METEORIC PLASMA LAYERS ON VENUS AND MARS

Table of Contents

Cove pages and budgt sumnary
Table of contents

Scientific/technicd/manaement setion (15 pages)

1 - Wha meteoroids o to ionosphees

2 — Outline of proposel investigation

3— Available obsevations of méeoic layers

4 — Available numeical model ofmeteric layers

5—Task A: Comparson d basic obseved properties d& Venus ad Mars
6 — Task B: Initial gpplication of model br Venusand Mais

7 —Task C Effeds of variations n meteroid influx a Venus aad Mais
8 — Anticipated esults ard breader impact

9 — Relevance to NASA

10— Personné

11— Work plan

References

Biographical Sketch for Pl Paul Withers

Biogrgphical Sketch for Co-1 Joe Grebowsky
Biographical Sketch for Co-1 Diego Janches

Current and Pendig Suppot for Pl Paul Withers
Current and Pendig Suppat for Co-1 Joe Grebowsky
Current and Pendig Support for Co-1 Diego Janches
Budget Narrative

WITHERS - PATM 2012—- PAGE 1 OF 33



METEORIC PLASMA LAYERS ON VENUS AND MARS

New discoveries madein recent observationsat Venusand Mars and new
laboratory data on key reaction rate coefficients enable compar ative studies of
the effects of meteor oids on multiple planets.

1— Wha meteoiids @ to ionosphess

All plands and seellites in he solar system sveep throudh interplanetary dust as thg move
along their orbital paths.When dustpaticles, known a meteooids, enter an amosphee a
orbital speels, hey are decderated and ablated Meteoroid abldion dgposts exotic speies like
Mg and Fe into plangary uppe atmosphees (Grebowsky et al., 2002; Mirad and Willi ams,
2002) As these metallic species can be ionized during ablation, by sunlight’s ultraviolet phobns,
or by charge exchange with existing aimospheic ions, neteorids afed the strudure, chemistry,
dynamics, and energetics of planetary ionopheaes (Figs 1-3).

Figure 1. Earth. Meteoric ion
NO* & O; densities measured above Puerto
Arecibo, PR | Rico by a rocket-borne mass
March 24, 1998 spectrometer. In these post-sunset
2145 ASR- measurements (2145 local ti r+ne),
photo-produced plasma (NO™ and
O,") at these E region altitudes s
gparse. Note the narrow width
(about 2 km) of the meteoric layer.
In this instance, meteoric densities
are extremely large. The typical
Total Qensi?’ty rngasured by rocket flights
_ IS10° cm”™. The intense variability
"o || in meteoric densities cannot be
.................... reproduced by models. Figure
. 8.11 of Grebowsky and Aikin
(2002).
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The ablation of meearoids disupts the quiseent site of an ionosphee by introdudng exotic
metdlic speies inb an evironmen domnated by species deived from low mass constuents
like N, Oz, or CQ. In paticular, meal speies tend to fom atomc ions(e.g. Mg*), whereas
typicd atmospheic ionsare low-massmoleaular species like O,". Since atomic ions @nnot
disdatively recombinelike moleaular ions,they tend to bdong-lived and a slow prodution
rate ofatomic ions @n maintain a sigifi cant plasma populéion. This is illustraed in Hg. 1.

Motivated by terrestrial findings, sciatistshave longsowght to find meteoric layers onVenus
and Mass, butwere restricted by limited dectron density daa and nonexistent compodiond
daa a therelevant altitudes. Ddiniti ve deectionsfor Venusand Mais were madeby Patzold et
al. (2009)and Ratzold et & (2005) respedively, with severa strong possbilities sugested
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METEORIC PLASMA LAYERS ON VENUS AND MARS

ealier by Witasse ad Nagy (2009 and Fox (20043, respedively (Figs 2-3). On dl three
plands, meteolic plasmaforms narow layers below themain peks of their ionogphees.

Unsuprisingly, obsevations of méal ionsare more extensivefor Eath than for Venus or Mars.
Compostional piofiles have been obtainel by 50sub-orbital rocket fli ghtswith in situ mass
spetromeers (Grebowsky and Aikin, 2002). Thg consitently show ameal ion layer afew km
wide locaed ketween 90km and 100 kmKig 1). The strorg variability in observed layer
propeties @nnot be eproduced by current terrestrial models. On both faus anl Mars, meteadc
layers ocur sporalicdly, not continuouy — at least at he 10° cm™ detedion limit of radio
occultation experimerts. Models hae yet to explain this spordic oacurrence, which could be
causedby extemd fadors like meteroid flux variations or intend factorslike wind paterns.

200 ; Figure 2. Venus. Meteoric layer seen in the
i dayside ionosphere of Venus on day 16 of 2007
by the Venus Express radio occultation
' experiment. The meteoric layer occursat 110
180T km altitude and has a peak density of 10* cm®,
It is distinctly separated from the main
photochemical layers V1 and V2 of the
ionosphere, which are produced by solar soft
X-rays and extreme ultraviolet photons,
1 respectively. These photochemical layers
: contain molecular O," ions, which behave very
§oove differently from the atomic Mg" ionsin the
meteoric layer. Meteoric layers on Venus and
g v Mars are broader (~10 km) than on Earth.
120 T Meteoric layers are only observed sporadically
% meteor layer on Venus and Mars, but are ubiquitous on
| Earth. However, ion densities on Earth are
100 highly variable. Perhaps Venus layers are also
10° 10% 105 108 ubiquitous, but are rarely strong enough to
detect. Figure 2 of Patzold et al. (2009).
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Theinteraction of meteroids wih atmogheaes rdates to ®veral important topics in dandary
sciene. Theseincludecometay adivity, the d/namics of dustim spae theddivery of organic
mateials to planes, andcollision haads for spaeaaft. From an ionopheaic paspetive,
metedric plasma diers a probeinto an important dtituderegion (Schunk and Nagy, 2000; Bauer
and Lammer, 2004). Meteoric plasma is nost abudant at elatively low dtitudes whee ion
chemistry is more complex, wheae ionizaion dueto protons fom sdar enggetic paticle events
is greatest, ad where ionospheic disrupton of radio wave propagation may occur. It also
introduees nové chemica pathwas andnonstandrd plasma sowes into the ionosphe.

