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Equatorial Jets in the Dusty Martian Atmosphere

Stephen R. Lewis and Peter L. Read

Atmospheric, Oceanic and Planetary Physics, Department of Ph@sifterd University, Oxford, England

Abstract. We investigate the production of equatorial jets which dest@te
strong local super-rotation in an atmospheric generalkitmn model of Mars.
These westerly jets are driven by diurnal thermal tides aed strength is shown
to be closely related to the amount of dust in the atmosplhére.super-rotating
jets are strongest near to equinox and under conditionsghf &imospheric
dust loading. If there is sufficient dust, in amounts coroesjing to dust storm
conditions, the westerly equatorial jets can occur at amyg tof year and reach
speeds of over 40 m/s, peaking between 10 and 20 km altitutenére moderate
dust amounts, typical of background levels on Mars, thegeasstill strong when
the sub-solar point is close to the equator and latitudirgtimmetric, tidal modes
are forced. Strong easterly, retrograde winds are alsadfbigh above the equator
and it is shown that the thermal tides play a major role inrtf@mation. This
process is especially relevant close to equinox when tresesquatorial meridional
circulation is weak.

Introduction rotating planets such as the Earth and Mars. In the case of
the Earth a small positive global super-rotation exiBegd

The presence of dust in the Martian atmosphere is an imf1986b] estimates super-rotation $t= 0.015, with S de-
portant factor in the enhancement of direct local heating, p fined in Eqn. 5 below. Weak local super-rotation can also oc-
marily by the direct absorption of solar radiation in theecas cur on Earth, particularly in the westerly phase of the Quasi
of moderate to high dust loadingéurek et al., 1992]. Such  Bjennial Oscillation (QBO) Andrews et al., 1987]. Read
an enhancement, of particular significance during major dus{1986a] argues tha$ is related to a global Rossby num-
storms, can lead to substantial changes in the atmospherisgr, V/Qa, based on a typical flow speéd rotation rate
circulation. In this study, we examine the effects of enle@hc gng planetary radius. Hence rapidly-rotating planets might
levels of dust in the Martian atmosphere on the angular motypically be expected to exhibit less super-rotation tHaws

mentum budget of the tropical atmosphere, as simulated ifotators, assuming roughly comparable wind speeds and ra-
a general circulation model (GCM) of Margdrget et al., dius, c.f. Earth and Venus.

1999]. We now focus on the production of significant local and
Global atmospheric super-rotation appears to be a ubidglobal super-rotation on Mars, in the form of westerly, pro-
uitous feature of the atmospheres of slowly-rotating pigne grade, jets in the lower part of the atmosphere. Enhance-
such as Venus and Titan, although it is far from clear that thq'nents in the atmospheric dust |Oading’ especia"y aroumd th
same forcing processes are important in each case. Norquinoxes, can lead to a strong amplification of the ther-
axisymmetric effects must be invoked in order to explainmal tide and modes forced by the tide in association with

super-rotationifiide, 1969]. In the case of Venus, those pro- the Martian topography [e.gZurek et al., 1992;WIson and
cesses proposed include barotropic instabilit@sfasch,  Hamilton, 1996]. GCM simulations here show that the an-
1975], solar-locked thermal tide¥dung and Schubert, 1973;  gular momentum transfers by these modes lead to the devel-
Felsand Lindzen, 1974;Leovy, 1987], and small-scale grav- opment of a significant prograde jet close to the equator in
ity waves Hou and Farrell, 1987; Gierasch, 1987]. For a  the lower atmosphere below about 40 km altitude.

more complete review see, e@erasch et al. [1997]. Thermal tides are atmospheric gravity waves with peri-
Global super-rotation is less prominent on more rapidly-
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ods which are harmonics of the solar day, forced by solafHaberle et al., 1993; Hourdin et al., 1995; Forget et al.,
heating. Classical theoryChapman and Lindzen, 1970]  1999], although, once again, most tend to concentrate en sol
describes linearized disturbances about a stationary- baclisticial circulations when equatorial westerly flow is weak.

ground state and has been applied to Venus and Mars, as |n this paper, we focus on the details of the production of
well as to the Earth [e.glindzen, 1970]. Tides are par- equatorial prograde and retrograde jets, their evolutiith w
ticularly prominent in the Martian atmosphere owing to the time of year, possible implications for the global circidat
strong forcing per unit mass; for more detailed reviews ofof Mars and the prospects of obtaining observational evi-

both theory and observations see, &grek et al. [1992]  dence for their occurrence, perhaps during dust storms.
and WiIson and Hamilton [1996]. The direct response to

solar forcing is in sun-synchronous components, primarj\jodel experiments

ily westward-propagating zonal wavenumbers one and two.

