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EXPLORING THE IONOSRHERE GF MARS

Title: Exploring theionosphere of Mars
Short title: Exploring theionosphere of Mars

Summary of proposal:

We will use tvo newly-avail able ddaseés, ead with uniquestrengths, b explorethe ionosphe
of Mars. Thefirst dataseis the olledion ofionogpheic eectron density profiles aquired bythe
Mariner 9 radio occultation experiment in 19712. We have rediscoveed theseon achived
microfilm and &e in the process ofconveting them to usdle digtal fil es. Theseprofil es extend
to 400 km much hidner than the orrespondng MGS profl es, enabling studies of thehigh
atitudeionogphee, and cover amassive duststorm, enhbling studies of lower-upper amosphee
coupling. The seamnd citasé contansionospheric electron densitiesfrom MARSIS on Mais
Express, boh locd densites d the spaeaaft (2751200 km)and remotely-senseddensities d
lower dtitudes (120-275km). Thesedda cross theonopausdtypicaly 400km, but hidnly
variable) and theirrapid sanpling cadence reveds horizontal and tempoal gradientsin
unpreedenteddetail . Neverthdess, seera unusial features, paticularly a the 275 km trasiton
between the two dta types, demonstta aclear neal for a careful comparson of MARSS
eledtron densities gyanstthose masural by thewell -chaaderized tednique of radio
occultations

We shall first meke theMariner 9 ionopheic daase publicly available (Task A: Archivingthe
Mariner 9 electron density profiles). Next, we shdl study this datad bearing in mind te
mary discoweries maca a Mars shce the Mainer 9 instument tean last andyzed it (Task B:
Scientific inter pretation of the Mariner 9 electron density profiles). Fnally, we shall
compake severa synthesized representations of ionosphic eectron densities tha havebeen
publishedby the MARSIS team to Mariner 9 and MGS radio ocailtation dedron deasity
profiles (Task C: Comparison of MARSI S and radio occultation ionospheric

measur ements).

At the conclusion of this project, we expect to have deposited a valuable dataset into NASA’s
permanent archives,ensuing its ava ability to future generations, b have usedit to sudy
features of theionogphee of Mars thd are not acessble to airrent datasds, such a the topsie
ionopheae and therespase to anassive dust stm, and to hae compaed two types of
MARSIS dectron density measuranents ganstindepedent radio ocalltation meguranents,
including profiles that spn the tansition region between MARSIS dda types.

Summary of personnel and effort:

Name Role Institution Funded Effort | Unfunded
per year Effort per year
Paul Withers Pl BostonUniv. 0.04 As neded
Katy Fallows Gradude BostonUniv. 0.75 N/A
Student

Dave Morgan Collaboraor | Univ. lowa N/A As needed
Dave Hinson Collaboraor | SETI Institute N/A As neded
Steve Joy Collaboraor | UCLA N/A As neded
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EXPLORING THE IONOSRHERE GF MARS

1 — Introduction to theionogpheae of Mars

“The Mars thermosphee (~100-200 km) is an intenediateamospheic region grongy
impacted by coupling bdow with the lowe amosphee (via gravity waves, plandary waves and
tides, duststorm$ and @upling abovewith the exosphee and ulimately the Sun (va solarsoft
X-ray, EUV, UV and nexr IR fluxes, andsolar wind paticles) (seeBougher, 1995 Bougher et
a., 2002, 2009... Embeldead within the themosphee is theionophee, aweakly ionized and
cold plasma(Fig 1)” (Bougher et al., 2011). Plasma dasities ae controlled soHy by
photochenicd prooesseqCO; + photon-> CO," + e, CO;" + O-> O," + CO, Q' + e-> 0O+ O)
bdow about 176200km, whee photahemicd time @nsants ae shater than thos of plasma
transport ly advection and rdated pracesseqe.g. Barth et al., 1992; BX, 2004) “The primay
charged particles that nake up the Mas ionosphee (e.g., O,", CO,",0", CO", NO") are formed
by (1) sola EUV fluxes andsubsequet phob-electrons thatonizelocd neutial thermospheic
speces e.g., CO,, Ny, CO, O, ¢c.), (2) predpitatingparticles (eg., supathermd electrons)that
ionizethese samaeutrd speees spedally on tre nightside), and (3 subgquent ion-neutral
photochenicd readions(e.g., Fox, 2004,2009; Fox and Yeager, 2006. Since Mars hes a
negligible intrinsic magnetic field, the vaiable sobr wind (including its paticles and
interplanetary magndic field) interacts with the Mars ner-space environment (induding the
themosphere, ionopheae, and exosphee), resulting in ionization, neitrd heding, pickup ion
esape, ion ouflow, hot pecies escape and ion puttering (see Chassdiere and Leblang 2004
(Bougher e al., 2011)