Key questions n this aeaare whether any or al of thefollowing planet-spedfic fadors have
significant bearing on theionopheic effects of meteowids— meteoroid flux, background
ionopheaic chamistry, plangary magnetic field and its influen@ on moton of plasma, ¢namics
of the neitrd atmosphee, especally eddy diffusion, and s@le height of the neutrd atmophee.
Also, ae meter showersimportant? There is a longstandirg debate about how anud meteor
showers affect Earth’s ionosphere, with current data not showing a clear signal. Since the
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METEORIC PLASMA LAYERS ON VENUS AND MARS

importance of shover versus spadic meteooids will differ from Earth a otherplands, meteor
showe signds may beclearer at Venus or Mas, espedally as Venus fas o seaonal vaiations.

2507 ] | Figure 3. Mars. Meteoric layer at 90
i 1 | kmin the dayside ionosphere of Mars
s 1 | (MarsGlobal Surveyor radio
. e ] | occultation experiment). Grey regions
E show 1o uncertainties. The two
E 1500 71 | higher ionospheric layers (110 km
3 and 140 km) are analogous to the V1
E I and V2 layers on Venus. They contain
100l ] | O;" ions, are photochemically
controlled, and are produced by solar
: 1 | soft X-rays and extreme ultraviolet
50 . 1 | photons, respectively. Figure 2 of
10° 10 10" | Witherset al. (2008a).
Electron density (m™)

2 — Outline of propose investigation

The goal of thisproposal isto use data and modelsto compare meteoric layerson Venus
and Marsin order to investigate what physical processes, planet-specific conditions, and
meteoroid influx propertiesareresponsible for similarities and differencesin the observed
characteristics of these layers.

Our efforts will commence with a suvey of thetypicd propeties d obseved met®ric layers on
Venus,aong the lines obur past work @ Mars (Withe's d al.,20089), tha will indudea seach
for trends Inking observable dharacteristics to exernd fadors sub as sobr zenith angle (Task
A: Comparison of basic observed propertiesat Venusand Mars). Theresults of thisTask
and ourprior Mars work will serve & berthmalks for subsequet nunerical modding. Next, we
will updde an existing onedimensioral modd for the production, transpot, and loss of nteotlic
plasmaon Venus aad Mars (Task B: Initial application of model for Venusand Mars). We
will thencompae predicted lgyers to thos obseved, simulatevariations wth sobr zenith ange,
and clculate thelifetime of meeoiic plasma.Finally, wewill explore how meteoric layer
propeties vay dueto plausible variations n expected meteoroid influx properties (Task C:
Effects of variationsin meteoroid influx at Venus and Mars). The andysis of meeolic layer
obsevations B a pdentid tool for constaining the meteroid flux at the orbits of Veaus ad
Mars, whichcan provide better understanding of the solar system dusenvironmer and its
connections b the populion and dyramica evolution of smallbodies.

3 — Avail able obsevations of méeoiic layers

Radio ocaltation obsevations of ionosphdc eectron density profiles ae the pimary resouce
for stud/ing layers of meteoiic plasma in exraterestrial planéary aamosphees. For Venus, 322
profiles ae aval able from Venus Exress (VEX) (Fig. 2. Patzold et & (2009 found 21
meteoric layers inasampe of 118 exrly VEX prdfiles. We have access b dl VEX profiles shece
Pl Withess is aCo-I on tis instrument te@. For Mars, 5600 prdfes ae avail able from Mars
Globd Surveyor (MGS) (Fig 3), 557from Mas Express (MEX), and ~100from Mariner 9.
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METEORIC PLASMA LAYERS ON VENUS AND MARS

Withers ¢ al. 20083 found 7L met®ric layers in the MG profiles, Ritzold & al. 2005)found
10 in an erly subset oMEX profile, and Withers et & (in preparation) found an additional 65
in an ong@ing suney of thefull MEX datase and 7 in the Mariner 9 prdiles. The MGS profiles
are publicly available & the PDS and ve have access b dl MEX profiles shce Pl Withes is a
Co-l on ths ingrument team. We have digital copies ofthe Mainer 9 piofiles, which we got as
microfilmed tables fromthe NSSDC and ae in the process d preparing for ddivery to the PDS.

4 — Avail able umeiica model ofmetric layers

In this wok, we shall uplate an existing onedimensioral modd for the podudion, transport,
and loss of meeoiic plasma on \énus and Mes. This nodd was initially applied & Mars by
Pesnell and Gebowsky (2000, 200) and Grebowsky et al. (2002 and at Venus ty Grebowsky
et al. 2002)and Pesrell et al. (2004) Due to competing projects, he Venus wok was notfully
published.The predictions of Pesrle and Giebowsky for Mars are suficiently similar to daa
(Fig. 4 for us b condude that the moda s basicdly sound, Bhough blishedresults ove-
estimate the layer width and do not explain the layer’s sporadic occurrence. Ther predictionsare
generaly consstentwith the @ntempoaneous work of Molina-Cubeoset al. (2003)

120 T <y — Fig 4. Mars. Smulated
I £ ; Mg" profiles at Mars for
three values of the eddy
diffusion coefficient, K,
71 | inunitsof cm?s*. K =
l 2.5E6 (dashed), 2.5E7
(solid), and 2.5E8 (dot-
dashed). On Earth, peak
density is approximately
inversely proportional to
K (Plane, 2004). That
trend is not reproduced
here on Mars, although
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Theearly work of Pesmell, Grebowsky, Molina-Cuberos, and olleagues sufers from two
drawbacks. Frstly, it precedes thefir st obgrvations of méeoiic layers onVenus and Mes, and
is consguently unconstained by direct measurements. 8wondly, it precedes important
laboratory work onkey rate aefficients by John Raneand mlleagues at he University of Ledls,
UK. Minimal laboraory work on readions nvolving metd species in acarbon dioxde
atmosphere had been performed until Plane’s research group focused on this area a few years
ago (e.g. Woodmck et al., 2006; Whdley and Hane 2010; Whdley et a., 2011). Hace Pesnell
and Gebowsky were forced to u® estimated rate coefficients forsone key readions.For
example, they assuned a rate oefficient of 10% cm® s* for Mg* + 2CQ, -> MgCO," + CO»,
which is the main pahway for the conversion ofatomic metd ions nto noleaularion gecies
that rpidly disodatively recombine Whaley and Hane(2010)meaured avaue of 10?8 cm® s
! two oders of magnitudelarger.
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METEORIC PLASMA LAYERS ON VENUS AND MARS