The wavenumber one, diurnal component propagates ver- For this study, multi-annual integrations were conducted
tically in the tropics, with a vertical wavelength of around using the Oxford spectral version of the joint European Mars
30 km [Wilson and Hamilton, 1996], and tends to be verti- general circulation model (MGCMJPrget et al., 1999], run
cally trapped at low levels in the extra-tropics. Verticedp-  at T31 resolution (a truncation at total horizontal wavenum
agation, and the ability to transport and deposit momentuniber 31) and with 25 levels in the vertical ranging between
remotely, is an important feature when considering possibl the surface and roughly 100 km altitude. Model results il-
forcing mechanisms for super-rotation in the equatorial re lustrated in this paper are cut-off at around 85 km altitude;
gion. The wavenumber two, semi-diurnal tide has a muchthree model layers at and above this point provide a “sponge
longer vertical wavelength, with little vertical phase pro layer” which applies Rayleigh friction to only the eddy com-
agation. Surface variations, primarily in topography, butponents of the flow in order to limit wave reflections from the
also in thermal properties, can interact with the solar-forc model top. The dust amount was prescribed to vary season-
ing to generate additional, non-sun synchronous tidal comally, modeled on the background level observed during the
ponents. Most notably, in the case of Mars, the diurnal tideViking Lander years without peaks for individual dust storm
and zonal wavenumber two topographic variations can giveevents Furek and Martin, 1993], and further described in
rise to a westward-propagating wavenumber three and ahewiset al. [1999].

eastward-propagating wavenumber one. The later diurnal, The total dust optical depth for the baseline “Viking” sce-
Kelvin mode has maximum amplitude at low latitudes andnario was specified to vary as a function of areocentric lon-
its frequency is close to atmospheric resonance, indgatin gityde, .y (where Lg = 0° is northern spring equinox),
the possibility of a large response [e.gurek, 1976]. WI- peaking atLg = 280°,

son [2000] discusses the identification of a diurnal Kelvin .

mode in Mars Global Surveyor temperature data. 7= 0.7+ 0.3 cos(Ls + 80%), @)

The observation that the atmosphere of Mars might exwWherer is the optical depth at a reference presspye=
hibit local super-rotation under dusty conditions is navne 700Pa andLgs is the areocentric longitude of Mars. The
Hamilton [1982] andZurek [1986] calculated Eliassen-Palm optical depth was taken to be uniform in the horizontal, but
(EP) flux divergences and tidal zonal-mean forcing termsthe top of the dust layer was specified as a function of both
for Mars using classical tidal models and found that theytime and latitude,
could be large in the case of a dusty atr_nospheZerek emax(Ls, #) = (60 + 18sin(Lg — 160°) — 22 sin? $) km,
and Haberle [1988] applied such tendencies to a zonally )

symmetric model; their study did not produce local SUper_‘where(ﬁ is the latitude. The dust layer tag, .. is a param-

rotation, but concentrated only on a solsticial case. Tis i gty jn the equation which was used to describe the vertical
a time of year when the present results suggest that SUpeJ iation of dust mixing ratiq

rotation is relatively small, although it is still significhat

moderate to high dust loading. More recently, using a com- q = qo exp {0.007 {1 — (po/p)™ km/zmx)] } 3
prehensive GCMWIson and Hamilton [1996] noted the )

presence of local super-rotation in their simulations and a 'O PresSUre < po, With ¢ = qo for p > po.

tributed it to forcing by tidal modes, though they did not-dis N order to study the effects of varying the degree of
cuss the process in detail; these conclusions are supportétyist loading, the total dust optical depth in Eqn. 1 was also
by the model experiments described here. It is also possiblEwltiplied by two ¢ =0.8-2.0, denoted “Viking2" sce-

to detect the presence of local super-rotation as weak wesfario) and by five { =2.0-5.0, denoted “Viking5” sce-

erly winds overlying the equator in other Martian GCMs nario) for further multi-annual simulations. These experi
ments are not intended to represent realistic Martian years



