to be

averaged at each end of the block. The slope between the two

averages is then removed from the entire block. For the MPF

data, this number was set to 50, so that the trend between the

averages of the first and last 50 points in each block was removed

from that block.

4. Subtract the block mean from each block

5. Multiply each block by the data window

6. Calculate the DFTs of each pair of windowed blocks from x and y

7. Calculate the standard deviations of the unwindowed and windowed ver-

sions of each pair of blocks from x and y

8. Restore variance lost to windowing by multiplying each block's DFT by

the ratio of the block's standard deviations for unwindowed to windowed

data
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9. Calculate the estimated cross-spectrum as the product Y* X (where
y* is the complex conjugate of Y)

10. Calculate the ensemble average of the cross-spectra S. of all block pairs

to produce final power cross-spectrum 8. (or auto-spectrum S S if

x and y are the same)

In this paper, each power spectrum is presented in two graphical formats.

The first format is a log-log graph of power spectral density in the vertical vs.

frequency on the horizontal axis. A confidence interval is plotted on this type of

graph. The second graph of each pair is a semi-log graph of the same information

presented in a variance-preserving form.

To examine frequency-dependent correlations between pairs of time se-

ries variables, squared coherence spectra were calculated from the ensemble-

averaged cross-spectra and autospectra obtained via the crossspectrumQ func-

tion as
2

sxy
coh = (2.9)

sxsy

Spectra of phase relationships between pairs of time series variables were calcu-

lated as

=arctan (2.10)

Graphs of phase spectra in this paper only show phases and their confidence

intervals for frequencies whose squared coherences meet or exceed the critical

level chosen for the corresponding squared coherence graphs. A maximum of

500 phases is plotted on each graph, beginning with the lowest frequency band

having a squared coherence meeting or exceeding the critical level.
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3. RESULTS

The data analysis phase of this project included the development of

a body of software to load data into computer memory, perform the various

analyses, and provide the results of these analyses in tabular or graphic form.

All of the programming for this project was done in IDL®, an interactive

programming system produced and licensed by Research Systems, Inc. The

analyses performed and results obtained are covered in this chapter.

3.1. THE DIURNAL CYCLE

Low-pass filtered time series displayed in this section in graphical form

were produced by convolution of the raw data with a linear, digital filter of order

1125 with a cutoff period of 15 minutes generated as described in section 2.6

on page 24. Graphs portraying both raw and filtered time series have raw

data plotted as golden dots and filtered data plotted as green dots. These same

graphs also show the results of two methods provided by IDL's convol() function

to attempt to deal with the fact that discrete convolution of a linear filter of

order n over a finite data record yields no results corresponding to either the

first n or the last n elements of the data record. The first method is called

"edge-wrap" and its results are plotted as blue dots. The second method is

called "edge-truncate", and its results are plotted as red dots. (For complete

details of both "edge" methods, see the IDL Reference Cnide, Vol. 1 [Research

Systems, Inc., 1997].) N.B. that, in most cases, dots representing low-pass

filtered data are plotted so closely together that they have the appearance of

being a continuous curve.



32

3.1.1. Temperature

The diurnal temperature cycle as measured by the top temperature sen-

sor in sessions 1030, 1309, 1363, and 1402 is shown in Figures 3.1 on the next

page through 3.4 on page 36, respectively. Examples of the middle and bottom

temperature sensor records are shown for session 1363 in Figure 3.5 on page 37

and Figure 3.6 on page 38. Graphs of the three temperature sensor records

for session 1415 (sol 68) are shown in APPENDIX A, but will not often be

discussed or compared with the other four sessions. (Note that the time axis

in each of the session 1415 graphs is labeled such that hours past midnight are

greater than 24; e.g., hour 30 denotes 0600 LTST of the following sol.)

Certain notable features are evident in all of these graphs. In each case,

after reaching the overnight temperature minimum between 0506:10 LTST and

0601:05 LTST, dawn arrived, and the temperature began to rise steeply. (In

session 1309, the Tmid minimum occurred at 0440:52 LTST, but the T0 and

Tb0t minima occurred later at 0538:57 LTST and 0508:00 LTST, respectively,

which fall into the time frame stated here.) As the temperature rose, its short-

term variability also increased until it broke suddenly into a high-variability

mode, apparently marking the onset of convective activity. Peak temperatures

were recorded between 1307 LTST and 1418 LTST. By around 1530 LTST,

temperatures had begun to fall, and temperature variability was also on the

wane. By 1700 LTST, convection had effectively been halted, and temperatures

plummeted. Because the MPF mission took place in the late summer of the

northern hemisphere, all sunset times were later than 1800 LTST, so the steep

temperature fall and the cessation of convective turbulence occurred well before

sunset.



260

240
C

a 230
0
a)a
E
a,

A

220

210

200

ii L.11l JL.lLiLLilL.O. I S Li VY Li I I Li LU Vi FJUOOCUU U P U IVIPI PU U C C
I

10.0 1 5.0 20.0 1.0 6.0
Local True Solar Time (Hours)

FIGURE 3.1. Sol 25 Top Sensor Temperatures, Raw and Low-Passed with 15-Minute Cutoff. Raw temperatures are
shown as golden dots, and low-pass filtered temperatures are shown as green, red, and violet dots.



260

250

-' 240
C
>
a)

a,

230
0
a,
a-
E
a,
F-

220

210

200

''-'H ..)CIOLfl cIIIperULUIa,. J\UW UIIU LUwpUseu u lu IvHrIulet,

10.0 15.0 20.0 1.0 6.0
Local True Solar Time (Hours)

FIGURE 3.2. Sol 32 Top Sensor Temperatures, Raw and Low-Passed with 15-Minute Cutoff. Raw temperatures are
shown as golden dots, and low-pass filtered temperatures are shown as green, red, and violet dots.



260

250

240
C
>
0)

0)

2 230
a
0)
a-

E
0)

I-.

220

200

Sal 38 Tap Sensor Temperatures: Raw and Lowpassed at 15 Minutes

10.0 15.0 20.0 1.0 6.0

Local True Solar Time (Hours)

FIGURE 3.3. So! 38 Top Sensor Temperatures, Raw and Low-Passed with 15-Minute Cutoff. Raw temperatures are
shown as golden dots, and low-pass filtered temperatures are shown as green, red, and violet dots.



260

250

' 240
C

5,

0)

. 230
C
5,

E
'A

220

210

200

Li Vi Li I I Li LU VV F)UJOOCUJUJLI.J IVI I LA LC

10.0 15.0 20.0 1.0 6.0

Local True Solar Time (Hours)

FIGURE 3.4. So! 55 Top Sensor Temperatures, Raw and Low-Passed with 15-Minute Cutoff. Raw temperatures are
shown as go!den dots, and !ow-pass filtered temperatures are shown as green, red, and violet dots.



S

a
S
a-

6
5
F-

260

240

220

200

Sol 38 Middle Sensor Temperatures: Raw and Lowpassed at 15 Minutes

10.0 15.0 20.0 1.0 6.0

Local True Solar Time (Hours)

FIGURE 3.5. So! 38 Midd!e Sensor Temperatures, Raw and Low-Passed with 15-Minute Cutoff. Raw temperatures
are shown as go!den dots, and low-pass filtered temperatures are shown as green, red, and violet dots.



260

240
a,

a)

S
a
a,

E
a)

220

200

SoI 38 Bottom Sensor Temperatures: Raw and Lowpassed at 15 Minutes

10.0 15.0 20.0 1.0 6.0
Local True Solar Time (Hours)

FIGURE 3.6. So! 38 Bottom Sensor Temperatures, Raw and Low-Passed with 15-Minute Cutoff. Raw temperatures
are shown as golden dots, and low-pass filtered temperatures are shown as green, red, and violet dots.



39

Then something interesting happened in each of the four sessions. Some-

time between 1800 and 1830 LTST, the steep temperature decline was slowed,

arrested, or even reversed for a period of 25 to 45 minutes of renewed variabil-

ity before resuming. This phenomenon appears then to have repeated once or

twice in each session, following brief periods of steeper temperature drops. The

explanation for these events is not yet known, but might perhaps be due to

"bursting" events. Bursting is the name given to an aperiodic switching back

and forth between laminar flow and turbulent flow. Re Velle [1993] has proposed

a model for bursting, but it requires as inputs several variables not measured

at the MPF landing site, and therefore that model cannot be used to test the

explanatory power of bursts for these events in the MPF temperature data.

Very short-time-scale turbulence appears to have gone on throughout the

nights, but there were occasional, sudden temperature fluctuations, sometimes

lasting as long as 30-45 minutes and raising the mean temperature by as much

as 3 K. These events, too, may be cases of bursting, though again, the available

data offer no clear means of finding out. Another possible explanation is the
mechanical generation of turbulence very near the surface by katabatic flow over

a rough surface. Such turbulence would tend to mix warmer air from above down

toward the surface. Local cold-air drainage flows that are sporadic in terms of

both onset and duration could account for the observations, but once again,

much more extensive deployment of instrumentation would have been required

to determine whether drainage flows were, in fact, responsible.

T0 measurements spanned similar ranges in all four Presidential sessions

from 67.49 K in session 1309 to 68.68 K in session 1363. As expected, the ranges

are greater nearer the surface. The Tmid temperature spreads were as narrow
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as 71.80 K in session 1309 and as wide as 74.21 K in session 1363. For the

smallest temperature range was 78.43 K in session 1402, and the largest range

was 80.77 K in session 1363. Given that the fourth Presidential session began

30 sols after the first began, this remarkable consistency of daily temperature

ranges is a testament to the effect of a short radiative time constant on the

diurnal cycle. Dynamical influences like seasonal changes and synoptic systems

play a secondary role at this season and latitude.

Also worthy of special note are the extremes of temperature increases

and decreases from one observation to the next, all of which occurred during

the daytime convective activity. The bottom temperature sensor's wildest such

changes occurred on so! 25 in session 1030, when a decrease of 14.39 K over

the four-second observation interval and an increase of 11.69 K were recorded

less than seven minutes apart. More details of the extrema of temperature and

temperature fluctuation are shown in Table 3.1 on the next page.

Because of the dominance of radiative heating and cooling in the diurnal

cycle of near-surface air temperatures on Mars, the near-surface vertical tem-

perature gradients are often large. Locally turbulent flow can also make the

vertical temperature gradients highly variable by mixing air that is relatively

less affected by the surface down toward the surface. The vertical temperature

difference series between the top and bottom temperature sensors in raw and

low-pass filtered forms are shown for the four sols in Figures 3.7 on page 42

through 3.10 on page 45.

During daylight hours, the ground is heated by the short-wave insolation

and, in turn, heats the air at the surface both radiatively and by conduction,

resulting in large, downward temperature gradients. In sessions 1030, 1309,
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TABLE 3.1. Extrema of Temperature and Temperature Change. All temper-
atures are in Kelvins. Observation-to-observation changes are the change over
four seconds from one observation to the next.

Extrema of Temperature and
Temperature Change

Session 1030 1309 1363 1402

(Sols) (25-26) (32-33) (38-39) (55-56)

Maximum 264.84 265.04 265.59 265.45

Minimum 196.91 197.55 196.91 196.98

Max. Mm. T0 67.93 67.49 68.68 68.47

Maximum Tmid 267.52 266.95 268.45 267.31

Minimum Tmid 194.15 195.15 194.24 195.25

Max. Mi Tmid 73.37 71.80 74.21 72.06

Maximum Tb0t 271.26 270.47 271.61 270.97

Minimum 192.03 191.78 190.84 192.54

Max. Mi Tb0t 79.23 78.69 80.77 78.43

Max. Observation-to- T0 8.51 7.43 7.89 6.89

Tmjd 9.96 10.23 9.84 9.61Observation

11.69 9.36 10.38 10.92Temperature Increase

Max. Observation-to- -9.90 -10.55 -11.31 -11.15

Tmid 9.19 -11.31 -11.83 -13.66Observation

Tb0t -14.39 -10.75 -13.64 -13.78Temperature Decrease
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and 1402, the greatest differences were approximately 19 K over the 75 cm

between the top and bottom sensors, or downward gradients of approximately

25.33 K/rn. In session 1363, the peak difference was slightly over 21.5 K just

past noon, or a downward gradient of about 28.67 K/rn.

At night, the temperature gradient points upward due to the long-wave

radiative cooling of the ground and the absence of any incoming solar radiation.

Peak upward gradients were generally much weaker than the daytime downward

gradients, but still exceeded 9 K over the 75 cm (12 K/rn) momentarily in

session 1363 near sunrise on sol 39. The late night hours showed surprising

activity, presumably due to turbulence of unknown origin. Actual reversals

of the Tt0-Tb0t difference were generally rare, but did occur frequently, if just

barely, between 0500 and 0600 LTST of sol 56 in session 1402. Reversals of the

TmjdTb,jt difference were also infrequent and comparatively weak (< .5 K over

25 cm).

The TtopTmid difference series, however, show that many transient rever-

sals occurred during each of the four nights, usually during times when the air

was very nearly isothermal for extended periods of time (1 to 3 hours) over the

50 cm between these two sensors. These reversals, though more plentiful than

for the other combinations of sensors, were still weak (< .5 K over 50 cm). The

extended periods of nearly isothermal conditions that sometimes occurred at

this height are mostly not to be found in the TmidTbot series, just as one would

expect due to the greater proximity, and therefore stronger cooling influence, of

the ground. (See, for example, Figure 3.11 on page 46 and Figure 3.12 on the

page before.)
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TABLE 3.2. Correlations of Pairings of Temperature Sensor Series. The linear
correlation coefficients for each pairing of temperature sensor time series are
shown here for each session.

Linear Correlations of Pairings
of Temperature Sensor Series

Session 1030 1309 1363 1402

(SoIs) (25-26) (32-33) (38-39) (55-56)

T0 VS. Tmjd 0.998 0.998 0.998 0.998

T0 vs. Tb0t 0.993 0.992 0.992 0.994

Tmid VS. Tb0t 0.996 0.996 0.997 0.998

In each session the change from stability to instability in the near-surface

air in the morning appears as approximately simultaneous zero-crossing in all

three temperature difference series. This is what one might expect as the surface

warms rapidly after sunrise. (See Figures 3.8 on page 43, 3.11 on page 46,

and 3.12 on page 47.)

Basic, linear correlation coefficients for each pairing of temperature sen-

sor records, as shown in Table 3.2, can mislead one to believe that temperature

changed in lockstep at all three sensors. That the temperatures at the three

sensors did not, in fact, behave in that manner is apparent from the graphs of

difference series already presented. The fact that daytime temperatures were

relatively very warm at all three sensors, and nighttime temperatures were ex-

tremely cold at all three sensors simply outweighs other factors when this kind

of calculation is performed.
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The intuitive expectation that the evening stabilization of the near-

surface air would also appear at about the same time in all temperature dif-

ference series, or at least that TmidTbot would cross zero before TtopTmid, was

not borne out. In fact, the air closer to the surface apparently became stable a

good 40 65 minutes after the air just above it, as can be seen in the same three

figures mentioned just above. This pattern also appears in the temperature

series for each of the other three Presidential sessions.

The explanation for this latter and peculiar phenomenon is not known,

but two possibilities are proposed here. One is that the solar cell panel, whose

thermal inertia is considerably higher than that of the surrounding ground, may

have radiatively heated the bottom temperature sensor and the air surrounding

it more than it heated the middle and upper sensors due to the greater prox-

imity. Another possible explanation is that, as radiative heating of the surface

decreased, fewer eddies aloft might have been vigorous enough to penetrate the

lowest 79 cm above the surface (the height of the bottom temperature sensor),

and this lowest part of the surface layer would have become decreasingly likely

to spawn eddies itself, so cooler air aloft would have been mixed down to this

level less frequently. Note that the two potential explanations suggested here

are not mutually exclusive.

The overwhelming influence of the diurnal temperature cycle can be

largely eliminated from the correlation of the three temperature sensor records

by calculating, instead, the correlation coefficients from first-difference series for

these records. Table 3.3 on the following page shows that, when calculated this

way, the correlation coefficients are considerably reduced from the correspond-

ing values in Table 3.2. These values also suggest that temperatures measured
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TABLE 3.3. Correlations of Pairings of Temperature Sensor First-Difference
Series. The linear correlation coefficients for each pairing of temperature sensor
first-difference (i.e., observation-to-observation difference) time series are shown
here for each session.

Linear Correlations of Pairings of
Temperature First-Difference Series
Session 1030 1309 1363 1402

(Sols) (25-26) (32-33) (38-39) (55-56)

T0 VS. Tmid 0.851 0.857 0.840 0.860

T0 vs. Tb0t 0.614 0.634 0.617 0.679

Tmid V5. Tbot 0.750 0.761 0.767 0.816

at the level of the bottom sensor behaved rather differently from those measured

at the levels of the other two sensors in that the correlation between Tb0t and

either Tmjd or T0 is consistently lower than the correlation between Tmid and

even though the middle and bottom sensors are separated by only half the

vertical distance that separates the middle and top sensors.