However, useof this rde codficient in a modeby Whalley and Rane(2010) lad to prelicted
meteoric ion densiies onMars that ae ten times snaller than typicdly obseved (Fig 5. This is
paradoxical — the modéwith the unquestionably better rate codficients mekes worse
predictions. There are no obviousways in which the Whadl ey and Hane (2010) modelis weaker
thanthe Pesnlé and Giebowsky (2000 modé. Resolving this paadox is an am of this proposia
Since Plane’s group had not at that time finished its entire program of laboratory measurements,
the modéof Whdley and Hane(2010)was notable to eplace dl the ete codficients etimated
by Pesnell and Grebowsky (2000 with meaured values Perhgpsthe corredion of errorsin one

of the lemaining estimatal rae wefficients suchas the ete of disodative recombinaion of
MgCO,", can enhance the too-smalldensities pedicted by Whdley and Rane(2010)

Alternaively, impefed meteroid influx rates oreddy diffusion @efficients mght be thecause.
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Figure 5. Mars.
Smulated vertical
profiles of selected
Mg speciesin the
atmosphere of Mars.
The peak altitudeis
10 km lower than
typically observed
and the peak density
is 10 times smaller
thanin typical
detections of meteoric
layers. It is possible
that a weak layer is
ubiquitous, but only
sporadic strong
layers are detected.

Figure 11 of Whalley
Concentration / cm™ and Plane (2010).

The basic lifecycle of meteoiic ions & as bllows. The are produced byionizaion duing
ablation, phoo-ionizaion, and barge exchange. They are destroyed by transport downwrds
into denserregions d the atmosphee where atomic metal ions(e.g. Mg") undego three-body
readions b form molecular ionsthat ae quickly neutrdized by disodative recombinaion with
an dedron. Since the cemistries oftheionogpheaes of Venus ad Mars are so similar, the sane
model famework can be usedfor each plaret, althoudy mary inputs will be pland-spedfi c. The
basic struture of this modd is as bllows:

e Assume vdical profile for neutrd atmogheic density, tenmperature, and compostion. Some
relatively minor speiesmay neel to be intuded if they are chemicdly important.

Assume in@ent vdocity of meaeomwids and lux as a Lindion of meteroid siz.
Simulateablation of méeoroids n the amosphee.

Assume dix ed background piofil e of thedensities of typica atmopheic ions.
Simulatethe stedy-state chemistry and transportof meteric neutrd and bn speies usig a
system ofchemicd readions and speified moleaular and addy diffusion wefficients. Ths
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METEORIC PLASMA LAYERS ON VENUS AND MARS

will generate vertica profiles of the numbedensities ofindividual speiesof meteric
neutrd atomsand ions

Meteoroids contan many chamicd elements.n this mod, we shall nitially simulatethe
lifecycle of only ore of them, Mg. This s a ©mma metdin met®roids and teds b domnae
metd ion densiies mesured on Eath by mass spdromeers (e.g. McNell et al., 2001,
Grebowsly et al., 2002;Grebowsky and Aikin, 2002). To frst orde, its behaior will be
representative ofall metd spedes. Otha meal spedes, sub as Fe, will beincludal if ealy
results suggst tha ther absene is causing orde-of-magnitude erorsin the results.

We will assune neutrd atmospheic propertiesfrom Hedin et & (1983) Krasnoposky and
Parshes (1983),and Yung and DeMore (1999)for Venus ad the Mas Cimate Databese
(http//www-mars.Imd.jusseu.fr/) for Mars. We will initially assune a meteoroid size and
velocity distribution from the soures cited in Resnell and Gebowsky (2000) and Molina-
Cubeos ¢ al. (2003) This will berevisited in the léer stages of thisproject. We will simulate
the dlation of méeomids in the dmosphee usng the CABVOD model ofCollaboraor Plane
and Caol Janches (Vondak et al., 2008) which permits differential chemica ablation and
produes eementspeific ablation profles ofatoms and iongJanches et &, 2009) This is an
advance on the modeused by Pesrell and Grebowsky (2000, which assuned that &lated
mateial shaed the omposition of theparent meteoroid. Inclusion d differential ablaion dters
the deostion piofile of Mg and related spedes, $iifting the pek dtitude We do not pan to
fully integrate thechemistry of the normd ionosplere and the meteric ion spedes, which would
add unneessay complexity. Instead, we will impose a fixed background profile of “normal”
atmospheic ionsthat influences thechemistry of metd spedes. he obviousinconsiséncy that
results isthat harge exchangebeween neutral metal &oms andO," ions,which is a soure of
metd ions, dos notconsune the Q" ions. Neverthdess, thé appoximation was judged
reasonatbe by Pesnell and Grebowsky (2000 and Molina-Cubeos & al. 2003)and wewill use
this as oustating point As our work progresseswe will examinethe elevant time constents b
test ths appoximation, o that wecan then makeany necessay changes.