Lewis, S.R. and Read, P.L. (2003) J. Geophys. Re8.(E4),5034, doi:10.1029/2002JE001933. 3

but the dust opacities lie well within the range of possibleindeed occurs for large parts of the Martian year witBiy
opacities observed on Mars during dust storigr¢k and of the equator, peaking at the equinoxes with= 0.073.
Martin, 1993], conditions which may persist for consider- This surface is close to the peak of the westerly equatorial
able periods of time (more than fifty days). Since the re-jet; in fact, the maximum local super-rotation seen on any
sponse of the atmosphere to increases in dust is relativeligvel iss = 0.077. The global super-rotation measured at
rapid, with a radiative timescale of one or two days [e.g.,this season i$ = 0.045, about three times higher than that
Zurek et al., 1992], these scenarios should be representativealculated for EarthRead, 1986a]. The variability in dust
of atmospheric states at a time when the dust loading is higHoading with time of year in the Viking scenario (Eqgn. 1),
in combination with the variation in solar heating resugtin
Atmospheric super-rotation from the ellipticity of the Martian orbit, accounts for much
of the asymmetry in the zonal wind with time of year seen in
The upper panel of Fig. 1 shows the zonal-mean zonaFig. 1. A similar plot for the Viking«5 scenario is shown in
wind on a constant pressure surface at 136 Pa, equivaleiig. 2. This confirms that increasing the amount of dust in
to about 15 km altitude above the surface, as a functiorthe atmosphere increases the degree of super-rotatior with
of latitude and areocentric longitude for a full Martian sea now positive at almost all times of year and upty from
sonal cycle of the prescribed Viking dust scenario. The patthe equator, peaking at= 0.161, with global super-rotation
tern of zonal-mean winds is essentially repeatable from yeaincreasing less dramatically 16 = 0.058. Results for the
to year (it is the second year of simulation that is shownViking x2 scenario (not shown) are intermediate, with peak
here). Strong westerlies (prograde zonal winds) can be searalues ofs = 0.109 and.S = 0.050.
in each winter hemisphere with mostly weaker easterlies in - The equatorial westerly jet at northern autumn equinox
the summer hemispheres. Of mostimmediate interest to thigan pe seen clearly in Fig. 3 in the lower atmosphere be-
paper is the observation that, centered around the time G{veen the surface and 40 km altitude, peaking close to 15 km
the equinoxes ks = 0° and Ls = 180°), the flow can  at westerly wind speeds of more than 40 m/s in the dusti-
be westerly over the equator. This immediately indicatesest conditions. Figure 3 also shows the distribution oflloca
that the atmosphere in the equatorial region is rotatingemor syper-rotation with latitude and height, indicating thatia-

rapidly than would be possible by redistribution of angular stantial fraction of the atmosphere is locally super-intat
momentum from an initially solid-body rotation state, and gt thjs time of year.

thus shows the presence of local super-rotation. Figure 4 shows the equivalent zonal-mean cross-sections

The axial angular momentum per unit mass of the atmouf zonal wind and super-rotation in northern summer, a time
sphereyn, is given by when the atmosphere is super-rotating much less spectacu-
larly, though prograde flow above the equator is still chearl
evident. At this time the jets visible in Fig. 3 are beginning
where  is the planetary rotation rate, the planetary ra- to grow. Furt_her diagn_ostics for this period of equatorél j
dius (3396 km)y the zonal wind and the latitude. Global ~9rowth are discussed in Section .
super-rotationS, can be defined as the mass-weighted inte- Figures 5 and 6 show the mean meridional flow stream-
gral of m over the whole volume of the atmosphere, com-function, averaged over the same periods shown in Figs. 3

pared to the same integral for an atmosphere at rest, denotéfd 4. These diagrams are restricted to withifi bthe
M, equator, and to below about 40 km in altitude, in order to fo-

cus on the region of equatorial super-rotation. For theogleri
g // m a2 cos gdAdodp/g ) /My —1,  (5) immediately following equinox, Fig. 5, the mean circulatio
tends to be relatively weak and to form a pattern of cells
) , ) . . with rising motion above the equator itself. Most strikipg|
where '_S Iongltgde,p 1S pres_sure ang ',S gravitational under high dust conditions when the region of maximum so-
acce'lera'tlon. It is then possublg .to define a local super;,, heating is higher in the atmosphere, the cells appear to
rotation index, based on the specific angular momentum deg, 1y, 4 quadrupole pattern with horizontal convergence and
rived from the zonal-mean zonal wind, vertical divergence at around 10 km altitude over the equa-
tor. The pattern of four cells in the meridional circulation
(6) . -
appears to be induced by the presence of atmospheric tidal
with s > 0 indicating local super-rotation. components, fqrced most stro_ngly, sym_metrica_llly abou_t the
equator at equinox. In experiments without tidal forcing,
shown in the following section, the meridional circulation

m = Qa? cos® ¢ + ua cos ¢, (4)