To investigate this seemingly counterintuitive result further, a different

approach was tried. The squared coherence and phase spectra for each pairing

of the temperature sensor records for session 1030 are displayed in Figures 3.13

on page 53 through 3.15 on page 55. (Note that phase information is plotted

only for frequency bands whose squared coherence meets or exceeds the 99.5%

confidence critical level and that no more than the first 500 significant phases are

plotted on a single graph. Note also that first-difference series were not used here
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because the use of the spectral method obviates the problem encountered with

basic correlation by isolating the diurnal cycle into a single frequency band.) In

these graphs, it can be seen that T0 and Tmjd are indeed very highly coherent

out to frequency bands well beyond 200 cycles/sol, whereas Tb0t is much less

coherent with either Tmjd or T0 throughout the same part of the spectrum.

This same pattern appears in full-sol squared coherence spectra for the other

three sessions as well.

Squared coherence and phase spectra were then calculated for each sol for

the following three time periods: late morning (0945 1145 LTST), afternoon

(1245 1615 LTST), and night (1700 0605 LTST) for session 1030, 1700

0700 LTST for the other sessions). A set of spectra were also calculated for an

early morning period (0740 0945 LTST) for session 1030, but it was not possible

to do the same for the other sessions because their session start times fell in the

middle of this time period. The sol 25 (session 1030) early morning spectra and

the late morning spectra for all four sols are in accord with the full-sol spectra,

showing high squared coherence between and Tmid for frequency bands of

up to at least 30 cycles/hour. The sol 25 late morning spectra in Figures 3.16

on page 56 through 3.18 on page 58 provide a representative example.

The nighttime spectra for sessions 1030 and 1309 also follow this pattern,

though squared coherence is generally at levels somewhat reduced from those of

the morning spectra, and large dropouts begin appearing in even the and

Tmid spectra in the vicinity of 10 cycles/hour. Sessions 1363 and 1402 do not

exhibit this pattern clearly, but instead show T0 VS. Tmid squared coherence

to be greater in some of the low-frequency bands, while less in other frequency

bands, than that for Tmid Vs. Tb0j, although vs. Tb0t squared coherence for
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these two sessions is consistent with the pattern. Figures 3.19 on the next page

through 3.21 on page 62 show the session 1402 nighttime squared coherence and

phase spectra. These squared coherence spectra leave the impression that the

bottom temperature sensor was located in a layer of air whose behavior differed

somewhat from that of the air just above it, with the layer boundary residing

between the heights of the middle and bottom temperature sensors, even during

the strong, convective turbulence of the morning.

In the afternoon, however, which also featured strong convection, the

squared coherence spectra were different. The afternoon squared coherence

spectra for all four sols exhibit very high squared coherence between all pairings

of temperature sensor time series out to fairly high frequency bands. The after-

noon temperature squared coherence and phase spectra for sol 25 are displayed

in Figures 3.22 on page 63 through 3.24 on page 65. If reduced penetration of

turbulent mixing downward into the air nearest the surface, such as is proposed

here, was indeed the case throughout most of the diurnal cycle, then this effect

also disappeared for a few hours during the afternoon, perhaps wiped out by the

several preceding hours of vigorous, convective stirring of the lower atmosphere.

3.1.2. Pressure

Atmospheric pressure measurements were digitized and recorded on two

scales, one ranging from 6 mb to 10 mb (P610) and the other from 0 mb to 12 mb

(p012). Digitization of the pressure sensor voltage output was done to 14-bit pre-

cision on each scale, yielding maximum theoretical precisions of 0.24414065 ib

and 0.73242 1875 pb of the two scales. An equipment error occurred in

both sessions 1309 and 1363, ruining the fine-scale time series for about three
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and a half hours covering the diurnal pressure minimum, which can be seen for

session 1309 in Figure 3.25 on the page before. The raw and low-pass filtered

pressure records for the Presidential sessions are presented in Figures 3.26 on

page 69 through 3.29 on page 72. A graph of the session 1415 (sol 68) pres-

sure time series is included in APPENDIX A, but will not often be discussed

or compared with the data from the other four sessions. Note that graphs for

session 1309 and 1363 were prepared from the 0 12 mb-scale (p012) time series,

whereas the graphs for the other sessions, wnhich did not suffer from the late

afternoon/early evening error in the 6 10 mb (P610) scale, were prepared from

the higher resolution time series. Note also session 1030 began nearly three

hours earlier in the morning than the later sessions began.

Daily pressure minima ranged from 6.3342 mb on sol 38 to 6.4903 mb on

sol 55, and occurred during a narrow range of times of day from 1739:52 LTST

on sol 38 to 1803:26 LTST on so! 32. Daily maxima ranged from 6.7953 mb on

sol 25 to 6.9907 mb on sol 56, and fell into an even narrower time-of-day slot,

ranging from 0750:45 LTST on so! 55 to 0841:34 LTST on sol 25. Thus the

daily minimum in each case lagged the daily maximum by 9.25 to 10.0 hours.

Taken as a percentage of the maximum pressure observed in a session,

the greatest span of pressures reached 7.488% in session 1363. Maximum

observation-to-observation changes of pressure were much less dramatic than

those of temperature, reaching only +18.7 b and -15.2 sub, with both events

occurring on so! 25 in the P610 record. given in Table 3.4 on the following page.

Although each session's pressure record shows a number of secondary

maxima and minima, the observations taken around the absolute maximum

and minimum in each session have some interesting characteristics. The ris-



TABLE 3.4. Extrema of Pressure and Pressure Change. All pressures are in
millibars (mb). Observation-to-observation changes are the change over the four
seconds from one observation to the next. Missing data are due to the off-scale
error detailed in the quoted text beginning on page 75. The diurnal ranges given
as percentages of the diurnal maximum pressures were calculated from P610 for
sessions 1030 and 1402 and from P012 for sessions 1302 and 1363.

Extrema of Pressure and
Pressure Change

Session 1030 1309 1363 1402

(Sols) (25-26) (32-33) (38-39) (55-56)
Maximum P610 6.7953 6.8109 6.8391 6.9907

Minimum P610 6.4108 (--. -) (--. -) 6.4903

Max. Mm. P610 0.3845 (--. -) (---. -) 0.5004

Maximum P012 6.8037 6.8188 6.8469 6.9985

Minimum P012 6.4092 6.3353 6.3342 6.4861

Max. Mm. P012 0.3945 0.4835 0.5127 0.5124

5.658% 7.091% 7.488% 7.158%

Max. Observation-to-
Observation P610 0.0187 0.0070 0.0117 0.0063
Increase

Max. Observation-to-
Observation P012 0.0176 0.0088 0.0124 0.0088
Increase

Max. Observation-to-
Observation P610 -0.0152 -0.0072 -0.0109 -0.0053
Decrease

Max. Observation-to-
Observation P012 -0.0139 -0.0066 -0.0110 -0.0066
Decrease
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ing pressure for two to three hours before the daily maximum and the falling

pressure for an hour or so after the sharp trend reversal clearly highlight the

timing and magnitude of the daily maximum pressure in the graphs and ap-

pear especially spirelike in the graphs of sessions 1402 and 1415. After many

hours of fairly steadily failing pressures, the daily pressure minimum is quickly

succeeded by a dramatic rise in pressure, during which nearly half of the sol's

pressure range was recovered in a span of about two and one-half hours. Af-

ter this initial, steep pressure increase in each of the five, full-so! sessions, the

pressure decreased for one to two hours before resuming its upward climb. This

brief period accounted for temporary pressure drops of '-30 1ab in sols 25, 32,

and 38, but '-45 ph in so! 55 and 75 pb in sol 68.

At many times throughout the diurnal cycle, periods of high-frequency,

but always small-amplitude, pressure fluctuation can be seen in the graphs. It

is worth noting that these fluctuations are not well correlated with the periods

of high-frequency fluctuations that appear in the temperature records in either

amplitude or time of occurrence.

At the beginning of this section, it was shown that the high-resolution

(P610) record was corrupted in sessions 1309 and 1363. (See section 3.1.2 on

page 59.) However, Figure 3.25 and similar graphs prepared for the other Pres-

idential sessions reveal another kind of discrepancy between the records of the

two pressure scales. Given that the coarser scale's resolution is an integer mul-

tiple of the finer scale's resolution, and given that both digitizations were made

simultaneously from the voltage output of the same instrument, one would ex-

pect that the upper limit on the difference between the two digitizations of any

observation would be the resolution of the coarse scale, yet Figure 3.25 exhibits
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extensive stretches of time during which those differences greatly exceeded this

limit.

To investigate the nature of these discrepancies, graphs of the differences

between the two pressure scale time series were prepared for the two sessions

whose P610 had not been corrupted around the time of the daily minimum.

Figure 3.30 on the page before shows the results for session 1402. One of

these graphs was transmitted to another member of the MPF ASI/MET team.

Murphy [Murphy, J. R., personal communication, January 1999] noticed that

the curve in the graph sent to him had the same shape as the curve in a graph

of the circuit board temperature recorded in the housekeeping data for the same

session, but with the sign reversed (i.e., a graph of P012-P610 instead of the way

the differences were plotted in Figure 3.30). This report prompted Schofield

[Schofield, J. T., personal communication, January 1999] to write:

"Let me say first that everything below is consistent with my un-
derstanding of the pressure sensor and instrument. Now to try to
explain it. I have broadcasted my reply to the team in case anyone
else is interested in this.
"Only one voltage from the pressure sensor is measured, the two
scales are generated by feeding this voltage to two separate amplifiers
with different gains and offsets. Pressure calibration proceeds in two
steps.

1. The conversion of counts to volts using amplifier calibration.
2. The conversion of volts to pressure using the Tavis sensor cali-

bration and empirical expresssions for the temperature depen-
dence of offset voltage.

"Step 2. is the horrendous process we know only too well, but fortu-
nately it has nothing to do with differences between the two pressure
scales. Step 1 is very straightforward, until one looks at it closely,
and is responsible for the differences.
"The amplifier calibration (step 1) is based on accurate measure-
ments of (volts in) versus (counts out) for both channels. It is a
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simple linear conversion (gain and offset). Because each channel
was measured separately, I would expect a small difference in volt-
age and hence pressure in the two channels due to measurement
error. Because the measurements are very accurate I would expect
this difference to be very small at the board temperature of 295 K
corresponding to the measurements (< 5 parts in 10000).
"Now to the problem. The amplifier gains and offsets are temper-
ature dependent, due primarily to temperature dependence of re-
sistors. The effect is not large, but is likely to be different for the
two channels. Thus as we move away from a board temperature
of 295 K, I would expect the voltages and hence the pressures to
diverge.

"The result of this divergence is that pressure difference should be
correlated with circuit board temperature, which you say that it is.
The relationship probably will not be linear, but that is a good first
guess for an empirical correction.
"We do have data on the dependence of amplifier gain and offset
on board temperature for many instrument channels, including the
thermocouples, the wind sensors and the PRTs. Unfortunately we
do not have them for the pressure sensor. The story of why not
is not worth going into at this stage. As these dependences were
generally small, they have not been incorporated in the ASI/MET
calibration, although they could be."

3.1.3. So! 25 Wind Direction

As noted in sections 2.3 on page 18 and 2.4 on page 19, the only valid

wind data received to date are the wind directions calculated from the wind sen-

sor overheat temperatures for session 1030 of the MPAM_0001 data set. This

wind direction time series is plotted in black in Figure 3.31a on the following

page. Although this time series shows a tremendous amount of scatter, es-

pecially during the convectively active portion of the daylight hours, a slow,

clockwise rotation of the wind direction can be seen throughout the diurnal
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FIGURE 3.31. So! 25 Wind Directions, Qua!itative Wind Speeds, and Top
Sensor Temperatures. a) The top panel displays session 1030 "qualitative" raw
wind speeds (green) and raw wind directions (black). b) The middle panel shows
top sensor temperatures with the first ten Fourier frequencies of the diurnal
cycle removed (brown) and "qualitative" wind speeds (green), both smoothed
with a 17-sample, boxcar smoother. c) The bottom panel shows top sensor
temperatures with the first ten Fourier frequencies of the diurnal cycle removed
(brown) and wind directions (black), both with 17-sample smoothing. Dashed
lines show wind directions from which air passes directly over the lander's main
housing before encountering the meteorology mast instruments.



cycle in agreement with theory for both the diurnal, westward propagating tide

and the diurnal slope flow cycle.

Plotted in green in the same panel is a series of "qualitative" wind

"speeds" to provide a gross, uncalibrated picture of the relative wind speeds

corresponding to the directions shown in black. These "speeds" are actually

the temperature difference in Kelvins between the warmest and coolest sensor

element overheats as a proxy for wind speed at each observation time. Al-

though these numbers are not equatable to true and quantified speeds, they are

nonetheless qualitatively useful. For example, the daytime, convective period's

high degree of directional variability is matched by high variability in the qual-

itative speeds, as should be the case for vigorous convection. Such convective

activity should not occur after dark, however, so the high directional variability

seen from 2OOO LTST to '234O LTST and from '-"0250 LTST to '-'.0600 LTST

requires a different explanation. The qualitative wind speed series shows that

both of these periods commenced with an abrupt drop in wind speed to near

zero and continued as long as the wind speed remained very low. This type of

activity, when observed on Earth, is referred to as "light and variable winds".

Directional variability under such conditions appears greater because the mean

flow is zero or nearly so; addition of a significant mean flow to the wind vector

time series would eliminate most of this apparent directional variability. I.e.,

the actual variability of the u- and v-wind components is very small, but when

viewed as direction and magnitude, the direction seems highly variable.

In order to make better sense out of the high scatter in these time se-

ries and to facilitate comparison with a corresponding temperature time series,
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smoothed versions of the wind directions and qualitative wind speeds were pro-

duced by:

1. filling in the gaps in the record left during the wind sensor's low-power

cycles with the "not a number" code ("NaN"), signifying "missing data"

to IDL's boxcar smoothing function (smoothO),

2. calculating u- and v-component wind velocity time series from the direc-

tion and qualitative speed series,

3. smoothing these u- and v-component series with the aforementioned,

variable-length boxcar, running mean smoother, which can ignore missing

values when they fall within the boxcar, while reducing the number of

observations to be averaged by the number of missing values, and

4. recombining the smoothed u- and v-component time series to provide

smoothed wind directions and smoothed qualitative wind speeds.

Note that the gaps in the u- and v-component series are filled by the smoother's

"variable length" feature, which excludes missing data points from the averages

being calculated at those points, provided the requested length (i.e., the maxi-

mum variable length) is long enough to reach at least one valid observation on

each side of a gap. For the results shown here, a boxcar length of 17 samples was

used, considerably longer than the minimum length of five samples necessary to

span the three-observation gaps in the unsmoothed time series.

A high-pass filtered version of the session 1030 top temperature (T0)

observations is plotted in brown in Figure 3.31b and 3.31c. This temperature se-

ries was produced by the simple, though crude, method of setting the mean and

first ten Fourier frequencies to zero to eliminate the most powerful frequencies



of the diurnal heating and cooling cycle, so that primarily short-term variability,

most likely due to turbulence, would remain. Shown in comparison with this

high-passed series are the smoothed wind speeds in green in Figure 3.31b

and the smoothed wind directions in black in Figure 3.31c.

All three time series are in very close agreement on timing of the on-

set and cessation of the daytime convective turbulence. The steep decrease in

temperature beginning around 1730 LTST was accompanied by a decrease in

wind speed. The temperature slide was interrupted at the same time that wind

speed began to increase around 1820 LTST. A half hour later, the wind speed

fell for about ten minutes almost back to its previous low, and the temperature

again plummeted. This short period ended with another rise in wind speed,

accompanied by another interruption of the falling temperature trend. (The

temperature trend interruptions were described previously in section 3.1.1 on

page 32.) These interruptions are clearly visible in Figure 3.1 on page 33, though

they do not appear as strong trend reversals because that graph includes the

longer-period components of the data.

Three factors are important in connecting the falling temperatures to

the decreasing wind speeds. Foremost, of course, is that long-wave radiative

cooling greatly exceeds incoming short-wave heating late in the day, so rapidly

falling temperatures are the natural and expected background for the short-

term interruptions. Secondly, as the daytime convective boundary layer decays,

boundary layer turbulence stops reaching the surface frequently and thus stops

transporting both momentum and warmer air aloft down to the surface, leading

to slowing surface winds and complete dominance of radiative cooling over the

surface temperature trend. Thirdly, slowing wind speeds result in decreasing
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mechanically generated turbulence, thereby eliminating another potential source

of downward heat and momentum transport.