Therate d produdion of meteric ions ky ablation is provided by CABMOD. Therate of
production of meteric ions by photaonizaionis cdculated usimg a solar spectrum, dtenuaion
by the reutrd atmopheae, and ionzaion aosssections of theneutrd metal spedes, where these
inputs ae spedfi ed in Resnell and Gebowsky (2000) and Molina-Cubeoset al. 2003) Therate
of production of meteric ionsby charge exchangeis cdculated usimg a system of tiemicd
readions and associdedrate wefficients. The chemicd readion sthiemes ae desaibed by
Pesnell and Gebowsky (2000)and Molina-Cubeos et & (2003) NotethatPesnell and
Grebowsky (2000 estimated rate coeficients forsomeimportant radions Mg* + 2CQ, ->
MgCO," + CO,, MgCO," + CO; -> Mg" + 2CQ,, and MgCO," + e-> Mg + CO,. We shall
updae thesecoefficientsusinglabortory results from Colabortor Pane Therelative
importance of ablation,photobnization, and darge exchange for produdgng metdions s
important to ddeming, sinceit influences the galitative béavior of meteric ion layers. If
ablation s domnant, then psdudion will occur at all locations, butmay vary seaorelly with
meteroid influx rates.If chage exchange or plotoionizaion isdominant, then pradudion will
ceaseon the nightside, but will haveminimal seaonal vaiations.
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METEORIC PLASMA LAYERS ON VENUS AND MARS

The main demicd loss proess fa aomic metal ions Ike Mg" is a thre bodyreadion with two
CO, moleaules to fom MgCO," which repidly neutrdizes via disodative recombination.
Neutrd Mg reads with arange of O and Gbearing nautrds to eventually form MgCOs, which is
heavy and stble. The ultimate sink forMg is MgCQ; falling out of theatmosghere. The
continuity and monentum equéions ha detemine the oncentraion ofeah meteric speces

are:
Vi *\N, 6z H;, T oz
d ’le ﬁ(Ni-U.i) K ( 1 a]VT' 1 1 OT)
Egn2

=P —L,— = T T =

Ot ; : Oz Eqnd N; 0z H Tdz
whereiis an ind& labding aspeaes, t 5 time, zis alitude N-i is the species’ number density,
P-i is its chenicd produdion rde, L-i is its chenicd loss rée, i is its veticd velodty, D-iis
its mokaular diffusioncodficient, H-i is its individual s@e haght, K is the eddy diffusion
coefficient, H is hebulk atmospheéc sale haght, and T is empeiture. We will obtain
moleaular and eddy diffusion codficients rom van Zahn et al. (1983) Krasnoposky and
Parshes (1983),and Yurg and DeMore (1999)for Venusand the sowes cited by Pesrell and
Grebowsky (2000 and Molina-Cubeos ¢ al. (2003)for Mars. Sdution o Egqns 12 requires the
impostion of bounday conditions,two pa meal speies. Areasonalbe setof baunday
conditionsfor ions is phtochemicd equilibrium (i.e. densities influenced by chemicd
produdion and loss, buhot ransport)a the lower bounday and diffusiveequilibrium (i.e. zro
velocity) at theuppe bounday (Molina-Cubeoset al., 2003) For meal-beaing neutras, a
presaibed abundance (Pesnell and Grebowsky, 2000) or asinkreadion for polymerization into
meteric smokeparticles (Whdley and Rane, 2010) can bea lower bounday condition. Resnell
and Giebowsky (2000 found that theiresults wae not ®nsitive to the lowe bounday
condition. Diffusive euilibrium gives a uppe bounday conditon. This is a 1D steady stae
model, sccomputtiond resoura requirements & not large.

The assunption of stealy statechemistry mustbejustfied. In unfortunae omissons, néher
Pesnell and Gebowsky (2000)nor MolinaCubeos et & (2003)reportad time consants forthe
majorprocesss in ther stealy statesimulations or inferred plasma lifémes. In theirFig 12,
Whaley and Rane(2010 predict Mg" lifetimes ofabout 1 dg in Martian meteoric layers.
Hence the notion of “a steady state simulation at the subsolar point” is somevhat questonale
for Mars. Not fatally flawed, but notpefed eithe. For slowly-rotaing Venus, natters ae much
morereasonalte. Therefore wewill begin with this gdeady stateassunption in orde to get a fed
for the diund behavior of the system, butwill bewilling to introdue time depadence with a
time-implicit integration sthieme laer on if it is deened neessay.

5 —Task A: Compairson d basic obseved praooertiesat Venus and Mars

Oneshoutl never run acomplicated modéwithout knowingwha results to exect fromthe
model.Thebasic pioperties ccurrencerate, dtitude plasma dnsity, width, siape relationshp
to other ionosphec layers) of meeoiic layers have been charaderized for Mars (Withers et al.,
20083, but not forVenus. We wish b know what the anégous reults for Venus ae before we
laundh headlong into numelical modding. This will be a&ccomplished heein Task A.

WITHERS - PATM 2012—- PAGE 8 OF 33



METEORIC PLASMA LAYERS ON VENUS AND MARS

We will focus on baic trends.For instance, Withers ¢ al. 2008) found orrelationsbeween
the dtitude width, and Edron density of meeaic layers on Mars (Fig 6), but did not exlain
their cause.Here we will test whéhersimilar behavior occurs on Venus, ad in Task B we will
use thanodel to deviep potential &plandions.We will pay atention to possble dgendences
on the solazenith angle (which @ntrols ®me podudion metanisms). We will dso addess
comparsonsbheween plangs. For instance, Patzold et & (2009)foundatypicd meteoiic layer
atitudeof 110-115km for Venus, whik the Pionee Venus soundeprobefound a pressue of
0.1 Raa 112 km(Seiff et al., 1980) Withers @ al. 20083 foundatypicd meteoric layer
atitudeof 87-97 km for Mars, while the Viking Lande 1 founda pressureof 0.01 Riat 92 km
(Seiff and Kirk, 1977). Is this orde of magnitudedifferencein the pressurelevd at which
meteoric layers ocur onVenus(0.1 Pa)and Mais (0.01Pa) supporte by more detailed
andysis? If so, why do theselayers ocur at diff erent pressuras on diferent plangs?

wr—————m——— T T Figure 6. Mars.
Distribution of peak
altitude (zm) and width
(Lm) for meteoric layers
on Mars. Grey armson
the crosses show 1o
uncertainties. Diamond:
Pesnell and Grebowsky
(2000). Square: Malina-
Cuberos et al. (2003).
Altitude and width are
positively correlated
(r=0.40). Do any similar
e correlations exist for
oL Venus? What is the cause
73 80 85 90 95 100 of thiscorrelation? Fig. 5