s =m/Qa* -1,

The lower panel of Fig. 1 contours positive values oh
the 136 Pa pressure surface and indicates that supemrotati
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Figure 1. Zonal-mean zonal wind; (upper panel), and local super-rotation indexXlower panel), on the 136 Pa pressure
surface under the Viking dust scenario. The wind has beemtrad in time to remove any variations with periods of less
than 5 days for clarity. In this, and future plots, positiemtours are shown as solid, the zero contour is dotted arativeg
contours are dashed. Only positive values afe contoured, with an interval of 0.02.
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Figure 3. Zonal-mean zonal wind (contours) and local super-rotaitidex, s (shades), in a model run with Viking (upper
panel), Viking< 2 (middle panel) and Viking 5 (lower panel) dust scenarios. A time average has been talegih ¢ = 180°—
210°, a period following northern autumn equinox. The dust @titepth at 700 Pa; = 0.73, 1.45, 3.63, respectively, in the
middle of the averaging period (Eqn. 1).
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tends to be dominated by a single cell at most times of year.

The equinoctial regime is transitional, as the atmosphere
switches from a northern summer to winter solsticial circu-
lation, with the larger, northern hemisphere (clockwisal) ¢
growing to dominate the cross equatorial circulation agtim
progresses. The relative strengths of the northern anti-sout
ern hemisphere cells in Fig. 5 are sensitive to the averag-
ing period chosen. As observed biaberle et al. [1993],
the intensity of the Hadley circulation in the model is very Loz 1.0
sensitive to the sub-solar latitude, where heating is a maxi
mum [Schneider, 1983;Lindzen and Hou, 1988]. Figure 6
shows the meridional circulation from the northern hemi-
sphere summer period, dominated by a single, anticlockwise
cell which grows in intensity with dust loading and circu-
lates around the region of the equatorial jet. A single, domi
nant Hadley cell, is more typical of the Martian circulatin
most times other than close to equinox [eldpberle et al., -
1993;Forget et al., 1999].

a4l 06 06 0.7 05

Zonal wavenumber
w
T

-5 -4 -3 -2 -1 0 1 2 3 4 5
Frequency (cycles/day)

Tidal forcing

WIson and Hamilton [1996] describe an experiment in °
which removing the diurnal cycle from their model resulted sl
in no westerly flow over the equator. In this section, results
from a series of similar experiments are described, in which 34 08
both the diurnal tide and model topography are removed, 5
alone and in combination, to isolate the contribution célid § 30 @
components. As noted earlier, non-axisymmetric processes =
are required to explain super-rotation. The observatian th N 2
super-rotation in this model increases with dust loadirg) an A
therefore with increased diurnal forcing indicates thellik ir @/
hood of tidal forcing being a major factor. Planetary waves .
might also play a role, but baroclinic waves tend to become 5 4 3 2 1 o 1 2 3 4 s

weaker at high dust loading as the atmosphere becomes more Frequency (cycles/day)

stably-stratified, in contrast to the strengthening sedahen
equatorial jet. Figure 7.  Amplitude spectrum in frequency—zonal

In order to investigate this hypothesis, the present GCMwavenumber space of the temperature signal at the equator
was run again, under Viking5 dust conditions which would on the 25 Pa pressure surface (about 32 km altitude) for the
normally lead to a strong westerly jet, but with the solar Viking x5 scenario with a full diurnal tide. The upper panel
heating averaged around latitude circles in order to removehows the results from the full GCM and the lower panel re-
the diurnal tide. The amplitude of the various tidal com- sults from a model with no topography and uniform surface
ponents at one height in a model with a diurnal cycle isproperties, but still forced with a diurnal cycle. Negatixe-
illustrated in Fig. 7. The case with both full topography quencies correspond to westward propagation. The contour
and a diurnal cycle shows strong diurnal, semi-diurnal andnterval is 1 K and modes with amplitudes greater than 0.5 K
higher harmonic components propagating toward the wesfre labeled.
and a strong eastward-propagating wavenumber one, Kelvin
mode. Without a diurnal cycle (not shown) there are only
very weak modes with periods of around one day; these have
amplitudes two orders of magnitude smaller than they do in
the presence of a diurnal heating cycle.

