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Introduction. We are investigating several aspects of S S
Martian meteorology through analysis and intercompar- 2.0 = =l —— T
ison of an assortment of observations. The data sets con <
sidered here include surface pressures measured by th @ ; 5 I L
Viking Landers (VL) [1, 2], wide-angle images acquired g q
by the Mars Orbiter Camera (MOC) on Mars Global Sur- § 4
veyor (MGS) [3, 4], and atmospheric profiles obtained @ 1.0 — —
by MGS through two techniques: infrared sounding by & ==
the Thermal Emission Spectrometer (TES) [5] and Ra- Y 0.5 _ =
dio Science (RS) occultation experiments [6]. I b S

Our research has two main objectives. First, we 0.0 SR @ SRS
are examining the behavior of baroclinic eddies in the 180 210 240 270
northern hemisphere by applying essentially the same Ls, deg (MY 13)

method of spectral analysis to the VL, TES, and RS data.

The results are revealing key similarities and differencedigure 1: Spectrogram of surface pressure measured by
among the weather systems that appear in different MarYL2 (48°N, 134°E), showing the evolution of thermal
tian years. Second, we are also exploring the relationtides and baroclinic eddies. Different contour levels are
ship between these baroclinic eddies and regional dudtsed in the upper and lower portions of the figure. The
storms in the topographic basins of the northern hemiPeak contour level corresponds to an amplitude of 1.2%

sphere, identifying key factors that influence the timingfor thermal tides ¢ > 0.75 sol™*) and 3.0% for baro-
and location of these events. clinic eddies ¢ < 0.75 sol~!). Each successive contour

In assigning numbers to years we adopt the convenf€Presents a doubling of power.

tion that Mars year 1 (MY 1) began on 11 April 1955.

Baroclinic wave transitions. Between late sum- The VL pressure measurements have already re-
mer and early spring, an assortment of baroclinic waveseived considerable attention [e.g., 1, 7, 8, 9, 15, 2,
appears at midlatitudes in the northern hemisphere an#l0, 16]. We have two reasons for revisiting these data.
dominates the dynamics near the surface [e.g., 1, 7, 8, First, we use a method of spectral analysis that facilitates
2,10, 11, 12, 13, 14]. These eastward traveling wavesomparisons with results derived from other instruments.
comprise a coherent sequence of high and low pressu®econd, we present the results in a novel format that il-
systems, and their periodicity in longitude allows dis- lustrates basic phenomena clearly and concisely.
tinct modes to be classified according to their zonal wave We adopt a simple model to represent the time varia-
number (1-3) [e.g., 11, 12, 13, 14]. The amplitudes oftions in surface pressugerecorded by VL2:
the various modes are often anticorrelated — when one o ,
mode is strong the others are weak or absent. Once es- p=D(Ls) +p'(tu) , (1)
e e 1% hre. i te ol ot an = urwersal e

. NG The first termp is the gradual seasonal trend, while the
dynamics evolve through a sequence of baroclinic wave , o
econd termp’ represents the oscillations caused by trav-

transitions in which the dominant mode fades rapidly andsl. . .

. . . ing waves. The wave dynamics are represented using
is superseded by another mode with a different zona?. - . N

: : . simple periodic basis functions:

wave number and period. This type of behavior was
first identified explicitly through analysis and numerical P (ty) = A cos(2nat, —€). 2)
modeling of pressure measurements by Viking Lander 2

(VL2) [10]. The same phenomenon is apparent in RSThe wave model contains three free parameters: the am-
measurements of both geopotential height and temperglitude A, the frequency, and the phase. We define

ture [13, 14]. the periodP = o~ 1.



Properties of the traveling waves are determined as
follows. Within subsets of data spannifg of L_S _(~15 0.51 m ;i r \W 20
sols), we solve for the seasonal trepdby fitting a e 0.4 u" r Aanl YR
guadratic polynomial to samplespfersusL . We then oo MYy zr . T e
search systematically for traveling waves by comparing *g 0.3 | L33 g
the wave model with the detrended data; p, obtaining S | T3
least squares solutions fdrande for arange of assumed & 0.2 A 508
values ofo. o ‘ @
We applied this method of analysis to data recorded 0.1- Wf" L 10.
by VL2 during autumn of its second year of operation ‘ T y y y y
(MY 13). Fig. 1 displays the results in the form of a 200 210 22& djso 240 250

spectrogram. There were no major planet-encircling dust

storms during this interval, and there is only one signifi-,:igure 2: Evolution in frequency and period of the dom-
cantgap in the data, neat = 229°. These data contain jnant paroclinic wave mode during midautumn of four
the signature of several types of traveling waves [€.9.\jartian years. These results were derived through spec-
9, 15, 2], which produce prominent spectral peaks in Fig 44 analysis of VL2 measurementsyoin MY 13 (blue),