The explanation of the origin of the interruptions of these processes is

uncertain, but the fact that each interruption involved sharply rising wind speed

suggests that some turbulent events brought both heat and momentum to the

surface. One potential source of turbulence could have been occasional, large,

traveling eddies, which had not yet dissipated, reaching the surface in the vicin-

ity of the lander. Another conceivable possibility could have been early onset of

a local drainage flow, whose faster wind very close to the rough surface might

have generated enough turbulence to mix warmer air down to the temperature

sensors.

Figure 3.31 shows that, during the night, decreases in wind speed were

well correlated with decreases in temperature, and inversely, increases in wind

speed were well correlated with increases in temperature. The nighttime por-

tions of this graph and of Figure 3.31 show that temperature and wind speed

were both poorly correlated with the wind direction, but were fairly well corre-

lated with the variability in the wind direction.

3.2. THERMALLY GENERATED, PRESSURE TIDES

The foundational reference for a modern understanding of atmospheric

tides is generally considered to be Chapman and Lindzen [1970]. Another use-

ful presentation, which also quotes heavily from Chapman and Lindzen [1970],

is given in the context of many classes of geophysical waves [Volland, 1988].

Chapman and Lindzen [1970] cite Laplace [1799] (see also Laplace [1825]) as

having first derived a mathematical description of tidal variation on a spherical



surface as (Eqn. (26) in Chapman and Lindzen [1970])

4a2ci2
F(e8) = (3.1)

gh'8

where h,-, is the set of equivalent depths, which are eigenvalues, the indices o,

s, and n are the frequency in cycles per solar day, the zonal wavenumber, and

the meridional series number, respectively, e8 are the eigenfunctions, and F is

the operator (Eqn. (21) in Chapman and Lindzen [1970])

1 ô / sin 0 8 \ 1 (s f2 + cos2 8 2 \F f2 - cos2 080) f2 cos28 (\ff2 cos20 + sin20) (3.2)

(f a/2w in (3.2).) (3.1) is known as Laplace's Tidal Equation. Chapman

and Lindzen [1970] cite Hough [1897] (also Hough [1898]) for having found that
(3.1), when rewritten as (Eqn. (51) in Chapman and Lindzen [1970])

d (1 2 de'\ 1 Is f2 + 2 s2__1
e 4a2w20

0 3 3dpf2_2dp)f2_2 LJf2_2+1_2] gh )

where u = cosO, and 0 is the colatitude, can be solved by using associated

Legendre polynomials, Pm, as a series expansion of the form (Eqn. (59) in
Chapman and Lindzen [1970])

= CPL). (3.4)
m=s

Certain assumptions were made in order to develop the Laplace tidal
theory highlighted above. These assumptions include [Chapman and Lindzen,

1970]:

a) local thermal equilibrium (LTE) conditions apply everywhere

in the atmosphere at all times,

b) the atmosphere is an ideal gas of constant composition,



c) gravitational acceleration, g, is constant with height,

d) the hydrostatic approximation is adequate for use in the de-

scription of tidal activity,

e) the overall shape of the planet is assumed to be spherical rather

than oblately spheroidal,

f) the planetary surface is completely smooth,

g) dissipation (molecular and eddy viscosity, ion drag, long-wave

radiation) can be ignored,

h) tidal fields can be treated as perturbations about a mean state

that can be linearized,

i) the mean state is steady, and finally,

j) there is no mean flow in the atmosphere.

One can see at a glance that some of these assumptions are violated

grossly in the real terrestrial and Martian environments. The most serious

divergences of reality from theoretical assumption may be found in assumptions

f), g), i), and j) above. Both planets have topographies with wide ranges in

elevation relative to their respective atmospheric scale heights. Both planets

have high-amplitude, large-scale variations of surface albedo and surface thermal

inertia, each of which independently affects infrared radiative transfer between

the planets' surfaces and atmospheres. Wilson and Hamilton [1996] have shown

that each of these characteristics would be capable of generating significant tides

in the Martian atmosphere in the absence of surface elevation variations. Both

planets have uneven, time-varying distributions of suspended particulates and



radiatively active, trace gases that also alter radiative transfer between the

surface and the atmosphere.

One of the effects of global surface variation on Mars is to stimulate

eastward propagating tidal modes in the form of equatorially trapped, Kelvin

waves [Wilson and Hamilton, 1996]. In their idealized form, such waves taper

off in amplitude as a Gaussian function of distance from the Equator.

Earth and Mars violate assumption i) by the presence of sea/land breezes

and slope flows, both of which tend to be forced at the same frequencies as the

tides, and by traveling, synoptic-scale disturbances. Both planets also have, at

most locations, non-zero zonal and meridional components of atmospheric mean

flow, which violates assumption j).

Although there are methods for separating some of the aforementioned

factors' influences in observational data when there is global observational cov-

erage, not enough information can be collected at a single point on a planetary

surface to make such a separation of influences possible. Because the Mars

Pathfinder was the only observing station functioning on the surface of Mars

and returning data to the earth during the MPF mission period, analyses of

the pressure tides must treat all of the various influences together as "tides",

which is how these analyses are presented here. No decomposition into Hough

functions can be performed due to the lack of spatial data. I.e., the values

of C in (3.4) cannot be determined; only total tidal amplitude (e.g., ampli-

tude A3(q, a) = > E_ e( a), where ç' and a are the latitude and

longitude, respectively) or power at each frequency (or frequency band) can be

calculated. Such frequency decompositions of the time series are shown in this

section.



Each of the four Presidential sessions covered a period of time that was

a few minutes longer than one sol. Observations in excess of one sol, as deter-

mined by their Local True Solar Timestamps, were trimmed from each session

to produce the graphs in this section. This was done to make Fourier frequencies

coincide exactly with tidal frequencies.

Figure 3.32 on the next page shows the so! 25 presure series with the

mean and first four tidal harmonics removed and a low-pass filtered version

of this series. The six peaks and six troughs in this graph strongly suggest

that significant amplitude remains at the sixth tidal harmonic, but that little

amplitude might be found in the fifth harmonic. When the fifth and sixth

harmonics are also removed, as in Figure 3.33 on page 87, a similar picture

appears, this time with eight peaks and eight troughs, showing considerable

amplitude remaining at 8 cycles/so! and little evidence of any at 7 cycles/sol.

Simple harmonic amplitude fits of the first ten tidal harmonics for each

of the Presidential sessions are displayed in Figure 3.34 on page 88. Amplitudes

shown are normalized by each sol's mean pressure. Estimates of the amplitudes

of the diurnal and semidiurnal tides made by harmonic fits to parts of the binned

MPF MET data for 20 of the first 30 sols of the mission were previously reported

by Schofield et al. [1997] and Haberle et al. [1999], but amplitude estimates for

higher harmonics were not characterized in those papers.

Power spectra for Tmid, and P012 at the maximum frequency

resolution of 1 cycle/so! as the ensemble-averaged spectra from all four Presi-

dential sessions appear in Figures 3.35 on page 89 through 3.38 on page 92. All

three temperature spectra exhibit a typically "red" spectral shape. Although

they have very similar appearances, it is worth noting that the maximum power
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spectral density (PSD), which occurs at the diurnal frequency, is greatest for the

bottom temperature sensor and least for the top sensor, as should be expected.

The pressure power spectrum differs in shape from the temperature spec-

tra in that relatively high PSD is maintained in the tidal frequency range up

through '-12 cycles/sol, though a steep decline in PSD begins around 8 cy-

cles/sol. Beyond this frequency range very little power remains, as is appar-

ent in the variance-preserving form of the graph. Nevertheless, the log-log

representation has a continuing, though much shallower, roll-off in PSD un-

til --12OO cycles/sol, after which point the spectrum resembles a low-power,

"white" spectrum. This difference between the pressure spectrum on one hand

and the temperature spectra on the other hand suggests that the tidal har-

monic amplitudes/power are not well explained in terms of the diurnal, surface

air, temperature cycle.

Squared coherence spectra relating pressure to temperature at each of

the three temperature sensor heights support this difference in character. (See

Figures 3.39 'on the following page through 3.41 on page 96.) Especially high

squared coherence between pressure and temperature is found at 1 to 4 cy-

cles/so!, somewhat less at 5 to 12 cycles/sol, and a steep decline thereafter.

The higher peaks in the remainder of these spectra represent essentially ran-

dom correspondences of very low-power portions of both the underlying pressure

and temperature power spectra.

The power spectra from the different temperature sensor series are all

quite similar, and the differences between those spectra and the pressure power

spectrum are also apparent in lower-resolution power spectra for each of the four

Presidential MET sessions. A complete set of power spectra for the Presidential



SoIs 25, 32, 38, 55 Pressure (0 12 mb) vs. lop Sensor Temperature
Squared Coherence Spectrum

Period T (sols)1.0000 0.1000 0.0100 0.0010 0.0001

i: 06[
1 10 100 1000 10000

Frequency f (cycles/sot) - = 1 cycIes/so
FULL SQL SESSIONS

SoIs 25, 32, 38, 55 Pressure (0-12 mb) vs. lop Sensor Temperature Phase Spectrum
Period T (sols)1.0000 0.1000 0.0100 0.0010 0.0001

I 1111

DOF = 6

1 10 100 1000 10000
Frequency f (cycles/sol) -- Lxf = 1 cycles/sol

FULL SQL SESSIONS
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MET sessions at 8 degrees of freedom (d.o.f.) with a frequency resolution (zf)
of 2.492 cycles/sol is presented in APPENDIX B.

The exceptions to the "white" spectral appearance of the righthand quar-

ter of the log-log graph of the pressure power spectrum are the notable spike near

2460 cycles/sol and the spikes for its next three harmonics at 4920, '7380,

and -'-9840 cycles/sol. The fundamental peak is clearly significant at the 95%

confidence level, and its harmonics may be marginally so. The origin of these

peaks is in the calibration correction algorithm for the pressure sensor's voltage

readouts, according to Schofield [Schofield, J. T., personal communication, July

2000] (Murphy [Murphy, J. R., personal communication, July 2000] concur-

ring), who provided an older version of the session 1030 data, which had been

created using an earlier version of the calibration correction, for comparison.

Both versions of the calibration correction algorithm incorporated data from a

housekeeping temperature sensor located close to the pressure sensor inside the

lander housing because the pressure sensor's output was known to vary with

temperature. However, the housekeeping data were recorded only once every

36 seconds (100 cycles/hour), whereas the science data sampling rate for the

Presidential MET sessions was once every four seconds (900 cycles/hour).

The difference between the two versions of the calibration correction

algorithm is in how the housekeeping temperatures were used to correct the

science observations taken at times during the intervals between housekeeping

observations. The earlier version used an interpolation of the housekeeping tem-

peratures nearest in time to each science observation, which introduced periodic

discontinuities into the second time-derivative of the temperature values used

in the correction, but preserved continuity in the first time-derivative. The ver-



sion adopted later dispensed with this interpolation and instead simply used the

temporally nearest housekeeping temperature for the correction of each science

observation, so each housekeeping temperature value used stayed constant for

36 seconds until the next housekeeping temperature value was selected. This

latter method introduced a step function into the housekeeping temperature

values used for these corrections and rendered the first derivative always zero,

except at the periodic discontinuities, where it was infinity. The result is that

the later algorithm produces the peaks at 100, 200, 300, and 400 cycles/hour,

which are the same as the peaks described in cycles/sol above. Power spectra

produced from the pressure data calibrated by the earlier algorithm show no ev-

idence of these peaks, whereas these peaks appear in virtually all pressure power

spectra generated from the Presidential MET session data in the MPAM_0001

data set during this project.

Although the shortness of the sessions prevents resolution of the pressure

power into separate spectral peaks for the various tidal frequencies, the values

plotted in Figure 3.38 are nonetheless valid PSD estimates at those frequencies.

These estimates are undoubtedly contaminated by power smeared both to and

from neighboring frequency bands as previously mentioned in section 2.7 on

page 28, but leakage to and from remote frequency bands is negligible. Both

of these factors result from the use of the Kaiser-Bessel window at a = 3.5 as
described in section 2.7 on page 27.

Most similar analyses reported from the VL1 and VL2 data included

amplitude estimates for only the diurnal and semidiurnal tides. Estimates of

the terdiurnal and quadridiurnal tidal amplitudes were computed from VL1

and VL2 data in one study, but results for higher frequencies were deemed
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unreliable [Leovy, 1981]. The vastly improved sampling rate and precision of

the pressure sensor digitization for the MPF mission have made it possible to

provide estimates of the tidal amplitude/PSD throughout the tidal frequency

range.

3.3. DAYTIME CONVECTIVE ACTIVITY AND THE QUESTION
OF LANDER INTERFERENCE IN THE TEMPERATURE SE-
RIES

At a time when this project was already well underway, the author was

alerted to concerns that the temperature series might have been contaminated

by heating or cooling effects of the lander itself or of one of its airbags upon

air flowing over the lander or the airbag before reaching the various sensors on

the meteorology instrument mast [Mihalov et al., 1999]. Mihalov et al. [1999]

referred to times in hour-minute-second (hhmm:ss) form, whereas the graphs

presented in this section show time axis labels in hours and decimal fractions

of hours, so all LTST times in this section will be given in both forms, with the

fractional form appearing in parentheses after the hour-minute-second format

(e.g., 0756:15 (7.938) LTST), for ease of reference to both presentations.

Mihalov [Mihalov et al., 1999] had calculated and plotted probability

density distributions of temperature lapse rates for the daytime, turbulent por-

tions of the five full-sol sessions as determined from linear, least squares fits to

each triad of simultaneous temperature measurements from the three sensors'

time series. Their first concern was that one tail of each of the five distributions

extended into negative lapse rates as low as -4 K/rn, such as would be more

typical of nighttime, rather than daytime, conditions. He then identified up-

ward spikes in the values of TtopTmid having roughly 2 to 5 minutes' duration
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near 0745 (7.75), 0756:15 (7.938), 0801:40 (8.028), 0818:20 (8.306), and 0823:20

(8.389) LTST on sol 25 (session 1030) as instances in which the wind direction

made heating of air passing the top sensor by passing first over the lander a

possible explanation for the negatively valued tail of the lapse rate distribution.

Figure 3.42 on the following page covers this time period in a different

representation. This set of graphs shows the difference series for each sensor

minus the corresponding three-sensor average (Tavg) series (i.e., at each obser-

vation time, the average of the three sensors' measurements). The graphs are

also made more intelligible by the elimination of most of the diurnal cycle's

effects through the removal of the mean and first ten Fourier frequencies, and

by the application of a 17-sample-wide, boxcar average smoother. Given the

sampling interval of four seconds, this boxcar smoother spans a time period of

64 seconds, which is approximately half the duration of the short duration peak

identified above.

In this representation, the peaks at the first four times listed above are

clearly visible with T0 (red dots) climbing well above the zero (neutral) line

(long, black dashes), Tb0t (blue dots) falling below the zero line, and Tmid (black

dots) usually varying in between. The fifth peak listed above, however, appears

to imply a positive (i.e., daytime normal) lapse rate, contrary to the identifica-

tion criteria used by Mihalov et al. [1999] for the peaks in question. Further, a

double-peaked period of warm T0 and cold Tb0t can be seen with peaks near

0808:40 (8.144) and 0811:20 (8.189) LTST, and these peaks seem to meet the

identification criteria of Mihalov et al. [1999] with respect to temperature.

However, Mihalov et al. [1999] used an unfiltered series of T0 Tmid for

their analysis, whereas Figure 3.42 presents band-pass filtered series of devia-
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FIGURE 3.42. Sol 25 Three-Level Temperatures - Three-Sensor Average Tem- 
peratures with Fourier Modes 0 - 10 Removed and with 17-Sample Smoothing, 

First Four Hours. TtTavg is shown as red dots, TmidTavg as black dots, and 
TbotTavg as blue dots. 
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tions for each temperature series from the three-sensor average series. Removal

of this three-sensor average visually magnifies the vertical temperature spread,

but at the cost of contextual information about these peaks. Figure 3.43 on the

next page, which is the same as Figure 3.42 but not relative to the Taug series,

shows that, in all of the peaks discussed above, all three temperature sensors

warmed simultaneously, rather than only T0 or T0 and Tmid warming, so if

lander interference was responsible for the warming events, then it appears to

have affected all three sensors, not just the upper one or two. In the case of the

peak near 0823:20 (8.389) LTST, Figure 3.43 shows that a positive lapse rate

existed continuously before, during, and after the warming event, and that T0

and Tmid rose sharply, but not enough for either to reveal a negative lapse rate.