A Fig 1. Schematic illustration of
b ﬁ the ionosphere of Mars, which
is predominantly O,". The
Solar <] > Energetic particlesand topside ionosphere lies above
photons D Q magnetic field in the 200 km’ Wheretransport
( V solar wind processes are significant and
® 2% e the abundance of O" is
DR P e L 2% relatively large. Below it lies
® the strong M2 layer. Photo-
400 Boundary with solar wind ionization by solar extreme

ultraviolet (EUV) photons
between 10 nm and 90 nm

Topside !
produce most dayside plasma
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EXPLORING THE IONOSRHERE GF MARS

2 — Outline of propose investigation

Theaim of this proposel investgation is to explore the stateof theionogphere of Mars, with a
focus on aeas that ofer the highest probaility of makingsignificant new discoveies. We do
not want to continueexisting reseach prgects blindly dueto inertia and lack of new ideas. This
aim leads b thefollowing gods.

Goal A: To makealong-lost, yet uniquely valuable, dataset accessible to the community.
Goal B: Toreview thesedata in light of discoveriesfrom today’s era of Mars exploration.
Goal C: Tovalidate MARSI Sionospheric data using well-characterized radio occultation
electron density measur ements.

We will concentrate ontwo newly-avail able ddasets. Hrst, the sé of 118 dayside ionospéric
electron density prdfiles aquired bytheMariner 9 radio occultation experiment from 19712.
Althoudh this expeimen was corduded decades ago, its only easily accessble dda poduds ae
publishedfigures in journd articles. It is nex-to-impossble to seentifically analyze such daa.
However, we have recently acquired images d archived pinted daa tablesfrom the public
archives ofthe Nationd Space Science Data Center(NSDC, 2011) We are patway through the
tedious proess ofconveting theseémages into usable ASCII tables. This dd datae is wotthy
of present-day study, despite the5600similar profiles aquired from 1998to 2005 byMars
Globd Surveyor (MGS), becausethe Mariner 9 profiles exend to onsderably higher dtitudes
and spa the rseand fdl of oneof thelargest dus storms of the speeaaft era.

Mariner 9 Revs 1-7 Entry Fig 2. Electron density profiles
e _ from the first seven orbits of
Mariner 9 plotted using data
. extracted from NSSDC microfilm.
L ! Each profileis offset by one
i Sl Sl SRR decade fromits predecessor. The
i agreement with published figures,

iy . L. _ such as Fig. 7 of Zhang et al.
. b S N |(1990) isreassuringly accurate,
IPERapr; . although we have not yet
s .| converted radius to altitude. A
st ‘ | rough conversion for comparison
S e purposes is to subtract the mean
——REWOIXI0M0 ——ReVD0DA0N ——ReWOIIN? ——RevOO410MS ——ReUDOSC10M ——ReVODEXI0NS —— RevOOTX10%6 equatonal radius of 3400 km.

Sewnd, thetens ofthousnds of ionogams andassocidedtopside ionopheic eectron density
profiles obtined by the MARSIS topsderadar sounde& on Mais Express(MEX). This
measuranent tehnique tas notopeated keyond Earth orbit before and al pgpers publidied to
dae usingthis dataet have been led ly MARSIS tean membess. Its ionogams haverecently
becomepublicly avail able (MARSIS, 201] and the broader community is beginning to work
with them. However, MARSIS’s measurement technique has seeral unique fedures that #feda
thequdity and charaderistics of its datgproducts. There are severa indicaions n published
papes thd the MARSIS electron densities ae notcompletely acarrate (Fig. 3and Sdion 6) As
such,it is important to test the accuracy of its daa products by compaing to tho® provided by a
robust ad wdl-unde'stood masurement tehnigue, namely radio occultations. To dae, such
validaion ha notbeen performedcompréhensivdy. So doingwill sewe two puiposes,
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EXPLORING THE IONOSRHERE GF MARS

bentimaking theacaracy of this important dataset for the baefit of all MARSIS uses and

supportingtheinitial suveys d archived iongrams by nev MARSIS uses.