Zy (km) of Withers et al. (2008a).
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TheObjectives of Task A are:
Obj. A1 To degeminethe kasic popeties ofmeteric layers on \enus
Obj.A.2 To compake the basic pioperties ofmeteric layers on Venus and Mes

TheseObjectives will bemet ky completion of the following I nvestigations:

Inv.A.l Find the ocurrence rate of meteric layers in VEX density prdfiles (Obj. A.1)
Inv. A.2 Measurethe mean and sendad deviation ofthe dtitude, plama desity, and
width of meeolc layers that ae present in VEX electron deansity prdfiles (Obj. A.1)

Inv. A.3 Characterize shaps of meteoiic layers in VEX electron density profiles (Obj.A.1)

Inv. A.4 Chaacterize any relationshipsbeween prgoerties of the Venus neteaic layer and
the othe ionospheic layers found & Venus Obj. A.1)
Inv. A.5 Compae the Venusresults ofInv. A.1-4 to the Mars results of Withers & al.

(20083, including any dependence on manetic field conditions (Obj. A.2)
Inv. A.6 Develop preliminary physicd hypothegs to exylain the esults ofInv. A.1-5
(Obj. A.2)
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METEORIC PLASMA LAYERS ON VENUS AND MARS

Models ofterrestrial meteric layers rely on windshea in astrorg and incined manetic field to
organize ionsinto narow layers (e.g. Cater and Forbes, 1999. Theionogheaes ofVenus and
Mars ae magnedized a times, buttheir magetic environmerts are highly variable with postion
and sobr wind conditons. In Inv. A.2, we will seeif magndic fieldsat Venus aad Mars
influence their metoric layers. Neverthdess, wewill not addess he dfeds of magetic fields
on plasmamotion in ournumercal simulationssincetheirimportance for meteoric layers on
Venus or Mas hes notyet been danondrated. We wish © undestand thebasic bénavior of
meteoric plasma poperly first bebre introducing this complexy.

6 — Task B: Initial applicaion of modelfor Venusand Mais

To dae, themodels of Pgnell and Grebowsky (2000), MolinaCubeos & d. (2003) and
Whdley and Rane(2010 have mack only cursoly investgations of méearic ion phenomeaon
Mars. Venus ha been neglected dmost entrely. Thesegroups hae publisheda handful of
representative pofiles, leaving topics asfundamertal as how meteric ion densities dgpend on
incident meteomid flux, meteroid velodty, or sdar zenith ange untowched. Noneof these
models hae been adjusied or tunel to reproduce obseved met@ric layers, norusedto explore
why metoric layers ae obseved only sporalicdly, not ubguitously, onVenus and Mes. These
papes did not reort thetime @nsants of vaious proesses, Wich ae esential for any intuitive
feel for the behavior of the system.We will remedy sone of theseddiciencies inTask B.

We concentrde in this Task onseeing exadly how well the modépredictions natch
obsevations and onexploring solar zenith angle (SZA) effeds. The popeaties of the main
ionopheic layers onVenus aad Mars ae completely domnaed by SZA dependences, andthe
rates ofproduction of metal ionsby photobnization and ctharge exchange will also bestrondy
influenced by SZA. Withers ¢ al. 2008) atempted to quantiy SZA effeds in ther study of
MGS dedron dasity profiles, butwere someavha impedal bythe dependence of SZA onLs
and latiudein thar dataset. They found ocurrence rates 0f0.3%, 0.6% and 1.7%for SZA
ranges of 70-75°, 75°-80°, and 80-85°, respedively. This may simply bean obsevationd bias:
when background dectron densities dereasewith increasing SZA, near-constant neteoric
plasmadensiiesbecomemoreddedable. O it may beared physicd trend produced by effeds
as yet undetermined. Or it might simply be an artifad of nonruniform sanpling within the MGS
dataseé. Our smulationsin Task B will hdp interpret such obsevationd results.

TheObjectives of Task B are:

Obj.B.1 To updae themodel ofPesnell and Grebowsky (2000)

Obj.B.2 To compae predictionsof meter layer characteristics to obserations
Obj.B.3 To simulatevariations n met®r layer characteristics with solar zenith angle

TheseObjectives will bemet ky completion of the following I nvestigations:

Inv. B.1 Reproduce theresults of Pesnell and Giebowsky (2000)for Mars to veify model
peformarce (Obj. B.1)

Inv. B.2 Incorporate better rate coefficientsand ablation (CABMOD) into the model ad
adgpt the modéto Venus with ample swtches to chage between the two plands (Obj. B.1)
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Inv. B.3 Run the \énus ad Mais models &a solarzenith angle of 75°, for which many
meteoric layers have been se@ on both panes, and mmpae results to ob®rvations Obj. B.2)
Inv.B.4 If this initial compaison isgrossl unsdisfactory, makereasonalte adjusiments

to modd input paametes untl results inprove (Obj. B.2)
Inv. B.5 Run the \enusmodel & solarzenith anges d 0°, 15, ..., 120° (Obj. B.2, B.3)
Inv. B.6 Run the Mas modéat sobr zenith angles d 0°, 15, ..., 120° (Obj. B.2, B.3)

Inv. B.7 Interpret the predicted dependence of maea layer chaacternstics on &ZA in
terms of plysicd propeties and processes Qbj. B.3)

Inv. B.8 Compake the suie of simuktions @ainst obsevations Obj. B.2)

Inv. B.9 Deteminetheeffeds of SZA on meearic layer occurrence rate in VEX, MEX,

and Mainer 9 obsevations ad physically interpret any trends ©Obj. B.3)

In order to properly undestand the plysics ofmetoric layers, we will idertify the most
important ime consants ha contiol the simulated behavior of the ystem.Our focus in this
Task is onbasic reprodudbility of obsevations and sobr zenith angle effeds, nd attemptng to
vary evey model paameter simultaneously. Thesesimulationswill involve fixed meteroid
fluxes, nedral atmopheaes, andbackground ionophees (except for simple SZA dependencein
the bakgroundionogphee). These are the quatities tha may be tunedin Inv. B.4.