To determine whether air warming any or all of the temperature sensors

during the temperature spikes discussed here had come from the direction of

the lander, an engineering diagram (Figure 3.44 on page 104) was obtained

from the Mars Pathfinder Mission Team at NASA/JPL. The plan view of the

MPF lander was next divided into sectors of wind directions relative to the
wind sensor on the meteorology mast according to whether air arriving at the
mast and its various sensors would have passed directly over the lander housing

(292 0 328 not over the housing but over parts of two solar panels (269 0

292 0 and 328 0 344 ), over part of only one solar panel (215 0 269 or

would not have passed over any part of the lander at all (035 0 215 These

four groupings of wind directions were then assigned the colors red, ochre, blue,

and green, respectively, in order to color-code the temperature data by wind

direction.
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FIGURE 3.43. So! 25 Three-Level Temperature Fluctuations with Fourier 
Modes 0 - 10 Removed and with 17-Sample Smoothing, First Four Hours. 

is shown as red dots, Tmid as black dots, and as blue dots. 
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FIGURE 3.44. Diagram Showing Wind Direction Sectors over the Mars Pathfinder Lander. Red line indicates direction
(307 O) from the MET instrument mast to the center of the lander. Wind directions are divided into sectors passing
over the main housing (red), just solar panels (ochre), just the edges of solar panels (blue), and not passing over any
part of the lander (green). Colors appear lighter here than in graphs to keep them transparent for the diagram to be
visible.
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The same filtered temperature series shown in Figure 3.43 are separated

into three sets of graphs employing this color-coding scheme in Figures 3.45

on page 107 through 3.47 on page 109. The peaks near 0745 (7.75), 0756:15

(7.938), 0801:40 (8.028), 0808:40 (8.144), 0818:20 (8.306) LTST, and perhaps

nine other peaks before about 0940 (9.667) LTST show colors other than green

during rising temperatures, thus indicating that those are the temperatures of

air parcels that had taken trajectories over some part of the lander and might

have been warmed by heat from the lander as they did so. Some of these peaks

also show green during falling temperatures, indicating temperatures returning

to some "ambient" temperature when air parcels had not passed over any part

of the lander before reaching the sensors, consistent with the lander interference

hypothesis.

But the devil is in the details. The warming toward the 3.5 K peak

between 0739 (7.65) and 0742 (7.7) LTST, for example, clearly began while the

wind direction was in the green (non-lander) sector, which means that the ini-

tial warming was not due to air warmed by passing over the lander. Blue dots

indicate wind directions yielding very short trajectories over one solar panel,

probably allowing too little time for much temperature modification, especially

at the 1 m height of the top temperature sensor above the solar panels. Yet the

rising temperature portion of the substantial peak near 0818:20 (8.306) LTST

began with winds from the green sector and moved only into a blue sector with

the greatest excursion occurring in T0 and the least in Tb0t. The peak around

0853:30 (8.892) LTST is at great variance from the pattern Mihalov described.

Nearly all of its temperature rise and only slightly less of the ensuing tempera-

ture fall occurred with non-lander (green) wind directions, and the only winds
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from directly across the lander housing (red) occurred after the temperature

had already begun to fall.

The two peaks near 0810:45 (8.179) and 0841:10 (8.686) LTST are com-

pletely unlike the pattern described by Mihalov. The first of these occurred dur-

ing winds from non-lander (green) directions except when winds briefly barely

grazed a blue sector (transit over part of a single solar panel) around the time

of the maximum temperature. The 0841:10 (8.686) LTST peak happened with

winds remaining in the green sector from trough to trough.

In view of the wide array of characteristics of the temperature peaks,

assignment of their source to airflow over the lander itself seems unjustified

during the early morning period in question, which ended by 1030 (10.5) LTST.

It is perhaps notweworthy, however, that temperature minima during this pe-

riod seem not to coincide at all with red-sector wind directions, with the only

arguable exception being a grazing of the red sector near the minimum that

occurred around 0952 (9.867) LTST. In general, though, convective turbulence

seems a more satisfactory explanation for the 2- to 5-minute excursions of tem-

perature, as well as for the occasional inversions of the temperature profile, than

does the lander interference hypothesis. Using this general range of durations

as a convective time scale, i.e., 'r '--420 300 s, and a mean wind speed i1 on

the order of 5 m/s, would give a horizontal lengths of 600 3000 m, which seem

roughly consistent with convective horizontal length scales. That turbulence

could be strong enough to create such events is quite plausible in light of the

midday extremes of lapse rate noted in section 3.1.1.

The second concern of Mihalov et al. [1999] covered a time period later

the same morning from about 1004 (10.067) to about 1052 (10.867) LTST.
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FIGURE 3.45. Sol 25 Top Sensor Temperature Fluctuations with Fourier 
Modes 0 - 10 Removed, Color-coded by Wind Sector, with 17-Sample Smooth- 

ing, First Four Hours. See text on page 102 for explanation of color codes. 
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ing, First Four Hours. See text on page 102 for explanation of color codes.
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During this period, Mihalov et al. [1999] noted, there were five times when

Tb0t rose steeply, while Tmid and rose much less, temporarily resulting in

exceedingly high lapse rates below the level of the middle temperature sensor.

(These peaks can be easily identified where blue dots are plotted far above black

and red dots in Figure 3.51.) Mihalov associated these marked
Tb0t increases

with wind directions close to 165 the bearing from the wind sensor of a pile

of airbag material protruding up to 18 cm above the level of the lander petal

attached in that general direction. The argument here was that the airbag

material could have disproportionately warmed air passing over it at the lowest

(i.e., closest) levels.

This matter cannot be resolved by referring to Figure 3.47 because

165 0 lies within the 180 0 span of the non-lander (green) wind direction sec-

tor. Instead, Figure 3.48 on the following page shows both the band-passed
Tb0j

series (light blue dots) and smoothed wind directions (black dots).

During the event that began around 1005:30 (10.092) LTST, the wind

was from -200 0 initially, swung slowly counterclockwise to -..440 0 at the time

of peak temperature, and then returned to wander between 175 0 and 190 as
the temperature fell toward the next minimum. The next event, beginning

-.1011 (-40.183) LTST, started with winds from '-210 0 which turned rapidly

counterclockwise to '-110 coinciding with the peak temperature, and ended

with winds returning to 180 The third extreme lapse rate event began

with a wind direction of 0 which rotated very rapidly counterclockwise,

reaching '-'327 0 by the time of the temperature maximum, and proceeding to

dwell in the range of 280 0 r.300 ° until returned to neutral.
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FIGURE 3.48. Sol 25 Bottom Sensor Temperature Fluctuations with Fourier
Modes 0 10 Removed, Wind Direction, both with 17-Sample Smoothing, Sec-
ond Four Hours. Tb0t fluctuations are shown as light blue dots. Wind directions
are from smoothed, qualitative velocities and are shown as black dots. Also
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The fourth event, which commenced around 1029:30 (10.492) LTST, was

much longer than the others and had two peaks about 1.5 minutes apart. The

starting wind direction in this case was '270 rotating quickly counterclock-

wise to '-.'120 0 and back to 288 0 as Tb0t steadily increased. Another counter-

clockwise swing followed, stopping at '140 0 at the time of the first temperature

peak. As the temperature decreased by ,-S.dl.2 K to the intermediate minimum,

the wind shifted clockwise to '--165 the very direction from which Mihalov

et al. [1999] argued that air warmed by the protruding airbag would have ar-

rived. Immediately after this point, the wind again reversed its rotation, turning

very suddenly clockwise, passing due north at the time of the second temper-

ature peak, and continuing on to --209 around a minute before returned

to neutral (i.e., zero temperature deviation in Figure 3.48). The wind direction

next turned clockwise, passing -260 0 at the time Tb0t returned to neutral.

The final event mentioned by Mihalov et al. [1999] began .1042

(t.10.70) LTST, while the wind rotated counterclockwise in a sudden swing

from 240 0 to '-.120 during which time Tb0t was on the rise fairly steadily.

continued to rise slightly faster as the wind rotation reversed. The wind

direction was -d50 at the TbOt peak and continued to -170 0 as Tb0t began to

fall. The direction then held almost steady for over a minute in the '-'-'165 0

'-"170 0 range, while Tb0t went up and down in about a 0.5 K range. Then the

wind resumed its clockwise rotation to '--250 and reversed again to '-220 °,

during which time Tb0g fell back to the next temperature deviation minimum.

From this examination in detail, it is difficult to find the pattern Mihalov

et al. [1999] noted for these extreme lapse rate events. It is also interesting

that, of the five T temperature fluctuation events that constituted one aspect
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of these extreme lapse rate events, the Tb0t fluctuation never exceeded a single

standard deviation (using a 33-sample, running standard deviation, shown as

blue-green dots plotted symmetrically above and below the neutral (0 K) tem-

perature deviation line in Figure 3.48) in the first three events and was much

less than two standard deviations in the remaining two events. It is possible

that some correlations between wind direction and the extremes of lapse rates

near the surface between the lower two temperature sensor levels are concealed

by the filtering applied here to the wind direction and temperature series, but

the extreme scatter of the raw data makes interpretation of them very, very

difficult. As in the case of the early morning temperature spikes, a more sat-

isfactory explanation of these extreme lapse rate events seems to be that they

are due to the convective turbulence.

During this investigation of possible lander interference, it was no-
ticed that the sign of the major temperature spikes had shifted by -1245

(-12.75) LTST from positive (upward) to negative (downward), at times plung-

ing below the neutral temperature as much as K in the T0 series and

'7.9 K in the Tmid and Tb0t series. Nearly all of these cold spikes bottomed out

with winds in the green or a blue sector. Figures 3.49 on page 115 and 3.50

on page 116 extend the record of Figure 3.45 on page 107 to cover the period

featuring prominent cold spike activity, which died out as the late afternoon

temperature fall got underway, the last cold spike reaching its lowest temper-

ature around 1543:30 (15.725) LTST. Because these cold spikes occurred with

winds coming from off-lander or mostly off-lander directions, it seems possible

that warmer air temperatures may have been artificially maintained by passage

of air over the lander at other times, and that the cold spikes resulted from a
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change in wind direction out of the sectors from which the lander might possibly

have warmed the air. It can be noted that the earlier morning periods discussed

above and by Mihalov et al. [1999J show that most local temperature minima

occurred when the wind direction was in the green or a blue sector.

Whether such changes in wind direction really caused the sharp cold

spikes was not resolved in this study. There certainly are features that chal-

lenge the idea of the cold spikes being produced by changes to off-lander wind

directions. For example, two of the smaller cold spikes do not fit the pattern. A

minor cold spike reaching its minimum at '-'-'1347:30 (13.792) LTST did so with

the wind from the red sector (i. e., over the main housing). Another spike had

wind from the ochre sector, occasionally shifting to blue, as the temperature ap-

proached a minimum around 1425:10 (14.419) LTST. Figures 3.51 on page 117

and 3.52 on page 118 extend the record of Figure 3.43 on page 103 to cover the

cold spike period. In these graphs, one can also find many examples of times

when the temperatures were relatively warm while the wind was from green or

blue sectors before 1300 LTST. If the cold spike events were mostly convective

in origin, then the nature of the convective variability must have been greatly

changed after 1300 LTST. These figures show that, whatever the origin of the

cold spikes may have been, Tmzd, and Tb0t exhibit temperatures changing

nearly in unison at all three sensor heights during these events.

In summary, the analyses performed and presented here do not support

the hypothesis of Mihalov et al. [1999] regarding contamination of the MPF

morning temperature data by the thermal state of the MPF lander itself during

that same time period. Early afternoon temperature and wind data, however,

certainly are suggestive that the temperatures measured during this period were
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FIGURE 3.49. Sol 25 Top Sensor Temperature Fluctuations with Fourier 
Modes 0 - 10 Removed, Color-coded by Wind Sector, with 17-Sample Smooth- 

ing, Second Four Hours. See text on page 102 for explanation of color codes. 
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FIGURE 3.51. So! 25 Three-Level Temperature Fluctuations with Fourier 
Modes 0 - 10 Removed and with 17-Sample Smoothing, Second Four Hours. 
is shown as red dots, Tmid as black dots, and as blue dots. 
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influenced by the relative warmth of the lander itself. These data suggest that

temperatures in the surrounding area may have been somewhat cooler than

those measured by the MET experiment near the time of the maximum daytime

temperatures.
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4. ANALYSES OF THE MGCM SNAPSHOT TIME SERIES

In addition to the MPF data analysis, a study of surface and lowest-layer

data from a numerical model was conducted. The model used was the NASA

Ames Mars General Circulation Model (MGCM). The key questions that this

study attempted to address include the following:

1. How well is the MPF diurnal pressure cycle reproduced by the GCM?

2. Does the pattern apparent in the amplitudes of the first several tidal har-

monics in all of the Presidential sessions appear in the MGCM simulation?

3. Do the GCM temperature and pressure power spectra differ in the same

overall manner as the MPF spectra?

4. Does the squared coherence spectrum between GCM temperatures and

pressures follow the same pattern of greater squared coherence at tidal

frequencies as that between MPF temperatures and pressures?

Validation of general circulation models with observational data is crit-

ical to improving these models. Prior to the MPF mission, the only meteoro-

logical data for Mars collected in situ were the data from the Viking Lander

missions (VL1 and VL2), so the MPF data constitute a major addition to the
in situ data available for verification of numerical model performance for the

surface of Mars.

Two further questions concern data that have not been obtainable to date

from the MPF mission due to flaws in the design and calibration of the wind

sensor instrument, and in aspects of the scheduling of meteorological observation

sessions:
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5. What other useful information could be gleaned from the MPF data set

if validly calibrated wind speed data were available?

6. Would the sharper resolution that could be gained from multiple-sol record

lengths in future landed missions provide significantly more information?

(Note that that multiple-sol record lengths need not imply multiple sols

per session, but rather that the record include some sampling done at

consistent intervals over a period of multiple sols. The high end of the fre-

quency range (fN) would, of course, depend upon the minimum sampling

interval that was consistent throughout the multiple-so! period, which is

a different issue from that of frequency resolution (zf).)

To gain some insight into these matters, snapshots (i.e., maps of modeled

variables) of surface pressure and of temperature and u- and v-wind velocity

components in the bottom model layer were obtained for the entire surface and

bottom-layer grids at every second time step for an MGCM integration covering

a 68-so! period beginning four sols before the start of the MPF landed mission

and ending after sol 64 of the landed mission (i.e., so! 3 through so! 64).

4.1. DIURNAL PRESSURE CYCLE

The MGCM employs two evenly spaced, rectangular grids internally for

representation of atmospheric variables, the PT grid and the UV grid. The PT

grid holds the values of temperature and pressure. The UV grid, on the other

hand, holds the u- and v-wind components at each of its grid points. Both grids

have the same longitudinal and latitudinal spacings of 9 0 and 7.5 respectively,

between grid points. The UV grid is offset from the PT grid by one-half the grid
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point spacing distances in both horizontal dimensions. The MPF landing site is

located at 19.17 0 N 33.21 0 W, which places it between a set of four neighboring

PT grid points and four neighboring UV grid points. The four surrounding P1

grid points are at 15°N 270W, 15°N 36°W, 22.5°N 27°W, and the point

closest to the MPF site at 22.5 0 N 36 0 W. Figures 4.1 through 4.4 on the next

page through page 124 portray the simulated diurnal pressure cycles over each

pair of sols spanned by a Presidential MET session.

In Figure 4.1, the sol 25 peak pressure appears to be between 6.78 mb

and 6.79 mb, which is slightly lower than observed, but compares quite favorably

with the session 1030 peak P610 in Figure 3.26 on page 69 and in Table 3.4 on

page 68. Because the remaining Presidential sessions began and ended later in

the morning than did session 1030, the maximum pressures fell into the second

so! of each session (i.e., sols 33, 39, and 56). The pressure maximum in each

of these simulated sols was farther below the observed value than was the so!

25 maximum, but not greatly so. The model's sol 33, for example, reached a

maximum pressure of -6.755 mb, which put it below the observed P012 peak

of 6.819 mb, but it should be noted that the difference between P610 and P012

highlights a sizable uncertainty in the observed pressures with respect to the

difference between the simulated maximum pressure and the observed maximum

pressure. In fact, each sol's peak pressure occurred during the time of day in

which the discrepancies between P610 and P012 were the greatest.

The model's daily minimum pressures at 22.5 0 N 36 0 W were consistently

higher than the observed minima for the Presidential sessions. The modeled

minimum for sol 25 appears to be '6.61 mb, whereas the minimum observed

at the MPF site was -6.41 mb. Simulated surface pressure minima for sols 32,
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FIGURE 4.1. MGCM Sol 25-26 Pressures at 22.5 0 N 36 0 W.
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FIGURE 4.2. MGCM Sol 32-33 Pressures at 22.5 0 N 36 0 W.
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FIGURE 4.3. MGCM Sol 38-39 Pressures at 22.5 0 N 36 0 W.
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38, and 55 were approximately 6.59 mb, 6.59 mb, and 6.57 mb, respectively, all

higher than the observed minima listed in Table 3.4, though the difference for

so! 55 is not large.