1000 D 400 —rrm
] 30° < SZA < 60° i i
800—- -
R . From electron plasma oscillations 300 . ‘A |
£ e00- - I \ : |
-
% 400 From remote radar [~ 200 i J: -
- ] soundings ¥ ’ N
200—- =
] L | 100 L
0 LR ELLL | LB L | T T TEITT] T 1 Tirm T T Ty LLtiws 1L R L
10 10 10° 107 10° 10° 0.1 1 10 100 1000 104 10°
n,, Electron Density (cm3) Density (cm—a)
Fig 3. Local and remotely sensed electron densities Fig 4. Smulated ion densities for low
measured by MARS S show very different scale solar activity (lines) and Viking 1 data

heights and moderately different electron densitiesat | (symbols). The scale height at 275 km
275 km. Models (Fig. 4) do not predict the abrupt barely changes. Boundary condition on
change in scale height at the instrument’s transition | velocitiesis 10° cms™ shown as 1(5).
altitude. Figure 13 of Duru et al. (2008). Fig. 9b of Fox and Hac (2010)

This st of Goals has inpired amatding set ofTasks. We shall fist makethe Mainer 9
ionopheic daase pubicly available (Task A: Archiving the Mariner 9 electron density
profiles). Next, we shallstudy this datae bearing in mind the mary discoeries madest Mars
sincethe Mainer 9 instument teen last andlyzed it (Task B: Scientific interpretation of the
Mariner 9 electron density profiles). Fnally, we shall compee several synthesizd
representationsof ionosphéc dectron densitiestha havebeen publishedby the MARSIS team
to Mariner 9 and MGSradio ocalltation dectron density prdfiles (Task C: Comparison of
MARSIS and radio occultation ionospheric measurements). The Mariner 9 piofil es enable
comparsonsatrelatively high dtitudes andthe MGS profl es providean abundance of data.

Theintelledual glue linking our Goals togethe and linking thesedispagte ddases together is
the notion ofexploring unde-studied aspeds of heionogphee of Mars usng newly avail able
data. Tha is, wedo not bcus soély on the nain ionosphec layers & 130km and béow.

3 — Status of arrent research on the ionosphie of Mars

Many groups ae currently adive in reseach concerning the ionophee of Mars. Themajor
themes thatcrosscut thesestudes ae: theexploraion of nev meassurements, he gplicaion of
numeica modds, the interaction of the ionophee with the neutrd atmoghere and space
environmern, and thesffeds d magndic fields.

Don Gurnett’s group at the University of lowa, which leads heionogpheaic component othe

MARSIS instument, is conduding highly-productive discovey-mode inwestigations of
MARSIS ionogams andderived topsde dectron density prdfil es, as vell asin situ
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measuranents of lad eledron density a the spaeaaft from dedron plasna osdlations(Duru
et al., 2006, 2008Gumdtt, et al., 2005, 2008Kopf & al., 2008 Morgan & d., 2008;Nemecet
a., 2010, 2011). Thehave chaiaderized the hidp dtitudeand nightside regions d the
ionopheae and dizovered extensivespatial ad tempoal variability. The German branch of the
MARSIS team, led byErling Nielsen, is using MARSIS’s topside dectron density prdfiles to
study how theionogphee respondsa changes inthe naitrd atmopheae, the spae environment,
and the mandic field (Nielsenet al., 2006, 2007&; Zou 4 al., 2005, 20062010) They have
characterized increased peak dectron dansities and scde haghtsin strorgly-magnetized regions.

Fig 5. AMARS Sionogram.