7 — Task C Effects of variations n met®roid influx a Venus and Mais

A long-term god of ourresearch program is to seef extraterestrial meteric layer obsevations
can beusedto detemminethe meeoroid flux away from 1 AU.In order to atempt his in the
future, wewill requireaclear understanding of how meteric layer properties degnd on the
meteoroid flux. This is aur focus n Task C. On Earth, effeds of exciting annud meteor showes
on meteric layers havenot yet been ddected Perhagps cicumstnces onVenus or Mas are
different. Withers @ al. (20083 reported that theoccurrence rate d metearic layers in MGS
profiles from Mars hal apossble dgpendence on ason (s), which might imply a role for
meteor showers. However, their results were obscured by the dataset’s simultaneous variations in
SZA and latitude and itis probdly prematuse to regard then asa ddfiniti ve confirmation of
seasonal éfects. Venus,which wewill study in Task A, is a pefed test case Venus ha alow
obliquity and eccentricity, which diminae amospheic seasonal ad hdi ocentric effects. Thus
seasond variations n oacurrencerate on \enus, f deteded, mustbedue to vaiations n
meteoroid influx rate.

Theflux incident at garticular geographic loation on apland depends on bdt the tueflux in
that iegion of thesolar system ad the posibn and moton of thd planeary locaion rdative to
the fux. The meteroid influx onto a plaet isnotthe sane 4 all locationson the plaet. Firstly,
meteoroid fluxes may beanisotropic and bombad onehemisphee more than another Secondly,
the obital and otationalmotion of thepland causes aberation in he meteroid fluxes. Consder
the well-known tendency for meteors to ke mostimpressive & dawn, not dusk, on Egh, which
is causedby the davn terminaor moving towardsincident meteoroids and the dusk erminaor
receding from them.

On Earth, mostmeteroids ae spoedics fatherthan sssaiated with paticular showes).
Sporalics ae not isotropic. Thg come pedominantly from sixappaent sairces that ae tens of
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degrees aaoss(called the helion, anti-hdion, noth gpex, souh goex, northtorodial, aad souh
torodial souces). Treir locations ae fixed in an Erth-centered coordinde system hat is defned
by the two vectors of Earth’s velocity and the Earth-Sun line Theflux of spoedic metewoids a
Eath conseaently depends on whit of theseapparent souces isabovethe horizon, whid is
the prmary cause br seasonal vaiations n rates dsewed & afixed locdion on Eath. We shall
extend thispopulation ofsporalic meeorids © Venus an Mars, then sinulatehow the
meteoroid flux dgpends on gographic loction, aad how thisaffeds nmeteoiic layer properties.

90, Fig 7. Earth.
90 45 0 45 90 135 180 135 Distribution of meteor
7 radiants seen by the
Jicamarca Radio
Observatory, Peru.
s | Colorsindicate number
of meteors observed per
square degree.
Coordinatesrefer to an
Earth-centered frame
with the Sun at 0°
longitude and 0° latitude
and the ramdirection at -
H 10 | 90° longitude and 0°
latitude. The six sources
of sporadic meteoroids
: e are apparent. Fig 8 of
All campaigns ' Chau et al. (2007).

There are few dired measuranents ofmeteoroid fluxes atVenus ad Mass. Terrestrial modds of
fluxes from the six sporalic souces (Gardner e al., 2011;Fentzke and Bnches, 2008;Janches et
al., 2006)can be extrapolated to Venus and Mars usingreasonalte assunptions. Dda from
spaeaaft dust de¢dorsare consstent wih uniform spatal densiy of mdeoroids and sirple
dynamics suggestsspeels invesdy-proportional b the squee-root of hdi ocentric distance.
Assumng the saneanguar distibution a at Eath and accounting for gravitationd focusing
provides suficient information b extrapolateto Venus and Mes. This s our badine gproach.

We would pefer to us fluxes from a seous d/namicd modd, but suchmodels hae focused
solely onEath. Oneof thebest is that of Nsvorry et a. (20113 b), which is basd onIRAS
obsevations of thezodiacd cloud. It predicts ha 85-95%of the dustm theinnersolr system
comes fom Jupiter family comets, with theremainde from theastenid bdt and Oot Cloud
comets. Mosbf thedust which drits towads theinner solar system dueo Poynting-Robeatson
drag, has massein herange 1-10 pug. Dust enters Earth’s atmosphere around 14 km s
Nesvorry, Janches, andPlaneare currently working to recondl e this dynamicd modd with radar
obsevations of méeors. Theradar daa are invaluable, butplagued with mass and vdocity-
dependent dekdion biases that mus be ully understood bére modetdaa agreement @n be
declared. For example, radars, which are mostsersitive to fast, heay meteroids,report a
typicd entry spee nea 30 km s' and asmalkr totd mass fluxthan thismodel. The Nesvorry
group, here represented ly Collaboraor Janches, plansto devdop thar model so ha it can be
usedbeyond Eath (proposals & pending). If this model @n provide predicted fuxes at \enus
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and Mars by the inal yea of this projet, then we shallusethem.If the modd cannot, thenour
basdine gproac of extrapolatingfrom Eath is finefor the purposes dhis exploratory project.

No dis@rnible impact of meteor showes on terestrial meeotic layers ha yet been convincingly
deteded aboveothersouces of variability (Kopp,1997; Gebowsky et al., 1998; Gebowsky and
Aikin, 2002), dthough mumeiical modds predict that metallic ion column densiés should
increase by two oders of magnitudeduring a meteor storm compeeble to the 1966L eonids
(Carter and Forbes, 1999 McNeill et d., 2001). Siowa meeaoids, dthoud visibly prominent,
are not a mgr fradion d the incident mass at Eeth. Thesamemay betrue a Venus and Mes,
althoudh that ha notbeen proven. We will simulateafew idedized met@r showe and meteor
storm caes to £ehow the narower meeoroid speel, direction, and sze distributions and
significantly devated fuxes of showes aff ed meteoric layers. Our fluxes will betaken from
McAuliffe (2006, BD thesis supevised by Collaboraor Chrisbu), who explored the &lation of
showe meearoids d Venus ad Mass.