The MGCM PT grid point at 15 N 27 W shows diurnal maximum pres-

sures well below the minimum pressures observed during the MPF Presidential

sessions, so this grid point is clearly not suitable for this kind of comparison with

these observations. When comparing minima and maxima for each sol at each

grid point vs. the MPF observations, the 22.5 N 36 W grid point is the best

match for sols 55-56, and both of the 22.5 ° N grid points were roughly equally

good at approximating the diurnal pressure range, though 22.5 N 27 W ap-

proximated the minima more closely, while 22.5 N 36 W approximated the

maxima better. One feature that is well reproduced is the steep rise in pressure

after the daily minimum at these four grid points.

It should be noted here that the elevations of the GCM grid points are

not the same as that of the MPF site, and therefore the mean pressures are

different. The modeled surface topography is also very heavily smoothed from

the measured topography, so that any grid point's modeled elevation is unlikely

to match closely the measured elevation. In addition, meteorological effects can

cause the daily mean pressure to be different at different areographical locations

of the same elevation.

At the grid point closest to the MPF site, 22.5 ° N 36 W, the MGCM

pressure maxima occurred 1.7 r-2.3 hours LTST later than observed by the

Mars Pathfinder, and the MGCM pressure minima occurred '1.8 hours
LTST later than the Mars Pathfinder recorded. A small portion of the lateness

of occurrence of the pressure maxima and minima may be explained by the
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fact that this grid point is 2.79 west of the MPF site, so the peak forcing

would occur 0.186 hour LTST later at this grid point that at the MPF site.

The remainder of the tardiness is probably mostly due to the use of a constant,

horizontally uniform dust loading and to the low spatial resolution of surface

boundary conditions.

4.2. NORMALIZED TIDAL HARMONIC AMPLITUDES

Simple harmonic fits for the first ten tidal frequencies were previously

shown for the MPF Presidential sessions in Figure 3.34 on page 88. Of im-

mediate interest is the alternating pattern of amplitudes visible in each graph,

such that, except for the fundamental diurnal frequency, each odd-numbered

harmonic had a lower amplitude than the next lower and next higher, even-

numbered harmonics. In session 1030 (sols 25 26), this pattern breaks down

beginning at the eighth harmonic, but is consistent through the tenth or twelfth

(not shown) harmonic in the other sessions.

Wilson [personal communication, 1999] suggested that this pattern might

be expected by symmetry with the insolation at the top of the atmosphere,

which is to say that the normalized, harmonic fit to the pressure time series

would resemble a normalized, harmonic fit to the insolation,

Q(t)
{)cosct) <((t)

(4.1)
0, for all other ((t)

where

Qo insolation at 1 A.U. from the sun,
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r(t) distance of Mars from the sun at time t, and

(t) solar zenith angle at time t.

However, Wilson also remarked [Wilson, personal communication, 1999] that

he knew of no reason such symmetry should be apparent at the Martian surface

in the pressure data collected by Mars Pathfinder, given all the confounding

dynamical and radiative processes active in the atmosphere.

Although a cosine half-wave is a reasonable description of insolation in-

tensity throughout a sol at the equinoxes, it is not so accurate at times of year

far from the equinoxes, nor does it admit any influence of the unusual eccentric-

ity of Mars's orbit. (See half-waves and their Fourier transforms in Figure 4.5

on the next page.) Simple harmonic fits to insolation at the top of the Mar-

tian atmosphere, normalized by the mean insolation for the sol, were calculated

according to (4.1), using the zenith angle definition,

where
((t) = cos-'(sin 5 sin c(t) + cos cos a(t) cos 0(t)) (4.2)

latitude of the MPF landing site,

a(t) solar declination at time t, and

0(t) solar hour angle at time t.

(See Figure 4.6 on page 129.) The solar declination angle is defined as

c(t) = bsin(L(t)) (4.3)
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FIGURE 4.5. Sinusoidal Half-Waves and their Discrete Fourier Transforms.
The horizontal axis in all panels is the Fourier frequency. The top panel depicts
cosine and sine half-waves. The vertical axis in the top panel is the dimen-
sionless function value. In the remaining four panels, the vertical axis is the
functions' dimensionless amplitude. The functions' one-sided amplitude spec-
tral decompositions, which are identical, appear in the second and third panels.
Their fully complex, two-sided DFTs appear in the last two panels. Note that,
except for the first frequency (f = +1) either side of the mean (f = 0), the
amplitudes and Fourier coefficients of all odd-numbered frequencies are zero, as
can be shown analytically.
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polar obliquity of Mars, and

L(t) solar (i.e., orbital) longitude at time t.
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L(t) was calculated from the SCLK value for each observation by the method

described by Allison [1997].

The harmonic fits to solar irradiance for each of the four sols reveal a

pattern of alternating amplitudes similar to the pattern in Figure 3.34, though

a proportionately weaker one. One difference is that the alternating amplitude

pattern for session 1030 pressure is apparent up through 6 cycles/sol, but for

insolation it extends only through 4 cycles/sol. In the other three Presidential

sessions, the alternating pattern is seen up through 10 or even 12 cycles/sol, but

only up through 6 or, in one marginal case, 8 cycles/so! for insolation. Whether

the appearance of the alternating amplitude pattern in the tidal frequency range

of pressure is a reflection of the insolation amplitudes in the pressure response

to the solar forcing, as seen through the filter of other processes, remains un-

resolved. Perhaps such a reflection might be reasonably expected during times

of no synoptic-scale activity and relatively evenly distributed dust loading near

an observation station.

The MGCM's simulation of MPF normalized tidal harmonics at the four

model grid points surrounding the MPF landing site yields diurnal and semid-

iurnal amplitudes that are uniformly too small. The alternating pattern of

normalized amplitudes is reproduced at the 15 N grid points for the four sols,

but is only partially, or not at all, apparent at the 22.5 N grid points, even

though the latter grid points are closer to the MPF site than the correspond-
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ing 15 0 N grid points. Seemingly in accord with theoretical expectation, the

diurnal normalized amplitudes for these sols are mostly higher at 15 0 N than

at 22.5 0 N: the low end of the amplitude range at 15 0 N is whereas the

high end of the range at 22.5 0 N is Figures 4.7 through 4.14 on the

next page through page 139 display the MGCM's reproduction of the normal-

ized tidal harmonic amplitudes for the first ten tidal harmonics at each of the

model's four PT grid points nearest the MPF site for each pair of sols spanned

by a Presidential session. As can be seen by comparison of these figures with

Figure 3.34 on page 88, the MGCM's competence in simulating these ten har-

monic amplitudes varies from time to time and from grid point to grid point.

(This type of graph was also produced for all other sols in the MGCM snapshot

data set.)

To examine the MGCM pressure tides in greater detail, contour maps of

normalized amplitude were prepared for the first eight tidal harmonics for every

sol in the MGCM snapshot data set. Diurnal amplitude contour maps (upper

panels of Figures 4.15 through 4.18 on page 140 through page 143 display an

equatorward (southerly) gradient in the vicinity of the MPF site for sols 25,

32, and 38, with two amplitude peaks centered approximately on the Equator.

The two equatorial region amplitude peaks are in rough agreement with the

results from another Martian GCM, as reported by Wilson and Hamilton [1996].

Wilson and Hamilton [1996] showed that the intensity and longitudes of these

peaks are dependent upon the zonal wavenumber 2 components of topography,

albedo, and surface thermal inertia.

It is worth noting that, for some sols during the simulation period, the

maps also show a band of diurnal amplitude peaks girdling the planet between
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FIGURE 4.7. MGCM Sols 25, 26, 32, and 33 Pressure Tidal Harmonic Am-
plitudes at 15 N 36 ° W. The first ten tidal harmonic amplitudes are shown as
calculated by simple harmonic fits to the pressure series for each sol. Each sol's
amplitudes are shown normalized by the mean pressure for the sol.
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FIGURE 4.8. MGCM Sols 38, 39, 55, and 56 Pressure Tidal Harmonic Am-
plitudes at 15 ° N 36 W. The first ten tidal harmonic amplitudes are shown as
calculated by simple harmonic fits to the pressure series for each sol. Each sol's
amplitudes are shown normalized by the mean pressure for the sol.
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FIGURE 4.9. MGCM Sols 25, 26, 32, and 33 Pressure Tidal Harmonic Am-
plitudes at 15 ° N 27 ° W. The first ten tidal harmonic amplitudes are shown as
calculated by simple harmonic fits to the pressure series for each sol. Each sol's
amplitudes are shown normalized by the mean pressure for the sol.
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FIGURE 4.10. MGCM Sols 38, 39, 55, and 56 Pressure Tidal Harmonic Am-
plitudes at 15 0 N 27 ° W. The first ten tidal harmonic amplitudes are shown as
calculated by simple harmonic fits to the pressure series for each sol. Each sol's
amplitudes are shown normalized by the mean pressure for the sol.
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FIGURE 4.11. MGCM Sols 25, 26, 32, and 33 Pressure Tidal Harmonic Am-
plitudes at 22.5 0 N 36 ° W. The first ten tidal harmonic amplitudes are shown
as calculated by simple harmonic fits to the pressure series for each sol. Each
sol's amplitudes are shown normalized by the mean pressure for the sol.
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FIGURE 4.12. MGCM Sols 38, 39, 55, and 56 Pressure Tidal Harmonic Am-
plitudes at 22.5 0 N 36 0 W. The first ten tidal harmonic amplitudes are shown
as calculated by simple harmonic fits to the pressure series for each sol. Each
sol's amplitudes are shown normalized by the mean pressure for the so!.
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FIGURE 4.13. MGCM Sols 25, 26, 32, and 33 Pressure Tidal Harmonic Am-
plitudes at 22.5 ° N 27 ° W. The first ten tidal harmonic amplitudes are shown
as calculated by simple harmonic fits to the pressure series for each sol. Each
sol's amplitudes are shown normalized by the mean pressure for the sol.
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FIGURE 4.14. MGCM SoIs 38, 39, 55, and 56 Pressure Tidal Harmonic Am-
plitudes at 22.5 ° N 27 a W. The first ten tidal harmonic amplitudes are shown
as calculated by simple harmonic fits to the pressure series for each sol. Each
sol's amplitudes are shown normalized by the mean pressure for the sol.



0
z 30
a
a
V

a0
a

a
-o

2 30
0

-c

60

90

GOM Sal 25 Global Pressure
Tidal Harmonic 1 Normalized Amplitudes

180 150 120 90 60 30 0 30 60 90 120 150 180
Longitude in Degrees East
Contour lntervo is 00020

GCM Sol 25 Global Pressure
Tidal Harmonic 2 Normalized Amplitudes901111'

0
z 30
a
a
a
o
a0
a

a
-o
n 3Q

0
-J

60

90
180 150 120 90 60 30 0 30 60 90 120 150 180

Longitude in Degrees East
Contour Interval is 0.0020

140

FIGURE 4.15. MGCM So! 25 Global Diurnal and Semidiurnal Normalized
Tidal Amplitude Contour Maps. The asterisk denotes the position of the Mars
Pathfinder landing site.
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FIGURE 4.16. MGCM So! 32 Global Diurnal and Semidiurnal Normalized
Tidal Amplitude Contour Maps. The asterisk denotes the position of the Mars
Pathfinder landing site.
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FIGURE 4.17. MGCM So! 38 Global Diurnal and Semidiurnal Normalized
Tidal Amplitude Contour Maps. The asterisk denotes the position of the Mars
Pathfinder landing site.
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FIGURE 4.18. MGCM So! 55 Global Diurnal and Semidiurnal Normalized
Tidal Amplitude Contour Maps. The asterisk denotes the position of the Mars
Pathfinder landing site.
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45 S and 70 S that, for some of these sols, are considerably higher than both

of the equatorial peaks. Seasonal effects are almost certainly a major factor

in the high amplitudes of these features. The Mars Pathfinder mission took

place in the late, northern hemisphere summer, so some daylight would have

been returning to latitudes south of the Martian Antarctic Circle, exposing

the antarctic atmosphere to the diurnal heating and cooling cycle. However,

the version of the MGCM that was used did not simulate lofting, transport,

or deposition of dust, and therefore could not include the effects of locally or

regionally increased dust loading due to the storm activity that occurs along or

near the edge of the polar ice cap with the return of daylight each Martian year.

Some of these off-Equator amplitude peaks may be explained, at least in

part, as numerical noise in the MGCM. Some of these features appear in closely

spaced groups, where the spacing between the centers of the peaks seems to be

zx, 2Lx, or 3ix, i.e., neighboring grid points. Topography in those latitudes

may also play a role, but it is important to recall that the model's topography

is heavily smoothed and is unlikely to force such great variation at such small

horizontal scales.

Contour maps of semidiurnal normalized amplitude in the lower panels

of Figures 4.15 through 4.18 show a generally westward gradient at the MPF
site and four amplitude bulges in the equatorial region, although the peaks are

much less well localized than in the diurnal case. Also apparent is a band of mid-

to high-latitude peaks with many having amplitudes greater than those of the

equatorial peaks. The same list of possible causes beginning on page 131 for the

southern diurnal amplitude peaks is also offered for these similar, semidiurnal

amplitude features. Most especially, one must again be skeptical of the validity
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of the smaller scale amplitude peaks at higher latitudes in the MGCM snapshot

data; i.e., the smaller scale peaks could simply be due to noisy behavior of the

model at high latitudes.

The terdiurnal amplitude contours are highly variable from sol to sol, as

can be seen in the upper panels of Figures 4.19 and 4.20 on pages 146 and 147.

The relatively low amplitudes at this frequency reduce the extent of structural

detail visible with the same contour interval used in the diurnal and semidiurnal

amplitude contour maps. Nevertheless, some recurring features can be discerned

for sols with comparatively high amplitudes. The high-amplitude areas on these

maps are arrayed in a northern zone and a southern zone. The two zones are

quasi-symmetrical about a parallel in the range of 20 S 30 0 S, and amplitude

bulges on either side of this parallel are qualitatively nearly in phase with each

other, while the parallel itself approximates a zone of minimum amplitude that

extends around the globe.

Tidal amplitudes at 4 cycles/sol (lower panels of Figures 4.19 and 4.20)

and 6 cycles/sol (not shown) appear, using the .002 contour interval, as zonal

ridges encircling the planet. Amplitudes at 4 cycles/sol show a few peaks atop

a ridge whose axis wavers between 30 0 S and 8 0 N at varying longitudes. By

contrast, the 6 cycles/sol amplitude ridge is more steadily centered at S all

the way around the globe, although by the simulated sol 55, it moves northward

about 5 0

Graphs of the first ten tidal harmonic amplitudes along the 15 N (Fig-

ures 4.21 on page 149 and 4.22 on page 150) and 22.5 0 N (Figures 4.23 on

page 151 and 4.24 on page 152) parallels suggest that small zonal shifts in the

amplitude patterns of the various tidal harmonics could drastically alter the
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relative amplitudes observable at the MPF landing site. These graphs were

produced for all sols in the MGCM snapshot data set and show considerable

variation in their details throughout the simulated period. A comparison of the

diurnal and semidiurnal amplitudes at these two latitudes at the longitude of

the MPF site reveals a consistently greater reduction of the diurnal amplitude

than of the semidiurnal amplitude at 22.5 ° N from the corresponding ampli-

tudes at 15 N. For sols 55 and 56, this reduction of the diurnal amplitude is so

much greater than that of the semidiurnal amplitude that the former is actually

less than the latter at the more northerly latitude. Thus meridional shifts of

the amplitude patterns of even a few degrees could also change not only the

amplitudes at the MPF site, but also the relationship between the amplitudes

of the different harmonics.

In a similar manner, the contour maps already presented portray the

MPF site in a special location with respect to the diurnal and semidiurnal

amplitude patterns. In the MGCM environment, the MPF site is in, or at
the edge of, high-gradient regions for these frequencies, so small shifts of the

amplitude patterns or small changes in the intensities of these gradients could

make large apparent, sol-to-sol changes in the amplitudes observable at the
MPF site. It is also clear from the contour maps and zonal graphs that there

are very many locations on Mars where similarly dramatic changes in local tidal

harmonic amplitudes would likely result from small changes in the large-scale,

generally stable patterns.