Electric field spectral density(‘u’zm'2 Hz'") MARSIS’s basic measured
10716 10714 10712 1940 quantity is strength of its
reflected radio signal (here
0 electric field spectral density)

&y

as a function of transmitted
frequency and travel time. The

Electron plasma

e : 200 £
- fo oscillation harmonics % apparent range s similar, but
E il b A/Computeg_frc‘:em %q.(1) 400 2 | notidentical, tothetruerange
2 > i VA TS C | cuetoradouaedsesoni
s LI A e ——— ¢ | ionospheric plasma. Extensive
2 lonospheric ) 600 5 | processing isrequired to obtain
= \&cho | gyrface reflection & | local electron densities fromthe
;E“ [} _ 800 ~; | highlighted electron oscillations
WY s May 28, 2006 = | and remotely sensed electron
| fp(max) 22:56:50 UT b = - :
! Alt 521 km Lat -33.2° RIS densities from the ionospheric
Long 287.0° SZA 83.8° echq. Meawrement_s are only
possible above the ionospheric
1.0 2.0 3.0 4.0 5.0 peak. Fig. 2 of Gurnett et al.
f, frequency (MHz) (2008).

Paul Withers and mlleagues on he MEX radio occultation tean ae usng thesedectron density
profiles to stug the \ertica structure of theionogpheae with bette sensitivity thanwas posgle
with MGS profles (Grazian € al., 2011) Rob Lill is and olleagues atBerkeley are using
ionopheic total electron content déa from the MARSIS subsurhcemodeto chaactelize how
the ionosphee responds ¢ sobr disturbances, sich as sobr energetic particle events and ffares
(Lillis et &, 2010).MARSIS daa ae much moe suited to obsering the nightsideionogpheae
thanareradio ocultation dda. The MARSIS tean is disaovering the ionosperic density and
variability onthe nightside (Gurmett et al., 2008; Nenecet al., 2010)and the Berkeley group is
simulatingthe nidhtsideionosphee produced by precipitating electrons(Filli ngim et al., 2010)

Jane Fox is compaing daa to pedictionsfrom he highly sophsticated ionospheic model(Fig.
4) in orde to identify the physicd processes respmsible for the obseved vertical structure and
infer the chemica compasition of theionopheae (Fox, 2004, 2009; &x and Yeager, 2006; Fox
and Hac, 2010. S. A. Haider and mlleaggues from Indiaare conduding awide-ranging program
of compaing daato modd predictions(Haider et d., 2008, 2009)Paul Withers and Boston
University colleagues are usingan ionopheic model to sinulate therespase to solaflares, the
effeds of mandic fields on plasmanoton and dasities, and the importace of hydrogen
speces (Withes, 2008; Withe's and Mendillo, 2009; Metta et al., 2011) Yingjuan Ma and
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UCLA/Mi chigan colleggues ae extendingmagnetohydrodyramic (MHD) smulationsof the
spae environment at Mars down intothe ionosphee (Ma et al., 2004) Several other groups
simulatingthe spae environment at Mas alsotouch on the ionosphe, althoughrarely as a
focus(e.g.,Brain et d., 2010). Steve Bougkter is usinga neutrd atmogheic geneal circulation
model torelateionogpheic conditons b the ¢ynamics andchamistry of the neutrd atmopheae
(Boudher ¢ al., 2001, 202, 2009, 2011; Maille et al., 2009ab, 2010)

The MEX ASPERA tean is conduting abroad survey of the inteadion of the Mas ionosphee
with the magnetoshe#h, solarwind, and otheraspeds of the spee environment(e.g., Lundin et
al., 2004;Barabash aml Lundin, 2006, Dubinin etd., 2008).Many researchers ae investgaing
how theunique magnetic environmert of Mars affeds its bnosphes. Norm Nessand Russan
colleagues found hgh electron tempeatures and densities in stondy magndized regions (Ness
et al., 2000; Kymski etal., 2002, 2003, 2004 s did Nielsen et al. 20073 b). PauWithers
foundunusudfeatures inthe vetical structure ove strangy magnetized regions (Withe's € al.,
2005)and Omenoarth et d. (2010)examined hov magnetic fields dfed ionosphec
condudivities and resultant curents and indued decromagnetic fields.

Thework proposd hae complementstheseonging studes of the inteaction ofthe ionosphe
with the spae environment and theneutral atmogphee. The Mariner 9 piofiles encompass a
majorduststorm andextend & high as 400 km the ypical bounday between sobr and
ionopheic plasmawheaeas MGS profiles rarely passed 200 kmit also spports the etensive
range of projects condwcted with MARSIS daa by bendimaking the gerformane of MARSIS
measuranents ganst well-undestood edio occultation meaureanents.Sedion 11outlines how
this wok is aligned with NASA and MDAP priorities, includng synergieswith MAV EN.