The zonal wind as a function of latitude and height is
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Figure 5. Mean meridional circulation for the three dust scenarioslie northern autumn equinox periablg( = 180°—
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figures, to focus on the region of interest. Positive stregetion contours imply anticlockwise circulation in thepé of the
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shown in Fig. 8 for experiments both with and without di- by the zonally-symmetric meridional transport mechanism,
urnal tides. Itis clear that when the diurnal cycle is rentbve as it moves into a northern winter solsticial flow regime, but
there is no evidence of any super-rotation in the atmospherthese peak at roughly 100 m/s within the model domain at
below 60 km, in contrast to the distinct westerly flow seen inabout 60 km altitude. At the same time of year, the GCM
the presence of a diurnal cycle, confirming the importance ofvith a diurnal cycle has easterlies peaking at over 200 m/s
tides in producing this zonal-mean wind#] son and Hamil- and increasing with height, into the model sponge layer. The
ton, 1996]. tidal effect seems to be at least comparable with the merid-
It is important to note that the global atmospheric super-ional transport of zonal momentum. This is broadly con-
rotation in the case without tides, = 0.058, is the same  Sistent with the difference seen at equinox, 40 m/s easter-
as that in the case with tides under the same Vikiag lies above 80 km with a diurnal cycle, compared to 20 m/s
dust loading conditions, despite the maximum local superWesterlies without. As can be seen from the zonal-mean
rotation being weakek = 0.100, and occurring only in the meridional circulation close to equinox, Fig. 5, there ts i
upper atmosphere. The tides can redistribute angular mdle cross-equatorial momentum transport at this time of yea
mentum, and create a strong local maximum in the equatoand the easterly acceleration in the upper atmosphere may
rial westerly jet, but do not alter the integrated atmosigher Pe attributed largely to breaking tides.
total axial angular momentum. Further experiments have been conducted to isolate which

Large differences are seen in the upper atmosphere dfdal modes are mostimportantin forcing the zonal flow. The
Fig. 8, principally where the mid-latitude westerly jetd fa Vlklng x5 scenario has been re-run using a model with no to-
to close with height in the absence of tides and the strongography and with globally-uniform surface thermal preper
retrograde flow seen high above the equator also disappeati€s (albedo and thermal inertia). The lower panel of Fig. 7
without the diurnal cycle. The role that the tides must playshows clearly the effect on the tidal modes of the removal
in closing the mid-latitude westerly jets is particulartyils ~ Of variations in surface topography and thermal properties
ing and apparently stronger than the effects of transietht anAs noted earlier, the interaction of solar forcing and sur-
stationary planetary waves, present in both simulations. ~ face inhomogeneities may give rise to a variety of non-sun

The absence of a strong easterly, and indeed evidené@/nchronous responses, e.g. interaction of the diurnal tid

of prograde westerly flow, in the upper atmosphere of the/ith zonal wavenumber two topography may generate a di-

model without a diurnal cycle is an observation worthy of urnal period, zonal wavenumber one Kelvin mode. Without

consideration. Figure 8 shows the flow up to altitudes aroun&u‘:h_ interactions, ther_e are no large, _eastward-proprmyaﬂ
85 km, at which the version of the GCM used for this study <€IVin modes, and a simpler structure in the westward sun-
becomes less accurate owing to the neglect of non-Locaffy”Chro,nous tides, with a diurnal, semi-diurnal and higher
Thermodynamic Equilibrium effects on the radiative budget "2rmonic components only.

The easterly flow in the upper part of these results with a di- Figure 9 compares the zonal winds from experiments
urnal cycle, however, does not appear to be an artifact of th#ith the smooth surface, both with and without a diurnal
position of the model top, which is in any case higher thancycle, as in Fig. 8 for the full model. The super-rotating jet
the top of these diagrams at about 100 km altitude. Easterlfproduced with a diurnal cycle is even stronger than that in
flow is a robust feature of the GCM which has the top raisecthe GCM with full Mars topography and thermal properties.
to above 120 km, an improved radiation scheme which isVesterly wind speeds peak at around 70 m/s about 10 km

more accurate up to this altitude, and an increased numbéove the surface at the equator and local super-rotation
of vertical levels, e.g. 32. reaches peak values aroung- 0.30, compared ta = 0.16

Previous work Barnes and Haberle, 1996: Wison and " the case with full topography.

Hamilton, 1996;Forget et al., 1999] has discussed the pres- ~ We therefore conclude that the primary driving force for
ence of easterlies high above the equator and attributéd thethe westerly jet in the lower atmosphere is a momentum flux
presence to momentum transport by the cross-equatorididuced by the sun-synchronous, westward-propagating di-
zonal-mean meridional flow\Wlson [1997] reported that urnal tide. The generation of an eastward Kelvin mode may
tides can induce a high-latitude expansion of the Hadley cirindeed have the opposite effect on the mean flow, with a rel-
culation in the winter hemisphere, possibly enhancing theative reduction in the amplitude of the westerly zonal winds
meridional transport. This is indeed an important mecha- Comparison of Figs. 8 and 9 confirms the role that tides
nism when the circulation is in a solsticial state, but the ex play in closing the westerly jets in the upper atmosphere,
ample shown here indicates that direct tidal forcing is alscalthough it is clear that the jets are most strongly closed in
important in producing equatorial easterlies. The GCM withthe full case in the presence of both sun-synchronous tides,
no diurnal cycle does produce easterlies above the equatdfelvin modes and stationary waves from full topography.
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The local super-rotation in the upper atmosphere of theexperiments described earlier. Two different periods are
model without a diurnal cycle must be attributable to an eddyshown, northern autumn equinok4 = 180°-210°), when
process other than atmospheric tides, since waves with pahe equatorial westerly jet is large and steady, and mil-lat
riods of a day or less are almost absent. The most likelynorthern summerl{s = 120°-150°), when the jet is grow-
candidates are planetary waves. Model diffusion may alsang rapidly, as in Figs. 3 and 4.