The peculiarities of the MPF site's location with respect to the normal-

ized amplitude contours, according to the MGCM, make it unlikely that any

given constellation of harmonic amplitudes observed at the MPF site would per-
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sist from sol to sol, yet there may be places on Mars in areas of widespread, small

amplitude gradients for the most important (i.e., lowest-frequency, highest-

amplitude) harmonics, where those gradient patterns overlap extensively enough

to preserve some general patterns in local tidal amplitudes over longer time pe-

riods. (N.B. only the first 64 sols of the mission period were simulated for

this study, so any seasonal variation in tidal amplitude contour patterns has

not been examined here, but could be significant in the course of a simulated

Martian year.)

Leovy [1981] calculated amplitudes of the first five harmonics for much

of the Viking Lander missions. His estimates at the VL1 site (22.5 N 48 0 W)

had the diurnal tidal amplitude smaller than the semidiurnal amplitude most of

the time during the first Martian year of the mission, which agrees qualitatively

with the simulated values at the VL1 location in Figures 4.23 through 4.24 on

the page before and graphs of the same type for nearly all of the simulated sols

of the MPF mission. However, the alternating amplitudes of the semidiurnal,

terdiurnal, and quadridiurnal tides are also consistently present at nearly all

times during the first Martian year (Leovy's [1981] Figures 1, 2, and 4). Leovy

[1981] did not report the fifth harmonic amplitudes, but stated that they were

small, so perhaps the pattern extended also to the fifth harmonic and even to

higher harmonics not accessible due to the limited precision of the digitization

of the VL1 (and VL2) pressure measurements.

The alternating pattern of tidal harmonic amplitudes found in the MPF

Presidential sessions does appear fairly frequently in the model output for the

15 0 N grid points nearest the MPF site, but so does a different pattern, one of

consistently decreasing amplitude with increasing frequency. Perhaps certain,
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recognizable amplitude patterns have comparatively higher probabilities of oc-

curring at a particular site than do other patterns, thereby possibly reconciling

the MPF observations with the MGCM's simulation of pressure tidal behavior

in all four Presidential sessions.

Finally, it is known that the version of the MGCM used in this study

probably undercalculates the heating due to dust, and thus the tidal forcing,

for a given dust opacity [Haberle et al., 1999].

4.3. GCM TEMPERATURE AND PRESSURE SPECTRAL CHAR-
ACTERISTICS

A multitude of power, squared coherence, and phase spectra were calcu-

lated from the MGCM snapshot data, and the results gleaned from the temper-

ature and pressure spectra are discussed in this section. The MGCM spectra

were calculated using the same procedures as for the MPAM0001 observational

data, as described in section 2.7, except that the crossspectrum() function's lin-

ear detrending parameter was set to 3 for the MGCM snapshot data instead

of the 50 used for the MPAM_0001 data. This change reflects the fact that

there were only 112 snapshots of the MGCM variables per sol, as compared to

22,190 observations per sol in the MPAM_0001 Presidential sessions.

Spectra with a frequency resolution (zf) of 1 cycle/so!, corresponding

to the best resolution available for the MPF Presidential sessions as shown in

Figure 3.38 on page 92 were calculated at each of the four PT grid points nearest

the MPF site for seven-sol periods centered on each of the simulated Presidential

sols. The pressure and temperature power spectra for each of these periods at
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22.5 0 N 36 0 W, the closest grid point to the MPF site, are shown in Figures 4.25

on the next page through 4.28 on page 159.

The variance-preserving form of the graphs portrays the pressure power

spectra of the first three periods as being very similar. The period centered

on so! 55 bears overall spectral similarity to the three earlier periods, but does

have considerably more power in the frequency bands from 1 to 5 cycles/sol

and somewhat less power in the bands from 7 to 10 cycles/sol. This difference

in the sol 55-centered period may be due to seasonal changes. On the other

hand, the log-log representations render all four pressure power spectra very

difficult to distinguish except by the depth of the dropout bands near 23 cy-

cles/sol and by the remaining power at frequencies higher than 30 cycles/sol.

The log-log format also makes clear that the pressure power spectral density re-

mains relatively high in the tidal frequency bands, but falls off steeply at higher

frequencies. In contrast, the temperature power spectral density has a steadier

roll-off throughout the frequency range in each time period. This difference is in

reasonably good agreement with the results from the MPF Presidential session

data discussed in section 3.2 on page 93.

Because the four time periods were spectrally fairly similar, ensemble-

averaged pressure and temperature power spectra were produced from just the

simulated sols 25, 32, 38, and 55, which are displayed for the four nearby grid

points in Figures 4.29 on page 161 through 4.32 on page 164. The power spectral

density in the tidal frequencies at the two 15 0 N grid points is, as expected

from tidal theory, generally greater than at the 22.5 ° N grid points. What is

interesting, though, is that the diurnal and semidiurnal power spectral densities

are much less at 22.5 N 27 0 W than at 22.5 0 N 36 0 W, while the quadridiurnal
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FIGURE 4.25. MGCM Sols 22-28 Pressure and Temperature Power Spectra 
at 22.5°N 36°W. 
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FIGURE 4.26. MGCM Sols 29-35 Pressure and Temperature Power Spectra
at 22.5°N 36°W.
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FIGURE 4.27. MGCM SoIs 35-41 Pressure and Temperature Power Spectra 
at 22.5°N 36°W. 
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FIGURE 4.28. MGCM Sols 52-58 Pressure and Temperature Power Spectra 
at 22.5°N 36°W. 
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band's PSD is quite a bit greater. This difference highlights the dependence

of tidal amplitude or power upon location with respect to local amplitude or

power gradients that was discussed in section 4.2.

At all four grid points, the contrast between the pressure and tempera-

ture spectral shapes found in the four separate time periods at 22.5 0 N 36 0 W

is evident in the power spectra of the simulated Presidential sols. This con-

trast is also apparent when viewed as the squared coherence spectra between

temperature and normalized pressure at the four grid points (Figures 4.33 on

page 165 through 4.34 on page 166). The squared coherence spectral peaks in

the tidal frequency range (1 '-14 cycles/sol) are mostly higher than the re-

maining peaks, which, like the power spectral shape contrast, also suggests that

temperature and pressure behave in fundamentally different ways at frequencies

higher than the tidal range of frequencies. Note, however, that both grid points

at 22.5 0 N have deep dropouts at 3 cycles/sol. Also at both 15 0 N grid points

and at 22.5 0 N 36 0 W, a dive well below the 98% confidence critical level is

found at 7 cycles/sol, but at 22.5 0 N 27 0 W, the deep dropout begins instead

at 6 cycles/sol, though the 7 cycles/sol squared coherence, while greater than

at 6 cycles/sol, also remains well below the critical level.

Comparisons of the power spectra of temperature (Figure 4.35a on

page 168) and pressure (Figure 4.35b) between the nearest four MGCM grid

points and the MPF observations during the Presidential sessions reveal that

the MGCM has less variability than the MPF observations at all frequencies

from 1 to 50 cycles/sol. (Frequencies higher than 50 cycles/sol are not exam-

ined here.) MGCM temperature variability is low at all frequencies, but comes

within an order of magnitude of the observational data at all four grid points at 1
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FIGURE 4.29. MGCM Sols 25, 32, 38, and 55 Pressure and Temperature Power 
Spectra at 15 N 36 0 W. For comparison with the observed power spectra, see 
Figure 3.35 on page 89 and Figure 3.38 on page 92. 
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FIGURE 4.30. MGCM Sols 25, 32, 38, and 55 Pressure and Temperature Power 
Spectra at 15 ° N 27 ° W. For comparison with the observed power spectra, see 
Figure 3.35 on page 89 and Figure 3.38 on page 92. 
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FIGURE 4.31. MGCM Sols 25, 32, 38, and 55 Pressure and Temperature Power 
Spectra at 22.5 ° N 36 ° W. For comparison with the observed power spectra, see 
Figure 3.35 on page 89 and Figure 3.38 on page 92. 
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FIGURE 4.32. MGCM SoIs 25, 32, 38, and 55 Pressure and Temperature Power
Spectra at 22.5 ° N 27 ° W. For comparison with the observed power spectra, see
Figure 3.35 on page 89 and Figure 3.38 on page 92.
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FIGURE 4.33. MGCM SoIs 25, 32, 38, and 55 Pressure vs. Temperature
Squared Coherence and Phase Spectra at 15 ° N 36 W and 15 N 27 0 W. For
comparison with the observed squared coherences and phases, see Figure 3.39
on page 94.
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FIGURE 4.34. MGCM Sols 25, 32, 38, and 55 Pressure vs. Temperature
Squared Coherence and Phase Spectra at 22.5 0 N 36 ° W and 22.5 0 N 27 ° W. For
comparison with the observed squared coherences and phases, see Figure 3.39
on page 94.
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6 cycles/sol, 9 cycles/sol, and 13 14 cycles/sol, and at one, two, or three grid

points at scattered higher frequencies, but the MGCM power spectral densities

are, at best, an order of magnitude too low at all four grid points at frequencies

above 29 cycles/so!. The main reason for lower MGCM temperature variance is

probably due to the absence of a simulation of small-scale convection and other

small-scale circulations in the MGCM's treatment of boundary layer processes.

Reduced variability of temperature in the MGCM may also be partly due to the

difference in height above the ground between the MPF's uppermost temper-

ature sensor and the simulation of air temperature in the bottom layer of the

MGCM. The MGCM's bottom-layer temperatures are calculated for a height

of approximately 5 m above the surface and would therefore be expected to be

less affected by the temperature of the surface than would T0 at 1.54 m above

the surface. (Ratios of the amplitude spectra are provided for those readers

more accustomed to amplitude spectra than power spectra in Figure 4.36 on

page 169, calculated simply as the square roots of the power spectral estimate

ratios shown in Figure 4.35, rather than as ratios of simple harmonic fits.)

Pressure power spectra for the five areographical locations (MPF and

four MGCM grid points), which have different surface elevations, were normal-

ized by dividing each spectrum by the square of the mean surface pressure at

those same locations for the time period(s) analyzed in order to make their com-

parison reasonable. As is the case with the temperature variability, the MGCM

pressure variability is low at all frequencies, but with a possible exception at 4

cycles/sol, where the power spectral estimate at one of the 15 N grid points

is actually 23% too high and at the other, it is only 6% low. (The 4 cycle/sol
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Spectral Estimates. Ratios of the MGCM:MPF power spectral estimates for
frequencies up to 50 cycles/sol are shown for a) temperature (upper panel) and
b) pressure (lower panel) for the four MGCM grid points closest to the MPF
landing site.
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FIGURE 4.36. Ratios of MGCM Amplitude Estimates to MPF Amplitudes
Estimates. Ratios of the MGCM:MPF amplitude estimates for frequencies up
to 50 cycles/so! are shown for a) temperature (upper panel) and b) pressure
(lower panel) for the four MGCM grid points closest to the MPF landing site.
Note that the values plotted are merely the square roots of those plotted in
Figure 4.35 on the preceding page.
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variability at the two 22.5 ° N grid points is too low, but at least closer to the

observed variability than at any other frequency at the same grid points.

Tidal pressure variability on Mars is highly dependent upon both the

quantity and the spatial distribution of airborne dust. The NASA Ames MGCM

only allows specification of a constant, essentially horizontally uniform dust

loading, given as the value at a pressure level of 6.1 mb of a pressure-dependent

function for optical depth. Although a dust loading similar to the average dust

loading observed during the MPF mission was chosen for this MGCM run, it is

possible that a different value for the dust loading parameter might better re-

produce the pressure variability in the tidal frequency range, if not at the higher

frequencies. However, although a higher dust loading would likely increase the

pressure tidal variability, one would expect it also to make the surface tempera-

ture variability even more deficient relative to the observed variability. It is also

possible that the source of the discrepancy lies in the model's unrealistic use

of a globally uniform dust loading, and that a fully active mechanism of dust

lofting, transport, and sedimentation, if added to the MGCM, might bring the

model solutions into better accord with the observed atmospheric behavior in

the tidal frequency range.

Another likely candidate for the cause of the MGCM's low tidal power,

relative to observed tidal power, is the very low spatial resolution used in the

model at present. The 9 0 zonal and 7.5 0 meridional grid spacings currently used

in the MGCM require the use of severely smoothed fields for the topography,

albedo, and surface thermal inertia boundary conditions, each of which have

been demonstrated to be major contributors to simulated tidal amplitudes by

Wilson and Hamilton [1996]. It may well prove impossible to get reasonably
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accurate renditions of tidal power from the MGCM without greatly increasing

the model's spatial resolution.

4.4. SESSION LENGTHS IN SPECTRAL ANALYSES

One of the problems oft encountered in the analysis of data for periodic

phenomena is that of the effect of finite record lengths. Because the longest

period that can be identified in any observational record is equal to the length

T of that record, short record lengths place a lower limit on the frequencies

that can be detected and identified, as well as an upper limit on the frequency

resolution f of any spectra computed by the direct, or Fourier transform (FT),

method because the lowest frequency identifiable is

= 1zf = (4.4)

where T is the temporal length of the observational record.

The short data collection sessions of the MPF mission, therefore, restrict

the amount of useful information that can be obtained through spectral analysis.

Although the high sampling rates used in the mission would allow characteri-

zation of fairly high-frequency activity, if there were any periodic atmospheric

phenomena to detect at such frequencies, the longest MPF sessions were only a

few minutes longer than one so!, and so the limit of frequency resolution is only

very slightly less than 1 cycle/sol. This poor frequency resolution (i. e., broad

frequency bands in the spectrum) means that the tidal frequencies in the power

spectra do not appear as disctinct peaks, but rather as one, very smoothed

region of high power spectral density, spanning the range from r'.'l cycle/so! to

-14 cycles/so!. This inherently poor resolution is then made worse by the data
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window applied, which appears to smear noticeable power both to and from

as far away as three frequency bands on either side of any frequency band in

question.

A full set of spectra for the UV grid point nearest the MPF site, cover-

ing the first 64 simulated sols of the MPF mission period analyzed over record

lengths of 16 sols, and thus yielding a frequency resolution of 0.0625 cycles/sol,

provides an example of how much clearer and more informative a picture of

atmospheric behavior could be obtained from longer sessions or even uninter-

rupted observation during future, landed missions to Mars. (These spectra are

presented in APPENDIX C, which begins on page 234.) Given the assumption

that such future missions would be more successful than the Mars Pathfinder

at collecting usable wind observations, longer observation sessionsor at least
sessions taken at consistent, periodic intervals over many sols or all sols of a mis-

sion to provide longer record lengths suitable for direct, spectral analysiswould

enable a search for periodic phenomena whose periods exceed one sol, such as

inertial circulations at locations less than 300 of latitude from the Equator, e.g.,

the MPF site at 19.31 0 N. (Note that periodic observation sessions would have

to be conducted at short enough intervals to avoid aliasing of higher, probably

tidal frequency power into the low-frequency range of interest.) Figure C.7b on

page 244, for example, shows a small peak in the negative (i.e., clockwise rotat-

ing) frequencies at the inertial frequency of 0.643 cycles/sol (inertial period of

1.55 sols). (Note that peaks appear at the inertial frequency in the one-sided

u- and v-wind component power spectra in Figure C.6 on page 243, but the ro-

tary power spectrum is what neatly identifies this peak as a primarily clockwise

rotating wind velocity frequency component. (See Emery and Thomson [1998]
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and Gonella [1972] for more information on calculating and interpreting rotary

power spectra.)

4.5. INFORMATION POTENTIALLY RETRIEVABLE IF MPF
WIND DATA WERE AVAILABLE

A major failure of the Mars Pathfinder mission has been the lack of

reliable, valid, complete wind vector time series data. This section discusses

some of the kinds of information lost due to the poor design and testing of

the MPF wind sensor, but which would potentially become retrievable were

someone to find a way to obtain reliably calibrated and complete wind vector

time series from the six wind sensor element wire-overheat time series.

First, and perhaps most importantly, valid wind vector time series would

make possible a full characterization of the diurnal wind cycle at the MPF site.

A complete hodograph of the wind vectors for each of the Presidential sessions

could be plotted, giving a clearer picture of the wind direction cycle, wind speed

cycle, and the relationship between the two. The wind data could be analyzed

for correlations and phase relationships with the pressure data, particularly at

tidal frequencies.

Some evidence in the MPF data for frontal passages has already been

reported [Barnes et al., 1998], but comparison of valid wind vector time se-

ries with pressure and temperature time series might better reveal, and even

pinpoint the timing of, synoptic-scale frontal passages. If several such frontal

passages could be identified in the MPF record (i.e., the whole data set, not

just the Presidential sessions), their temporal spacing and other characteristics
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could be compared to the MGCM's post-processing statistics of synoptic-scale

disturbances.

Valid wind vector data would enable further investigation into the ques-

tion of lander interference in the temperature data because the methods used

and discussed in section 3.3 could be modified to include wind speed as a factor

in determining whether lander modification of air temperature could have af-

fected observed temperatures by calculating lag times for the air to have passed

over the lander to reach the wind and temperature sensors on the meteorology

instrument mast. Some time periods might be easily eliminated from consid-

eration where wind speeds were too high (or, possibly, too low in the case of

measurements taken immediately after a wind-direction change) for significant

thermal contamination to have occurred.