TheObjectives of Task C are:

Obj.C.1 To search for obsevationd indicaions of sesordl variationsin meteoric layer
occurrence ratesat Venus andMars
Obj.C.2 To sinulatevariations n met@ric layers & Venusand Mais dueto variations n

meteroid influx

TheseObjectives will bemet by completion of the following I nvestigations:

Inv.C.1 Determineseasonal vaiations n met@ric layer occurrencerates in VEX, MEX,
and Maiiner 9 obsevations ad physical intempretation of trends Obj. C.1)

Inv. C.2 Condud sensitvity study for howVenusand Mais meteric layers dhange when
size, sped, and flux of meeomids chage (Obj. C.2)

Inv. C.3 Perform a suite of simulations forVenus and Mes with diff erent metearoid fluxes
appropiate for diff erent seasons(Mars only) and locaions on he plandary surfaces (Obj. C.2)
Inv.C.4 Simulate meter showes and meter stormson Venus ad Mars (Obj. C.2)

Inv.C.5 Analyzetheresults ofInv. C.3, compaeto theresults ofInv. C.1, and interpret
thefindings (Obj. C.1-2)

For Inv. C.3, weshall condud simulations @ Mars at 60N (representativeof mostMGS
obsevations) ad theequaor (moreuseful for genea circumstnces) at local times of davn,
midday, dusk, ad mdnight (0, 6, 12and 18 hous). Condiions & these8 geographic loctions
will be simulated for at least 4 places along the planet’s orbit for a total of 32 or more cases.
Only oneseason b reguired & Venusdue to its low obliquity and eccentricity. Simulationsfor
meter showes and meter stormswill be peformed & a sm#l numberof selected latitudes,
local times, andorbital posiions.

Recent woik (Weigert et al., 2009) suprisingly suggeststhat ony a smallnumberof comets wih
paticular orbital charaderistics ae significant souces of speadic metewooids. This rases the
possbility that the spadic meeomwid fluxes at \Venus aad Mars might beproduced by othe
comets ad hence besignificantly different from Earth, rather than justa straight-forward
saling. If our model &il s spetaaularly at Venusor Mars, then ve might have demongrated that
simply extrapolated meteroid fluxes ae inappopriate. Thiswould bea positive finding.
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8 — Anticipated results ard braader impect

At the mndusion ofthis projet, we expect to have developeda clear sense of theways inwhich
meteoric layers on \enusand Mars ae obsevationdly similar to each othe and ways in which
they differ. Also, we expect to have usedour numerical modd to determine how and why
propeties ofthe® layers vay in response t@hanging conditions,as wdl as tohaveidentified
undelying physical reasons forthe sinil arities and differences between the two plands. We will
havethe @pability to canstran (a least o sone degree planetary and meeoroid propeties,
suchas edd diffusioncoefficient and meteroid flux, from pat and @itureobsewations of
meteoric layers, tuning meteoric layers from an interesting observationd curiosity into a
diagnosic tool.

We plan to podue onepeer-reviewed manusidpt pe yea during the ourseof this projet.
Thesemanusdpts will focus onphysical characteristics of Venus netearic layers and
compaisonsto prior esuts from Mars (Task A), simulationsof meeolic layers on \enus and
Mars usng measureal values of key rate efficients and aange of sola zenith anges, including
direct compaison to obsesations {Task B), and predictionsof how variations n meteroid flux
affed obsevable meeoric layer occurrence rates and piopeaties (Task C).

We have mnsidered howbest © disseminae thebendits of this moading cgpability into the
wider sdentific comnmunity. We will place tabulded and doeimened model outpufor a
representative seies of smulations onine & the wndusion ofthis projet. It would ke
prematue at this sagefor us to spefy exadly which simulationswill bearchived.Our
archetype is Steve Bougher’s archive of selected thermospheric general circulation model
simulations(http:/aossresearch.engin.umich.edutgcm_ planets_achive/). We remgnize that the
gredest baefits to planeary science (and to ou own reputationsand careers) come fom an
open policy regarding daa pioduds. Pl Withe's ha demonstited a strorg commitment to data
archiving and shaing throughout hs caeer, ddivering severa atmopheic daases © the PDS

Oneof themajorpostive outcomea of thisproject will bethe pofessond development of a
gradude studat. The graduae studat will havedeep knowledge of theworkings of a poweful
numerica modd, atool which will have the @pacity for gpplicaion to awide range of future
projeds ater thar graduation. The development of intellecual links béween thegraduate
student ad NASA GSKC is also podive for both paties. In aldition, successful @mpletion of
this projest will resultin Collaboraor Planeand Co-Investigator Janches, who are internationd
expert on the behavior of metal species in Earth’s atmosphere, becoming more degply enmeshe
in the plangary science community and thuslikely to continue to pply thar expertise in the
field of planeary science afterwards.

9 — Relevance to NASA

“[The Planetary Atmospheres program’s] broad objectives include the determination of
compostions,dynamics, energetics, and dhemica behaviors of plaretary atmosphees”. This
proposéafits squagly within the scope of PATM dueto its investigation ofhow meeoids aler
the vetical structure and chemicd composiion oftwo plandary ionopheaes.
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Careful reading of thePATM call for proposds confirms ha dataandysis componats of
PATM proposds ale notrestricted to dataets in the PDSProposés to andyze PDS dataare
encouraged, but propoda to anbyze nonPDS dab (elementsof Task A) are not foibidden.
Forbidding such propsak would obvously creae difficulties for mary prgposals oncerning
groundbased ob®rvations of planetary atmosphees. If our interpretation of PATM policies is
erroneous, hen wewill restrict ourfunded eff orts to andysis of only published figures ard
archived chtasds, tting aside spaecaaft datasets tha are notyet pubicly avail able. ~200 Venus
profiles from Honee Venus Obiter and theVeneras hawe been publishedin the lierature

10— Personné

This investigation will becarried out ty PI Paul Withers, aBU PhD studeh Co-Investigaor Joe
Grebowsky (NASA GSFC), CoInvestigaor Diego Janches (NASA GSFC), Collaboraor Tolis
Christou (Armagh Obsevatory, UK), and Collaboraor John Rane(Leeds University, UK).