play a role in transporting momentum equatorward from the  Figures 11 and 12 contour the tendency to the zonal
mid-latitude westerly jets, but in this case the upper atmo-momentum equation resulting from the EP flux divergence
sphere seems relatively insensitive to reducing the weak.—v . F/a cos(¢), whereV - F is the EP flux divergence,
highly scale-selective sub-grid scale diffusion paramete  the radius of Mars ang the latitude), rescaled into units
the spectral model. Both transient and stationary plapetarof m/s/day for convenience. In each case the EP flux was
waves are able to propagate to high levels in this modelga|culated from fields stored twelve times per day in3be
where the WeSterly flow in the mid-latitude jetS remains areocentric |Ongitude period (50 and 60 Mars days respec-
strong with increasing height, Fig. 8. Transient waves ap+jvely) and then averaged together. EP flux vect@tsare
pear to make the largest contribution, confirmed by resultslso shown, scaled for plotting on a log-pressure axis\iello
from a model with no diurnal cycle or topography, Fig. 9, ing the conventions establisheddmon, Jr. et al. [1980],

and hence no strong stationary waves. In this case the Iggithough the EP flux here includes ageostrophic terms since

cal Super-rotation in the upper atmosphere is particulaFIy the diagnostics are required near the equator'
tense, as is the baroclinic wave activity, also respongdsle

the splitting of the northern hemisphere westerly jet imto t P - - "6’
distinct maxima at upper levels. =acos¢ (v'u —Tp 9,
Figure 10 shows the zonal mean temperature state from (@ cos ) i
the full GCM experiments with and without a diurnal cy- w'u! + {TJ — 2Qsin qb} 5 } , (D
p

cle, shown in Fig. 8. While the upper atmosphere is sig-
nificantly different, with much stronger latitudinal gradis

in the presence of diurnal tides in balance with the closur
of the westerly jets with height, there is remarkably little
difference in the temperature structure below about 50 k
altitude, except over the poles. Very similar patterns of-te
perature differences are seen in the experiments with $moo
topography, Fig. 9. This highlights a generic difficulty @ r
lying upon thermal observations to confirm the presence o

a westerly jet close to the equator, where gradient wind bal- I. h . il he EP flux di . I
ance breaks dowrhdrews et al., 1987]. n the equinoctial case the ux divergence is actually

The results presented here are in accordance with the pr?\;ery small in the region where the jet is large and forms
- . . . : L quadrupole pattern around the jet, somewhat reminiscent
dictions ofFels and Lindzen [1974], made with a linearized d po'e p J

. ) of the EP flux divergence shown milton [1982] for a
model of internal gravity waves, for the effects of thermall Lx diverg wn thiam [ ]

ited " Earth and Vi Wester| thigh dust case, although the magnitude of the divergence is
eXC|de grgw y W‘?‘Vgs or; ) a;h and Venus. hi ehs er yt(ea‘:’j'smaller in the present case. The amount of dust, and its ra-
ward) winds are induced in the region in which westwar diative effect, is not necessarily comparable in each case.

therma_l tides are_generated, in th_e Iower_ atmospherg, Wit&urek [1986] also found smaller divergences thtdamilton
the region of maximum solar heating moving upward in the 1982] as a result of differences in the dust optical prapsrt

atmosphere as the dust optical depth increases. Conyerse ssumed. It should also be noted that itaemilton [1982]

easterly (westward) zonal winds are generated in the Uppeéxample was for a solsticial case, Fig. 11 is equinoctiais Th

atmcisphere where the tides break and dissipate their mcfr'nplies a small contribution from the EP flux divergence to
mentum. the westerly equatorial jet, but over this period the armapkt
of the jet is indeed fairly steady.