Power spectra of horizontal wind components could be computed from

valid wind vector time series. Wind power spectra from the Presidential ses-

sions could then be checked against the corresponding spectra for the same

periods from the MGCM time series, especially at low frequencies and with an

eye for deficiencies in the simulation of wind tides comparable to those found

in the simulation of pressure tides. Squared coherence and phase spectra in-

volving horizontal wind components could also be compared with the equivalent

spectra computed from the MGCM time series to examine the model's simula-

tion of the dynamical relationships of the several variables, especially the phase

relationships at tidal frequencies.

Last, the inclusion of u- and v-wind components into the binned data

set described in section 2.1 would make possible some limited spectral analyses

of these components and their correlations with the other observed variables.
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Such analyses, although limited at the upper end of the frequency range to 25

cycles/sol, would have frequency resolutions finer than one sol, which would

lead to the intriguing possibility of recognizing inertial circulations in wind

rotary power spectra. (See, for example, Figures C.7b, C.8b, and C.Qb on pages

244-246, which show wind rotary power spectra calculated from the MGCM

snapshot data.)
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5. DISCUSSION AND CONCLUSIONS

5.1. ACCOMPLISHMENTS AND FINDINGS OF THIS PROJECT

This project has involved the study of the Mars Pathfinder landed mis-

sion's meteorology data with a primary focus on the four longest sessions, and

analyses of a numerical simulation of the Martian atmosphere over the first 64

sols of the MPF mission period. In the first phase of the project, analyses of

the temperature, pressure, and the small quantity of wind direction data avail-

able from the mission have resulted in characterization of the diurnal cycle of

temperature at each of the three distinct heights of the three science data ther-

mocouples on the MPF meteorology instrument mast, of atmospheric pressure

at the base of the lander, and of wind direction. Tidal pressure amplitudes

and power spectra were examined, and some questions of possible contamina-

tion of the temperature data by passage of air over the lander itself ("lander

interference") were investigated.

Several notable features were found in the temperature data, including

very active, daytime convection, a dramatic, late-afternoon temperature plunge,

and short-term interruptions of that temperature fall, and short-term temper-

ature increases late at night, in all four Presidential sessions. Short-duration

reversals of the vertical temperature gradient were also found to have occurred

late at night. Whereas the upper and middle temperature sensor time series

exhibited very similar behavior, the bottom temperature sensor's record differed

from the other two records in some unexpected ways.

The pressure cycle was found to have prominent maxima and minima in

each session and a very rapid rebound from the daily pressure minimum. High-
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amplitude temperature fluctuations during daytime convective activity were

not accompanied by high-amplitude pressure fluctuations. Problems with the

two digitization scales used for the pressure sensor's output were identified and

explanations for them were obtained from MPF ASI/MET team members.

The wind direction data from session 1030 revealed a generally clock-

wise rotational trend throughout the session. Wind directions were found to be

extremely variable during the daytime convection, but also anomalously quite

variable during two lengthy periods of time at night. An explanation was pro-

posed for the nighttime activity. Using the maximum wire-overheat tempera-

ture spread between the six wind sensor elements at each observation time as a

qualitative proxy for a wind speed time series, short-term increases in apparent

wind speed were found to have coincided with the brief interruptions of the late-

afternoon temperature fall, and two possible explanations were offered for how

the wind speed changes might have caused the interruptions that were observed

in the temperature fall.

The investigation of the thermally generated pressure tides found a pat-

tern evident in the normalized pressure tidal amplitudes of all four Presidential

sessions, in which the amplitudes at frequencies of odd numbers of cycles/so!,

except for the diurnal, were smaller than those at frequencies of the next lower

and next higher, even numbers of cycles/sol in most cases. Comparisons of a

maximum-resolution pressure power spectrum with corresponding power spec-

tra for the three temperature sensor series showed some limited similarities

between them in the tidal frequency bands, but that the pressure power spec-

trum was qualitatively different from the temperature power spectra above the

tidal frequency range. Estimates of pressure tidal harmonic amplitudes at fre-



178

quencies up to 10 cycles/sol were presented for each of the MPF Presidential

sessions, providing a view of tidal structure at frequencies beyond the reach of

the Viking Lander missions.

The possibility that contamination of the temperature data by heat ex-

change between the MPF lander and air flowing over the lander was explored.

Several concerns of Mihalov et al. [1999] were not found to be supported by these

analyses, but a new problem of possible lander interference involving early af-

ternoon cold spikes has been identified by this research. This problem remains

unresolved at present.

In the second phase of this study, results of a numerical integration by

the NASA Ames MGCM were examined and compared with the MPF results

presented in chapter 3, focusing primarily upon pressure. The diurnal pressure

cycle at each of the four grid points nearest the MPF landing site were compared

to the corresponding diurnal pressure cycles observed during the MPF Presi-

dential sessions. Certain features, such as minimum and maximum pressures,

were found to approximate the MPF observations more closely at some model

grid points than at others, partly due to the differences between the elevation

at the MPF site and the elevation of the smoothed topography at the model

grid points, and possibly partly due to the MGCM's relatively poor simulation

of tidal amplitudes. Other features, including the steep rise in pressure after

the daily pressure minimum, were simulated well at all four of the grid points

nearest the MPF site. At the model grid point closest to the MPF site, the

timing of the simulated pressure maxima and minima was found to be later

than was observed by MPF in the four Presidential sessions.
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Simulated tidal pressure amplitudes for the Presidential session sols were

too low, relative to MPF observations, at all grid points. The previously dis-

cussed, alternating pattern of harmonic amplitudes appeared in the MGCM

integration at the 15 0 N grid points, but less clearly, if at all, at the 22.5 0 N

grid points. Contour maps of the simulated, normalized, tidal amplitudes pro-

vide a plausible explanation for great sol-to-sol variability in these amplitudes

at the MPF site in the model simulation, and perhaps in reality as well, in that

small shifts in the overall spatial pattern of each harmonic's amplitude, relative

to the MPF location, would result in large changes in that amplitude at that

location. The MGCM also generated another frequently occurring pattern of

harmonic amplitudes at the 15 0 N grid points closest to the MPF site, in which

the normalized amplitudes simply decrease with increasing frequency, though

the decrease is not linear.

Power spectra for temperature calculated from the MGCM snapshot file

at a frequency resolution of Lf = 1 cycle/sol have a general shape that is quite

distinct from the pressure power spectra, which roughly agrees with the dispar-

ity between the corresponding spectra calculated from the MPF Presidential

session observations. The squared coherence spectra between simulated tem-

perature and pressure show that correlation between the two modeled variables

is generally low above the tidal frequency range, as it is in the MPF data.

Ratios of power spectral estimates of temperature and pressure at each

near-MPF grid point to power spectral estimates of temperature and pressure

in the MPF Presidential session observations show that simulated variability

of temperature and pressure is much lower in the model than was observed by

MPF at frequencies from 1 to 50 cycles/sol. Much, perhaps all, of the deficiency
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in MGCM temperature variability is explained by the lack of a simulation of

small-scale convection and other small-scale turbulence, and by the difference

in the height above the surface for which the MGCM computes the temperature

of its bottom layer and at which the Mars Pathfinder's top thermocouple was

positioned. Explanations for the deficiency in MGCM pressure variability, on

the other hand, implicate real deficiencies in the MGCM that probably could

only be corrected by increased spatial resolution in the model, the addition of

code to simulate the lofting, transport, and deposition of dust, and improve-

ments to the simulation of atmospheric heating caused by the absorption of

solar radiation by airborne dust particles.

Finally, the limitations imposed upon spectral analysis by the shortness

of the MPF data collection sessions were discussed, and a representative list

was provided of analyses that could be performed if complete, reliable wind

vector data were to be extracted from the wind sensor data from the Mars

Pathfinder mission. A complete set of graphs is provided in APPENDIX C

to demonstrate some of the high-resolution, spectral analyses that might be

performed using data from future missions to Mars, given long, uninterrupted

records of temperature, pressure, and wind vectors.

Much analysis of the currently available MPF data remains to be done.

In this section, several remaining analysis tasks are listed, and some comments

are made about the current state of the analysis software developed in the

course of this project, including modifications that might be made to enhance

its capabilities and/or improve its efficiency.
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Spectral analysis techniques should be applied to a portion of the binned

data set described in section 2.1. Although the Nyquist frequency for these data

would only be 25 cycles/sol, this limitation would be relatively unimportant.

The real focus of interest lies in the frequency resolution, as well as the lower

limit of the frequency spectrum, that could be obtained from the binned data

set. As was discussed in section 1.3 on page 8, an interpolated version of the

binned data set was produced early in this project, which provided a span of

37.255 sols containing no gaps that were left unfilled by one or the other of

the two interpolation techniques applied. At 6 d.o.f., for example, this span

of data would allow a frequency resolution of if 0.054 cycles/sol, using the

same method and parameters applited to the MPAMMOO1 data and the MGCM

snapshot data in chapters 3 and 4. This frequency resolution would be more

than adequate to resolve power spectral densities into discrete peaks at tidal

frequencies. At 18 d.o.f., Lif 0.134 cycles/sol, which should still resolve the

PSD's into separate peaks in the tidal frequency range. Leovy [1981] computed

tidal amplitudes from VL1 and VL2 binned pressure data.

In this work, the direct Fourier transform method was the only spectral

technique applied to the MPAM0001 data. This method is fast, reliable, and

accurate within the limits of statistical significance imposed by the frequency

resolution selected. Its primary limitation, in the case of the MPAM_0001 data

set, is that its use requires uninterrupted sampling over the length of the data

record to which the method is applied. In the current study, this limitation

meant that the extreme low-frequency end of the detectable spectrum was -.-1

cycle/sol at only 8 d.o.f. because only four intact session records were at least

1 so! in length, which leaves 1374 sessions as yet spectrally unexamined.
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Other spectral methods, some of which can be used on data records

containing gaps, ought to be applied to the entire MPAM_0001 data set. Caveat:

one such method, commonly known as the Lomb-Scargie method or the Lomb

Normalized Periodogram method [VanIek, 1971; Lomb, 1976; Scargie, 1982;

Home and Baliunas, 1986; Press and Rybicki, 1989], should be avoided because

it has been shown to have a number of serious deficiencies by Tai [19941, who

preferred the "damped least squares" method described by Lawson and Hanson

[1974]. A satellite altimetry application of this latter technique in physical

oceanographic research was presented for wavenumber power spectra in Tai and

Wagner [1994]. This method ought to, be tried for computing frequency power

spectra for the MPAM_0001 data set as a whole, or at least for the earlier, more

data-rich portion of the data set. The "damped least squares" method should

also be applied separately to session 1415 (sols 68 and 69) to attempt to obtain

power spectra comparable to those calculated in this work for temperature and

pressure in the Presidential sessions. Other methods, like the maximum entropy

method, may also be candidates for use.

A considerable amount of software was developed in IDL® for both the

MPF data analysis and the MGCM simulation analysis phases of this study,

and it was written with the hope and intention that it be used to continue

the analysis of meteorological data from the MPF mission and with care to

make most of the source code fairly easily decipherable by potential later users.

Much of the software already developed is usable in its present state to begin

examining MPAM_0001 sessions shorter than one sol, and much of the remaining

software could be used for those shorter sessions with only minor modification

of the source code. The foursolspectra.pro module is a specialized version of
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solspectra.pro that could be used as a starting point for further modification to

produce a generalized, multi-session, spectral analysis tool for the MPAM_0001

data.

The spectral analysis software developed in this project should be modi-

fled to calculate the equivalent degrees of freedom (e.d.o.f.) from the number of

blocks, percentage of block overlap, and actual coefficients of the data window

used in calculating a spectrum (i.e., in crossspectrumQ), to plot this value in

addition to the raw d.o.f. in spectral graph legends, and to use e.d.o.f. instead

of d.o.f. in computing and plotting confidence intervals and critical levels on

spectral graphs. In many cases, the use of e.d.o.f. instead of d.o.f. will make

only an imperceptible difference in the plotted confidence intervals or critical

levels, but this difference may be noticeable in cases of few d.o.f. It is hoped

that the widening of confidence intervals or raising of critical levels caused by

changing to e.d.o.f. will prove to have been minimized by the choice of data

window and block overlap percentage, as discussed in section 2.7 on page 27.

Two enhancements to crossspectrum() would greatly increase perfor-

mance. This function does not currently distinguish between autospectral and

crossspectral calculations. The addition of a simple check for equality of the two

time series arrays passed by the calling routine would allow crossspectrum() to

avoid performing the same calculations twice upon the same time series in the

case of autospectra. In the case of blocks of certain lengths, which take IDL's

FFTQ routine a long time to process, this modification would result in greatly

shortened computing times.

The other time-saving enhancement would allow the calling routine to

provide crossspectrum() either or both input variables as already preprocessed
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and transformed arrays saved from prior calls to crossspectrumO, which again

would prevent repetition of identical calculations. This change would also re-

quire the addition to crosspectrum() of options through which a caller could

retrieve those transformed arrays in order to provide their contents to crossspec-

trum() in later calls.

5.3. CONCLUSION

The analyses of several data sets in this project have extended the degree

of detail in the characterization of Martian atmospheric activity. This level of

detail was made possible by the Mars Pathfinder's great improvement over the

Viking Lander missions' in situ measurements of temperature and pressure in

sampling rates and in precision. At the same time, the MPF mission suffered a

number of problems of design and implementation that have severely limited the

analyses that could be performed and thus the results that could be obtained.

A numerical integration by the NASA Ames Mars GCM was also studied and

compared to the results of the MPF data analysis, yielding results that highlight

some of the MGCM's strong features, as well as some of its deficiencies. The

author hopes that the results presented in this work will be helpful in furthering

the understanding of the Martian atmosphere and useful in improving numerical

models employed to that same end.
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APPENDIX A. Session 1415 Temperature and Pressure Records

This appendix contains graphs of the temperature and pressure data

from session 1415, which was a full-sol session spanning sols 68 and 69. The

graphs show both the raw measurements and a low-pass filtered time series,

filtered with a cutoff period of 15 minutes. Unfortunately, two data packets

from session 1415 were never received on earth. The time period covered by

packets between the two missing packets was too short for the application of the

same low-pass filter, so no low-passed data are shown for that segment. Edge-

truncation low-pass filtering was applied to the ends of the two long time series

segments, as discussed for the other sessions in section 3.1, and the resulting

segments are plotted in red, also as in section 3.1.
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FIGURE A.1. So! 68 Top Sensor Temperatures, Raw and Low-Passed with 15-Minute Cutoff. Raw temperatures are
shown as golden dots, and low-pass filtered temperatures are shown as green and red dots.
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FIGURE A.2. Sol 68 Middle Sensor Temperatures, Raw and Low-Passed with 15-Minute Cutoff. Raw temperatures
are shown as golden dots, and low-pass filtered temperatures shown as green and red dots.
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APPENDIX B. High-Resolution Power, Squared Coherence, and
Phase Spectra of Temperature and Pressure from

the MPF Presidential Sessions

This appendix contains graphs of the temperature and pressure power,

squared coherence, and phase spectra not presented earlier for the individual

Presidential sessions at 8 d.o.f. for power, and at 6 d.o.f. for squared coher-

ence and phase, yielding a frequency resolution of Lf = 'S-' 2.49 cycles/sol.

Figures B.1 on the following page through B.16 on page 212 show the power

spectra for the three temperature sensors and for the pressure sensor from all

four Presidential sessions. Note that the pressure spectra have been calculated

using the P610 time series for sessions 1030 and 1402, and using the P012 time

series for sessions 1309 and 1363.