1. An assortment of eastward traveling baroclinic eddies;Es measurements @fat 610 Pa in MY 24 (black) and
appears at low frequencies (< 0.5 sol™!), and these  \y 26 (orange), and RS measurements/ait 610 Pa in

MY 27 (red). The dashed lines indicate baroclinic wave

transitions where and P changed by a factor of3.
The properties of these baroclinic eddies have been

reported previously [e.g., 9, 17, 2, 10], but Fig. 1 is

are accompanied by both diurnal tides £ 1.0 sol~1)
and semidiurnal tidesy(= 2.0 sol™1).

particularly effective at highlighting their key attrites:

different properties. Three modes with distinctly differ-
ent frequencies appear within this subset of observations;

(1) 0 = 0.38 sol! (P = 2.6 sols) atL, = 200-216°,
(2) o = 0.15 sol™! (P = 6.7 sols) atL, = 218-226°,
and (3)c = 0.45 sol"! (P = 2.2 sols) atL, = 228-

250°. The first and third modes are the strongest, wit

peak amplitudes of about 3% in surface pressure.

and geopotential height have provided complementary
steady oscillations that persist for a span of 15-30 sol§€SUlts at selected seasons and latitudes [e.g., 19, 13, 14]
punctuated by abrupt transitions between modes wittNonetheless, much remains to be learned through further

analysis of both data sets.
Atmospheric profiles retrieved from the TES and RS

data are distributed in longitude, and Egs. (1) and (2)
must be modified accordingly. Within subsets of data at
constant latitude and pressure, we characterize the zonal
pand temporal variations in temperatufeby fitting a
more general model to the measurements:

According to numerical simulations [10], the baro- 3)
clinic wave transitions are induced by dynamical jostling

from the thermal tides. Fig. 1 provides circumstantial g first termT is the gradual seasonal trend, while the

evidence in support of this conclusion. The amplitude ofggond termi” represents the oscillations caused by at-

both the diurnal and semidiurnal tides varies :significantlymOspheriC waves, which now depend explicitly on east
with time, possibly in response to dust lifting at some re'longitude/\: ’

mote location [e.g., 2, 16]. In particular, the amplitude
of the diurnal tide increases from0.6% atL, = 200— (4)
210° to more than 1.2% at, = 215-220°, with a peak
value of~1.8% nearL, = 218°. The baroclinic wave The zonal wave numberappears as a fourth free param-
transition atL; = 217° may have been triggered by this eter in the wave model. We use expressions analogous to
transient intensification of the diurnal tide. Egs. (3) and (4) to model the zonal and temporal varia-
Weather patterns at midlatitudes in the north-  tions in geopotential heigl#.
ern hemisphere. We examined the weather at north- We systematically compared this model with subsets
ern midlatitudes in several other Martian years by ap-of TES and RS data spannigg of L, yielding least
plying a similar method of spectral analysis to data ac-squares solutions for basic properties of the baroclinic
quired by the atmospheric sounders on MGS. These obeddies. We limit the present discussion to the 610-Pa
servations have significantly advanced our understandingressure level, which is useful for characterizing the be-
of traveling waves on Mars. TES temperature profileshavior of baroclinic eddies and their influence on the tim-
have yielded a comprehensive global characterization oing and location of regional dust storms [13, 14]. (The
the spatial structure and seasonal evolution of travelingverage surface pressigrat VL2 increased from-770
waves [e.g., 11, 12, 18], while RS profiles of temperaturePa to~980 Pa during the interval shown in Fig. 1.)

T=T(Ly) +T'(\ty) -

T'(\ t) = A cos(s\ — 2wat, — 1)) .