Eliassen-Palm flux diagnostics A perhaps more illuminating period is shown in Fig. 12,
when the jet is continuously growing during the averaging

The following figures show the Eliassen-Palm (EP) flux period. At this time there are significant regions of positiv
and the pattern of EP flux divergence, which representgonvergence lying directly in the region where the jet ap-
the stress acting on the zonal momentum owing to wavepears, with amplitudes of more than 5-10 m/s/day, accord-
mean flow interactionfndrews et al., 1987], from the GCM  ing to dust loading. Averaged over a 60 day period, these

wherez andz’ denote the zonal mean and eddy component
%f = respectively. The sign convention for EP flux used here
should be noted as followingndrews and Mclntyre [1978]
MhndRead [19864a], the opposite to that often used, é\g-
drews et al. [1987]. The reason for this is to emphasize the
tdirection of momentum transport by the eddies, primarily
hrough thev’w’ term, by the direction of the vectors plot-
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are more than large enough to account for the growth ofand actually makes a relatively small contribution to thalto
the super-rotating jet, if not entirely balanced by menidib  zonal momentum tendency at the location of the equatorial
transport or friction. The EP vectors indicate that the mainjet; this is mainly in the form of a deceleration via the verti
contribution is a flux of westerly momentum from the south- cal advection of easterly momentum from nearer the surface.
ern (winter) hemisphere, where there is a large prograge jefThus the large EP flux divergence tendencies, seenin Fig. 12
see Fig. 4. at about 10-15 km altitude over the equator, seem to be pri-

A strong region of EP flux convergence can also be seefnarily responsible for forming the super-rotating equiator
around 20-3°N, below 10 km altitude in Fig. 12; a coun- J€t.
terpart to regions distributed more symmetrically aboet th
equator in Fig. 11. This is a region close to the sub-solar lat .. .
itude and at a height where the diurnal sun-synchronous tidPISCUSSIon
is being most strongly force_d i_n the summer he_misphere. Local super-rotation has been mapped in a Mars GCM
Westerly zonal mo_men;um is induced in a region Wherethroughout the Martian annual cycle and as a function of
westward-propagating tides are forceﬁal[s gnd Il_mdzen, dust loading. It is found to be more pronounced under con-
1974]. The strong wester]y accelerations implied here arYitions of higher dust opacity and at equinox, although it is
par tly balanced by advection of easter'ly momentL.Jm. n thestiII a significant component of the circulation at otherdsn
rising branch of the Hadley Cell, see Fig. 6, but this is alsoIn agreement with some previous wolk[son and Hamil-
a region which is undergoing a transition from easterly flow

ton, 1996], thermal tidal modes have been identified as the
of 20 m/s to weak westerly flow by the end of the averaging ] rmatti S hav n! " S

iod  120°-150°) and th fer b A | driving mechanism and, in particular, the main westward-
period s = o ) and thereafter becomes strongly propagating diurnal tide plays the principal role. A paiter
westerly, see Fig. 2.

of westerly flow at the altitudes where the tides are gener-

In order to help to isolate the role of the tidal componentsateqd and easterly flow at higher altitudes, where they dissi-
in the EP flux, Fig. 13 compares the tendency and EP flipate, is in accordance with the mechanism proposefeisy
vectors in northern hemisphere summer for Vikirfsgdust  ang Lindzen [1974]. The degree to which the tides are re-
scenarios both with and without a diurnal cycle imposed (Se%ponsible for easterly flow high above the Martian equator,
Fig. 8). These show clearly that the main regions of EP fluxpy an amount comparable with the meridional advection at
convergence, and so westerly forcing, in the lower, equatogg|stice and as the sole factor at equinox, has not been-recog
rial atmosphere are indeed induced by tidal components anglizeq before. Future work with a GCM with a top raised to
are absent in the experiment with diurnally-averaged &sol ahove 120 km, and with an improved radiation scheme ap-
tion which has no low-level equatorial westerly jet. propriate to such low pressures, can investigate thisdurth

The tendencies resulting from the EP flux divergencealthough the problem becomes complicated by the introduc-
should be viewed together with the transport by the residuation of CO, heating and hence a second thermal forcing re-
mean meridional circulation, the Eulerian mean meridionalgion in the upper atmosphere.