Figures B.17 on page 213 through B.25 on page 221 display the squared

coherence and phase spectra for each pairing of temperature sensors for sessions

1309, 1363, and 1402. (Similar spectra for session 1030 were shown at 30 d.o.f.

in Figures 3.13 on page 53 through 3.15 on page 55, and thus are not redisplayed

here at the higher resolution.) The squared coherence and phase spectra for each

combination of pressure vs. a temperature sensor are shown in Figures B.26 on

page 222 through B.37 on page 233. Note that these spectra were produced
using the P610 time series for sessions 1030 and 1402, and using the P012 time

series for sessions 1309 and 1363. All graphs of phase spectra in this work have

been limited to the first 500 significant frequency bands.
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FIGURE B.1. Sol 25 High Frequency Resolution Top Sensor Temperature Power Spectral Density. A high-resolution
power spectrum is shown in log-log and variance-preserving formats with degrees of freedom matching those of the
ensemble-averaged spectra of all four Presidential sols presented in Chapter 3.
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:ensemble-averaged spectra of all four Presidential sols presented in Chapter 3.
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power spectrum is shown in log-log and variance-preserving formats with degrees of freedom matching those of the
ensemble-averaged spectra of all four Presidential sols presented in Chapter 3.
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ensemble-averaged spectra of all four Presidential sols presented in Chapter 3.
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high-resolution power spectrum is shown in log-log and variance-preserving formats with degrees of freedom matching
those of the ensemble-averaged spectra of all four Presidential sols presented in Chapter 3.
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FIGURE B.8. Sol 32 High Frequency Resolution Pressure Power Spectral Density. A high-resolution power spectrum
is shown in log-log and variance-preserving formats with degrees of freedom matching those of the ensemble-averaged
spectra of all four Presidential sols presented in Chapter 3.
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FIGURE 13.9. So! 38 High Frequency Resolution Top Sensor Temperature Power Spectral Density. A high-resolution
power spectrum is shown in log-log and variance-preserving formats with degrees of freedom matching those of the
ensemble-averaged spectra of all four Presidential sols presented in Chapter 3.
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FIGURE B.1O. Sol 38 High Frequency Resolution Middle Sensor Temperature Power Spectral Density. Ahigh-resolution power spectrum is shown in log-log and variance-preserving formats with degrees of freedom matchingthose of the ensemble-averaged spectra of all four Presidential sols presented in Chapter 3.
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FIGURE B.12. Sol 38 High Frequency Resolution Pressure Power Spectral Density. A high-resolution power spectrum
is shown in log-log and variance-preserving formats with degrees of freedom matching those of the ensemble-averaged
spectra of all four Presidential sols presented in Chapter 3.
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FIGURE B.13. Sol 55 High Frequency Resolution Top Sensor Temperature Power Spectral Density. A high-resolution
power spectrum is shown in log-log and variance-preserving formats with degrees of freedom matching those of the
ensemble-averaged spectra of all four Presidential sols presented in Chapter 3.
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FIGURE B.14. So! 55 High Frequency Resolution Middle Sensor Temperature Power Spectral Density. A
high-resolution power spectrum is shown in log-log and variance-preserving formats with degrees of freedom matchingthose of the ensemble-averaged spectra of all four Presidential sols presented in Chapter 3.
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FIGURE B.15. Sol 55 High Frequency Resolution Bottom Sensor Temperature Power Spectral Density. A
high-resolution power spectrum is shown in log-log and variance-preserving formats with degrees of freedom matching
those of the ensemble-averaged spectra of all four Presidential sols presented in Chapter 3.
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FIGURE B.16. Sol 55 High Frequency Resolution Pressure Power Spectral Density. A high-resolution power spectrumis shown in log-log and variance-preserving formats with degrees of freedom matching those of the ensemble-averagedspectra of all four Presidential sols presented in Chapter 3.
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FIGURE B.17. Sol 32 Top vs. Middle Sensor Temperature Squared Coherence and Phase Spectra. Spectra were
calculated from the full so! session.



1.0
C)

0.8

0.6

U,D aC>
2

C/,CC-OW

C
0-O 1
U, 2

0)

Sol 32 Mdde vs. Bottom Sensor Temperature
Squared Coherence Spectrum

Period T (sols)
0.0100 0.0010

10 100 1000 100C
Frequency f (cycles/sol) Al = 2.4922 cycles/sol

FULL SQL SESSION

So 32 Middle vs. Bottom Sensor Temperature Phase Spectrum
Penod T (sols)

1uu 1uuu
Frequency I (cycles/sol) - Al 2.4922 cycIes/sol

FULL SQL SESSION

FIGURE B.18. Sol 32 Middle vs. Bottom Sensor Temperature Squared Coherence and Phase Spectra. Spectra were
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FIGURE B.19. Sol 32 Top vs. Bottom Sensor Temperature Squared Coherence and Phase Spectra. Spectra werecalculated from the full sol session.
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FIGURE B.20. Sol 38 Top vs. Middle Sensor Temperature Squared Coherence and Phase Spectra. Spectra werecalculated from the full sol session.
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FIGURE B.21. Sol 38 Middle vs. Bottom Sensor Temperature Squared Coherence and Phase Spectra. Spectra werecalculated from the full so! session.
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FIGURE B.22. So! 38 Top vs. Bottom Sensor Temperature Squared Coherence and Phase Spectra. Spectra werecalculated from the full so! session.
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FIGURE B.23. So! 55 Top vs. Middle Sensor Temperature Squared Coherence and Phase Spectra. Spectra werecalculated from the full so! session.
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FIGURE B.24. Sol 55 Middle vs. Bottom Sensor Temperature Squared Coherence and Phase Spectra. Spectra werecalculated from the full sol session.
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FIGURE B.25. So! 55 Top vs. Bottom Sensor Temperature Squared Coherence and Phase Spectra. Spectra werecalculated from the full so! session.
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FIGURE B.26. Sol 25 Pressure vs. Top Sensor Temperature Squared Coherence and Phase Spectra. Spectra were
calculated from the full sol session.
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FIGURE B.27. Sol 25 Pressure vs. Middle Sensor Temperature Squared Coherence and Phase Spectra. Spectra werecalculated from the full sol session.
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FIGURE B.28. Sol 25 Pressure vs. Bottom Sensor Temperature Squared Coherence and Phase Spectra. Spectra werecalculated from the full so! session.
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FIGURE B.29. Sol 32 Pressure vs. Top Sensor Temperature Squared Coherence and Phase Spectra. Spectra were
calculated from the full sol session.
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FIGURE B.30. Sol 32 Pressure vs. Middle Sensor Temperature Squared Coherence and Phase Spectra. Spectra were
calculated from the full sol session.
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FIGURE B.31. So! 32 Pressure vs. Bottom Sensor Temperature Squared Coherence and Phase Spectra. Spectra werecalculated from the full sol session.
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FIGURE B.32. Sol 38 Pressure vs. Top Sensor Temperature Squared Coherence and Phase Spectra. Spectra were
calculated from the full sol session.
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FIGURE B.33. Sol 38 Pressure vs. Middle Sensor Temperature Squared Coherence and Phase Spectra. Spectra werecalculated from the full sol session.
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FIGURE B.34. Sol 38 Pressure vs. Bottom Sensor Temperature Squared Coherence and Phase Spectra. Spectra werecalculated from the full so! session.



1.0
0U

0.8

ci)

,
0.6

U) U)o
- c 0 04
00

0.2
U)

0
0.0

3

CO0> 2

o 1

OC 0
-D

1
2
3

Sol 55 Pressure (6-10 mb) vs. Top Sensor Temperature
Squared Coherence Spectrum

Period T (sols)
0.1000 0.0100 nnnin

10 100 1000 10000Frequency f (cycles/sol) - - = 2.4922 cycles/sol
FULL SOL SESSION

Sol 55 Pressure (6-10 mb) vs. Top Sensor Temperature Phase Spectrum
Period T (sols)0.1000 0.0100 flfl(Un ,i1

'U 100 1000
Frequency f (cycles/sol) -- = 2.4922 cycles/sol

FULL SOL SESSION

SSI

FIGURE B.35. So! 55 Pressure vs. Top Sensor Temperature Squared Coherence and Phase Spectra. Spectra werecalculated from the full so! session.
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FIGURE B.36. So! 55 Pressure vs. Middle Sensor Temperature Squared Coherence and Phase Spectra. Spectra were
calculated from the full sol session.
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FIGURE B.37. So! 55 Pressure vs. Bottom Sensor Temperature Squared Coherence and Phase Spectra. Spectra werecalculated from the fu!I sol session.
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APPENDIX C. High-Resolution Spectra from the MGCM Snapshot
Data Set

This appendix contains graphs of the power, squared coherence, phase,

and rotary power spectra produced from the NASA Ames Mars GCM snap-

shot data file (see section 2.5 on page 20) for the grid point nearest the Mars

Pathfinder landing site on the P1 grid (22.5 0 N 36 0 W) and on the UV grid

(18.75 0 N 31.5 0 W). These spectra are calculated at much higher resolution

than those presented in Chapters 3 and 4. The spectra in this appendix have

a frequency resolution of zf = 0.0625 cycles/sol because they are calculated

from sols 1-64 of the MGCM snapshot data, taking blocks of 16 sols per spectral

estimate. The ensemble average of 7 spectral estimates, i.e., spectral estimates

from 7 blocks with each block overlapping neighboring blocks by 50%, is shown

in each graph. Power spectra, both real and rotary, are shown in both log-log

and variance-preserving formats. For the PT grid point, power spectral densities

(PSDs) are shown for temperature and pressure. Squared coherence and phase

spectra at the PT grid point are shown for the following pairs of variables:

. surface pressure p vs. surface temperature T

. p vs. lowest-level (interpolated) u-wind component

. ôp/0t vs. u

. p vs. lowest-level (interpolated) v-wind component

S ôp/Ot vs. v

. T vs. U

. T vs. v
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The first time-derivative of pressure used in calculating the squared co-

herence spectra with wind components is computed to fourth-order accuracy,

except for the first two and last two elements of the time series. The second and

next-to-last elements are computed only to first-order accuracy using a centered

difference. The first and last elements are calculated as forward and backward

differences, respectively.

The interpolation of u and v from the UV grid onto the PT grid is a

weighted average of the values at the four nearest UV grid points surrounding

the PT grid point in question. One weight is applied to the values at the two UV

grid points to the north of the PT grid point, and the other weight is applied to

the values at the two UV grid points south of the P1 grid point. The northern

weight, WN, is calculated as cos , where is the latitude of the northern

UV grid points, and the southern weight, Ws, is simply 1 WN. Because

grid points at any given latitude are closer together the farther they are from

the Equator, variables at latitudes farther from the Equator are expected to

be less independent between zonally neighboring grid points than at latitudes

closer to the Equator. The weighting described here is used to compensate

for this difference in independence of grid points at higher latitudes relative to

the independence at lower latitudes that is expected to result from the use of

latitude-longitude grid.

For the UV grid point, PSDs are shown for the lowest-level u- and v-wind

components. Squared coherence and phase spectra are shown for lowest-level

u vs. lowest-level v. The wind velocity vector rotary PSDs are, of course,

a two-sided spectrum, but are displayed as two separate curves for positive

and negative frequency bands on one-sided spectral graphs. The rotary power
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FIGURE C.1. High Frequency Resolution Power Spectra of Modeled Pressure
and Temperature at 22.5 N 36 ° W. The pressure power spectrum is shown in
the upper two panels, and the temperature power spectrum is shown in the
lower two panels. The frequency resolution is zf = 0.0625 cycles/sol.
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FIGURE C.2. High Frequency Resolution Squared Coherence and Phase Spec-
tra of Modeled Pressure and Temperature at 22.5 N 36 0 W. The squared co-
herence spectrum of pressure vs. temperature is shown in the upper panel, and
the phase spectrum is shown in the lower panel. Phases are shown only for
frequency bands whose squared coherence exceeds the 98% confidence critical
level. The frequency resolution is zf = 0.0625 cycles/sol.
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FIGURE C.3. High Frequency Resolution Squared Coherence and Phase Spec-
tra of Modeled Pressure and u-Wind Component at 22.5 0 N 360 W. The squared
coherence spectrum of pressure vs. u-wind velocity component is shown in the
top panel. The third panel shows the squared coherence of the time-derivative of
pressure vs. the u-wind velocity component. Accompanying phase spectra are
shown in the second and bottom panels. Phases are shown only for frequency
bands whose squared coherence exceeds the 99.5% confidence critical level. The
frequency resolution is if = 0.0625 cycles/sol.
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FIGURE C.4. High Frequency Resolution Squared Coherence and Phase Spec-
tra of Modeled Pressure and v-Wind Component at 22.5 ° N 36 °W. The squared
coherence spectrum of pressure vs. v-wind velocity component is shown in the
top panel. The third panel shows the squared coherence of the time-derivative of
pressure vs. the v-wind velocity component. Accompanying phase spectra are
shown in the second and bottom panels. Phases are shown only for frequency
bands whose squared coherence exceeds the 99.5% confidence critical level. The
frequency resolution is if = 0.0625 cycles/sol.
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FIGURE C.5. High Frequency Resolution Squared Coherence and Phase Spec-
tra of Modeled Temperature and u- and v-Wind Components at 22.5 ° N 36 0 W.
The squared coherence spectrum of temperature vs. u-wind velocity component
is shown in the top panel. The third panel shows the squared coherence of tem-
perature vs. the u-wind velocity component. Accompanying phase spectra are
shown in the second and bottom panels. Phases are shown oniy for frequency
bands whose squared coherence exceeds the 99.5% confidence critical level. The
frequency resolution is /.f = 0.0625 cycles/sol.
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spectral method provides essentially the same information as the combination

of a coherence spectrum (not squared) and a quadrature spectrum, but its

interpretation in the search for circulations involving periodically rotating wind

vectors is simpler and more direct. Some of this information is lost, however, in

computation of squared coherence and phase spectra, so these spectra cannot

be used by themselves to identify rotating wind directions.

Note that, at the latitude of the UV grid point (18.75 N 31.5 0 W) cbs-
est to the MPF site (19.17 0 N 33.21 0 W), the inertial period is '--i 1.556 sols

(frequency 0.643 cycles/sol). In Figure C.7b on page 244, evidence of an in-

ertial circulation appears as a peak centered at ' 0.643 cycles/sol. The sign
convention used herein is that negative frequencies represent a clockwise rota-

tion of the wind vector, and positive frequencies represent a counterclockwise

rotation of the wind vector. The frequency resolution in this case is adequate

to resolve the inertial peak, but at the next UV grid point to the north, the

inertial frequency is '- 0.885 cycles/sol (period of '-' 1.13 sols), which is too

close to the diurnal cycle's peak to be resolved as a separate peak. (See Figure

C.8b on page 245.) There may be an inertial circulation at that grid point,

as evidenced by the asymmetric appearance of the diurnal rotation's negative

frequency peak, but one cannot be sure that an inertial circulation would be the

correct interpretation. A much longer record, analyzed in much longer blocks,

would be necessary to resolve two spectral peaks so close together.

A further illustration of the use of the rotary power spectral method

of identifying inertial circulations is provided in Figure C.9b on page 246.

These spectra are for the UV grid point in the southern hemisphere at 18.75 0

S

31.5 0 W, where the inertial period is the same as in Figure C.7, but the inertial
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frequency is now positive at +0.643 cycles/sol. Again, a peak is visible at a

period of - 1.556 sols, but the peak is now in the positive (i.e., counterclock-

wise rotating) frequency bands and absent from the corresponding, negative

frequency bands.
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FIGURE C.6. High Frequency Resolution Power Spectra of Modeled, Low-
est-Level u- and v-Wind Components at 18.75 0 N 31.5 0 W. The u-wind power
spectrum is displayed in the upper two panels, and the v-wind power spectrum
appears in the lower two panels. The frequency resolution is if = 0.0625
cycles/sol.
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FIGURE C.7. High Frequency Resolution Squared Coherence, Phase, and Ro-
tary Power Spectra of Modeled, Lowest-Level n- and v-Wind Components at
18.75 ° N 31.5 0 W. The frequency resolution is Lf = 0.0625 cycles/sol. a) The
upper two panels show the squared coherence and phase spectra between the
u- and v-wind components. b) The lower two panels display the wind (u + iv)
rotary power spectrum. Frequencies are positive for counterclockwise rotation
and negative for clockwise rotation of the wind vector. The inertial frequency
in the rotary spectrum at this latitude is '' 0.643 cycles/sol.
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FIGURE C.8. High Frequency Resolution Squared Coherence, Phase, and Ro-
tary Power Spectra of Modeled, Lowest-Level u- and v-Wind Components at
26.25 ° N 31.5 ° W The frequency resolution is zf = 0.0625 cycles/sol. a) The
upper two panels show the squared coherence and phase spectra between the
u- and v-wind components. b) The lower two panels display the wind (u + iv)
rotary power spectrum. Frequencies are positive for counterclockwise rotation
and negative for clockwise rotation of the wind vector. The inertial frequency
in the rotary spectrum at this latitude is '-- 0.885 cycles/sol.
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FIGURE C.9. High Frequency Resolution Squared Coherence, Phase, and Ro-
tary Power Spectra of Modeled, Lowest-Level u- and v-Wind Components at
18.75 ° S 31.5 ° W. The frequency resolution is f = 0.0625 cycles/sol. a) The
upper two panels show the squared coherence and phase spectra between the
u- and v-wind components. b) The lower two panels display the wind (u + iv)
rotary power spectrum. Frequencies are positive for counterclockwise rotation
and negative for clockwise rotation of the wind vector. The inertial frequency
in the rotary spectrum at this latitude is "-i +0.643 cycles/sol.