Our method of data analysis facilitates direct compar- 60
isons among results derived from disparate instruments
and different Martian years. For example, Fig. 2 char-
acterizes a distinctive baroclinic wave transition that re
curred in midautumn of MY 13, 24, 26, and 27. Mars ex-
perienced no major planet-encircling dust storms in these
years. The results in MY 13 are from VL2 data af 48
The results in MY 24 and 26 are from TES data at lat- 0

itudes of 60—65N. The results in MY 27 are from RS 270 300 330 0 30
data at 66N. East Longitude, deg

Fig. 2 reveals intriguing similarities among the gjq re 3: A regional dust storm observed by the MGS
weather patterns in these four Martian years. A baroy\;oc in Acidalia Planitia atL, — 223.2° of MY 24.
clinic wave transition occurs within this seasonal Wi”'The storm comprises two bands of dust that intersect
dow in every year, and the properties of the baroclinicat 305°E, 20°N (near VL1) in a distinctive “wishbone”
wave modes are remarkably similar. Inboth the TES anqiqnfiguration indicative of frontal activity [e.g., 24].

RS observations, the dominant wave mode initially has

a zonal wave number = 1 and a periodP of ~7 sols. 60
After the abrupt transition, the zonal wave number in-
creases te = 3 with a commensurate decreasefro
~2.3 sols. The waves observed by VL2 exhibit similar
values of P, and their zonal wave numbers are almost
certainly the same as those observed by the atmospheri
sounders on MGS. This is a striking example of the often
repetitive nature of Martian weather from year to year. 0 ;

The baroclinic wave transition occurs significantly 270 300 330 0 30
earlier in MY 24 and 27 [, = 218°) than in MY 13 East Longitude, deg

and 26 (s = 227°). The reason for this differenceis not _ _ ional h
understood, but it has an importantimpact on the Martiarf '9ure 4: A regional dust storm observed by the MGS

dust cycle, as discussed in the next section. M;_)C in Acidalia P(;an_ltrl]a a}th :I 22%';1]0 of MY 27. f
There is a particularly close resemblance betweerrlr Is event occurred with a few sols of the anniversary o

the weather patterns that appear in the years with ane dust storm in Fig. 3. Both storms were initiated by

early transition. Thes = 3 baroclinic wave observed wave-3 baroclinic eddies.
at L, = 220-234° of MY 24 is virtually indistinguish-
able from its counterpart in MY 27. In both cases, thewithin two distinct seasonal windows, one in midautumn
s = 3 mode achieves its peak amplitude/at= 224° as  and the other in midwinter, separated by a lull near win-
P approaches 2.0 sol. After L, = 228°, the amplitude ter solstice [18]. This pattern of dust-storm activity is
of thes = 3 mode decreases @sincreases steadily to correlated with seasonal variations in the amplitude and
~2.3 sols. zonal wave number of the baroclinic eddies [12], which
Dust storms. The MOC has provided extensive ob- strongly modulate the intensity of meridional winds near
servations of a distinctive type of dust storm that oc-the surface [13, 14]. Flushing dust storms occur most
curs during autumn and winter in the major topographiccommonly in connection with wave-3 baroclinic eddies
basins of the northern hemisphere [4, 20, 12, 21, 18, 14)with periods of 2-3 sols. These conclusions are sup-
These storms originate through lifting and advectionported by several years of observations [12, 18, 14] as
of dust by baroclinic eddies at high northern latitudes.well as numerical simulations with a Mars General Cir-
On some occasions these “frontal” storms spread souttsulation Model [20, 22, 23].
ward as dust is entrained into the near-surface winds of A series of vigorous frontal/flushing dust storms oc-
the Hadley circulation, and the resulting “flushing” or curred in Acidalia Planitia durind., = 220 — 226° of
“cross-equatorial” storm can progress from high north-both MY 24 [4, 20] and MY 27 [14]. The onset of these
ern latitudes into the tropics in a span of a few sols. Thestorms is clearly a consequence of the baroclinic wave
diurnally-varying, near-surface winds associated withtransition atZ; = 218° (Fig. 2), when the wave number
thermal tides and topographic circulations appear to playf the dominant mode changes frem= 1 to s = 3 [14].
an importantrole in the transition between the frontal andrigs. 3 and 4 show examples of the dust storms initiated
flushing stages of these dust storms [20, 22]. by these baroclinic waves, revealing further similarities
Sequences of flushing dust storms generally appedretween the weather patterns in these two Martian years.
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Dust storms of this intensity were absent from Acidalia
in autumn of MY 26 [18], apparently because of the de-

layed arrival of thes = 3 baroclinic wave mode.
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