circulation corrected for the component balanced by mean The global super-rotatiors;, observed in the Mars GCM
large-scale eddy transport [e.@ndrews et al., 1987]. The s approximately a factor of three greater than that estithat
residual mean circulation cannot transport angular momenoy the Earth byRead [1986a]. Read [1986b] has identified
tum up-gradient steadily to maintain a prograde jet, but theg with a form of Rossby numbef;/Qa, based on a typi-
effects of transport are combined with the EP flux divergence:5| fiow speed/ and planetary radius. These results are
to find the total tendency on the zonal momentum equationgyroadly consistent with such an interpretatiéhis similar
The residual mean meridional circulation in the equatorialfor hoth planets, whereas the radius of Mars is about hatif tha

region is almost identical to the zonal-mean meridional cir of the Earth and typical wind speeds on Mars are somewhat
culation, shown in Figs. 5 and 6. Close to equinox, the residyreater.

ual mean advection tends to balance the small EP flux di-

: ) . T ~ - It is worthy of particular note that the global super-
vergence in the equatorial region, shown in Fig.11. Th's_'srotation,S, for the Mars GCM increases only slowly with

consistent with the observation that the strong westetly jequst loading (which leads to an increase in the mean wind

at the equator is almost steady over this pgriod, alt.houg'%peed), and is insensitive to the details of how the super-
away from the equator the zonal mean flow is changing Yotation is caused and where it is positioned in the atmo-

the northern hemisphere moves into a winter, WESterly'Statesphere; simulations with and without thermal tides under th

Corresponding diagrams for the period when the jet is 9rOWsame dust conditions give similar values%fThis behavior

ing in northern summer are shown in Fig. 6. In this case,

the | Hadl irculati ds th . ¢ iEse is in marked contrast to the local super-rotatieywhich is
€ larger nadiey circulation surrounds the region o r strongly dependent on dust loading and on the mechanism
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which leads to its generation. but it would be necessary to resolve the tracer in the vértica

The Earth can also exhibit local super-rotation, both inThis is because there is a region of easterly flow immedi-
the upper troposphere as a result of Rossby wave forcingtely above the surface at the equator, as a result of torque
and, most prominenﬂy, in the Stratosphere during the Westbalance between the atmosphere and the surface, given west-
er|y phase of QBO1 which is most ||ke|y forced by a combi- erlies in mid-latitudes. A Super-rotating Westerly does$ no
nation of internal gravity and Kelvin wavesifidrews et al., take over until between about half and one pressure scale
1987]. The peak westerly equatorial winds seen in the QBdeights above the zonal-mean surface; equally, a large part
are about 20 m/s at around 25 km altitude, and such stron§f the atmosphere above the westerly jet has strong easterly
winds do not occur on every cycle. From Eqns. 4 and 6Winds (Figs. 3 and 4). Hence both a significant mass and
this allows an estimate of the maximum local super-rotation volume fraction of the atmosphere will be moving westward
s ~ 0.04 with terrestrial parameters. This is smaller thanand it would not be possible to detect the eastward jet us-
the peak values of found for Mars by a factor of almost ing observations of a tracer which were not resolved in the

two under moderate dust conditions, and by a factor of fouivertical. In situ wind measurements, e.g. from entry probes
when the Martian atmosphere is dusty. may be one possible technique for unambiguous detection of

Both local and global super-rotation require angular mo-Westerly flow in future.
mentum transfers by eddy processes which must act up- The prospects for tracking high-level easterly winds, and
gradient with respect to the zonal-mean gradient of anguusing these to calibrate the model, may be better using
lar momentum. On Earth, such up-gradient transfers aréemote-sensing techniques. There are already Earth-based
relatively weak. Near the equator, tropical convection hagnicrowave measurements which imply strongl00 m/s,
the effect of mixing angular momentunErfanuel, 1994]  easterly winds in the Martian middle atmosphere at about
and suppressing development of super-rotation in the loweP0—80 km altitude [[ellouch et al., 1992], although these
troposphere_ In the terrestrial upper troposphere antbstra are SUbjeCt to Iarge uncertainties. Similar techniquemfro
sphere, gravity, Kelvin and Rossby waves may break and microwave instrument aboard an orbiting spacecraft could
give rise to a stress on the zonal-mean flow, with the possibe subject to smaller errors, have improved height resmiuti
bility of super-rotation as described above. The diurnatth and provide coverage throughout the Martian seasonal.cycle
mal tide is much stronger on Mars than it is on Earth and, as
shown here, can transport angular momentum up-gradient Acknowledgments. We are grateful for the support during
more easily, resulting in the strong super-rotation se¢hén  this work from the UK Particle Physics and Astronomy Research
Mars GCM. The super-rotation peaks at equinox, as the so€ouncil. We thank Dr. M. Collins for discussion in the early stages
lar forcing becomes symmetric about the equator, stronghof this work.
forcing the direct, diurnal thermal tide in the equatoriad r
gion. EP flux divergences indicate a westward forcing overn
the equator throughout a long period prior to equinox as the
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