Paul Withers, professor d astronony at BostonUniversity, will beresponsble for the sucess of
this investgation and far compliance with all reporting requirements.He has chaacterized the
physicd charaderistics and ocurrence rates d Martian meteoric layers usng Mars Gobal
Surveyor electron density profiles, and ha also explored possble explanaions fortheir sporalic
occurrence (Withers & al., 20083. He has also inestigated possil# seasordl trends n the
occurrence rate d Martian meteric layers Withers & al., 2007, 2008h)xamined old datads
to find additional inganes of meeoiic layers onVenus and Mes (Withers d al., 2009; Vithers
et al., in prpaation), and madesignificant contrbutions b the deelopment of Boston
University’s 1-D Mars lonosphee Modd (Mendillo et d., 2011,Lollo & a., 2012;Matta ¢ al.,
2012;and mary conference presentationsby Withers). He will mentora graduae studet, who
will condud the day-to-day work on ths project.

Joe Grebowsky, researcher at the NASA Goddad Space Flight Center, has decades of
expeience studying the bnosphees of Venus and Mars, andstudying the effeds of meteomids
on @mosphees throwghaut the solar system Grebowsky et al., 1998, 2002; @bowsky and
Aikin, 2002; Pesnell and Gebowsky, 2000, 2001)He is curently the MAVEN Project Scientid.
He will ensurethat theBostonUniversity pesonrel haveaccess b the numeca modd of
Pesnell and Gebowsky (2000) provide pespective on terestrial meteoric layer phenomera, and
contribute to theinterpretation of our results.

Diego Janches, researcher a the NASA Goddard Space Flight Center, has studied the infux of
mateial onto Eath from spaeand its abbtion ushg meter radars and chemica models
(Janches andChau, 2005 Janches et &, 2006, 2009Vondrak e al., 2008) Recently, he has
contribuied to the development ofa dynamica modd for solar system neteoroids (Nesvorry et
a., 2011a, b)He will suppl meteroid size and velocity distibutions forVenus and Mes & a
range of orbital postionsand gegraphic locdions, provde pespective onterestrial meteric
layer phenomera, work with the meteoric layer model,particularly the CABMOD ablation
componentand @ntribue to the intgoretation of our results.

Tolis Christou, astrononer & Armagh Obsevatory, United Kingdom, ugs meter camera
obsevations ad dynamicd modds to sudy the ®lar system dusenvironment Christou, 2004,
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2010; Ghristou d al., 2007, 2008 He is an epert in the méeorid flux in theinnersolr system.
He will ensurethat ourassuned showa meteroid fluxes at \enus and Mais ae reassonalbe.

John Rang professor & atmospheic chemistry at the University of Leeds, UK, has experience
in laboraory studes of chemicd kinetics and numeiical modding that ae relevant to sudies of
meteoric layers (e.g. Plane and Hdlmer, 1995; Rvllason ad Hang 2001; Paneet al., 2003;
Plang 2004;Vondrak et al., 2008;Whdley and Hane, 2010) He and hisresearch groupwill
collaborae with Col Janches to convet meeorid influx ratesinto vertical profiles of the
produdion raes ofneutral and ionizd meté speces tsingthe CABMOD ablation nodd. They
will dso provide laboraory measuranents of séected rate coefficients, adise on theaccuracy of
all rate wefficients, andcontribute to the interpretation of our results.

David Nesvorry, researcher a Southwest Research Institute, Boulder, usesnumeical modds to
study solr system @¢ynamics. Heis an gpet on the gnamics andfluxes of meeomwids (eg.,
Nesvorry e al., 201%h, b). He will support Celanches in the provsion of meteoroid fluxes.

Thebudgé indudes suport for thegraduae stuebnt to travel to onelarge-scale saentific
conference pe yea (most ikely Fall AGU or CEDAR), which is essentialfor their professiond
devdopment and titure employment, and to trael to NASA/GSFC one per yea, which is
required in orcer to ensuee eff edive interadions letween theBU and GSKC pasonné, smodh
functioningof the mode| and ful undestanding of the predicted vaiationsin meteoroid flux.
Withers, Christou, Grebowslky, Janches, Rane and Nesvorry routindy atend the sme sdentific
conferences in connetion with oher funded prgects and weintend to ug thoseserendipitous
medings for disaussons of this projetc In addition totargeted phoneand anail convesaions
that will occur as needed by the graduate student’s progress, PI Withers will also schedule
telecons nvolving dl personné every few monthsto disaussrecent accompishments, neaem
plans, ad longterm directions.Discussbns anongst the ore funded pasonnd (Withers,
gradude studat, Janches) will ocaur montly.

11— Work plan

Requested levés of effort are 1 sumner mont pe yea for Pl Withers, 12 months pe yea for
the gaduae dudent, and2 monts pe yea for Co-l Janches. In addition, Pl Withers an also
mentorthe studehand @ndud research duing the academic yea.

Task A will be onduded bythegraduae student (14 monthstotal effort). Task B will be
conduced by thegraduae student {1 montstotal effort) and Cal Janches (3 monhstotal
effort). The graduae stuent and Cel Janches will jointly complete Inv. B.1-4, then thegraduate
student wil completel nv. B.5-9. Task Cwill beconduded ly thegraduae student {1 monhs
total effort) and Cal Janches 3 monts btal dfort). The gradude studeat will perform most of
Task C. Col Janches will concentrate ongeneating meteroid fluxes forthe plaaned sute of
simulations, butwill dso support the ampletion ofthe simulationsPl Withers will superise
the gaduae stuent andthe intelle¢ual direction of the pojed during all Tasks. TasksA and B
will beinitiated together, with efforts onTask B limited tolnv. B.1-2 until Task A is wdl in
hand. Task C will commence after the completion of Tasks A and B.
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