Thework praposd heeis alsoaligned with braader themes in Mars gience It tadkles
conditions n theexospheic resavoir of plaretary plasmafrom which muchescape occurs,
which rdates to hehistory of martian climateand habitability. It addessedower-uppe
atmosphee coupling during an hisoric dust sbrm, which rdates toatmospheic dynamics and
themal stucture This work can dso be conddered in a famework of compagtive studes of
plandgary ionophees ard theirinteractions wit theirsurioundirg spae environmerts.

4 — Mariner 9 radio ocailtation obsrvations of theonogpheae of Mars

Mariner 9, thefir st paceaaft to orbit anothe planet, conduted iadio ocaltation nessurenents
of the amosphee and ionosphee of Mars in 197 and 1972 .Thesediscowred the imnense
topogaphic range of thepland, the stroig respong of theatmosphee and its embedde
ionopheae to suspendeé dust and the dg-to-day stabiity of theionogpheae. Mariner 9 acquired
severa hundied radio occultation meaurements.However, only about 118viableionogpheic
eledron density prdfiles were obtaired. This B because #d egress opportuities Elied on the
stability of the onboad radio o<tillator, which was suficient to dded the strong neutral signal,
but notthe weak ionopheic signd, whereas ingress opporturties coud use awo-way
technique sthilized by an Eath-based osdl lator. Also, nightside occultations raely produced
robust éectron density profiles dueto low nightside densities.
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The Mariner 9 dectron density prdfiles havebeen publishedgraphicdly in Kliore et al., (1972,
1973) Zhang et al. (1990, and Kliore (1992) They were archived as microfilmed dda tebles
and images at theNationd Space Science Data Center (NSDC, 2011) However, they have
neve been madereadily avail able in digital format. Hence they have slunbered duting the
renaissance of Mars studes initiated ky Mars Qobal Surveyor over adecade ago. Despite the
resurgence of interest in the ionosphe and spae environmen simulated bythe MGS radio
occultation, dectron refledometer, and maneomete daasts and theM EX radio oacultation,
MARSIS, and ASHERA daasés, nmost of whid are widdy avail able a high-levd digital
daasés, the Mainer 9 dedron density profiles have not be@ resurreded by any group.

180
250 [ X ] = Mariner 9
‘ 975 |- & Mariner 4
[ ] ® Mariner 6,7
200 — o Mars 24,6
E [ ] 160 . viking Orbiter 12
= I ] e o Viking Lander 1,2 [/ ¥
() 1 = 1sof o
§ : E 140 - global dustsiorm
< .|, ] 5 1971 2
I~ -1
: 1 ¥ 130
1 i
50( ; 120
10° 10" 10"
Electron density (m?) 110 F
Fig. 6 (left) A typical MGS electron density profile
with SZA 83°. Note its limited vertical extent by R R
rison to the Marin rofiles (Fig 2).
comparison to the Mariner 9 profiles (Fig 2) SOLER ZENITH AMGLE, deg

Fig. 7 (right). lonospheric peak altitude versus SZA. Mariner 9 data near SZA 50° were 20-30
km higher than normal due to a tremendous dust storm. Fig. 3 of Hantsch and Bauer (1990).

Relative to the MGS daaset, whichcontainsthe anly eectron density profiles for Mars thatare
readily avail able to the public today, the Mariner 9 ddase has some uniguchaaderistics:

1. High vetica extent TheMariner 9 profiles unversdly exceal 300 km(Fig. 2), with
mary approahing 400 km, which is hetypicd bounday beween ionopheric and sobr wind
plasma(sometimes @l ed the ionopuse or phtoelectron bounday, Mitchell et al., 200),
whereas MGS profilesrarely excead 200 km. he 400 km circular orbit of MGS meant that the
pre-occultation badine an important pat of thedata piocessing, was always affeded by plasma
in the200-400 km range.

2. Measuranents duing atremendous dustterm. Mariner 9’s first images from orbit
showel nothing but dus and theTharsis vokanic pesks. An unsupassed dst $orm was rajing.
Theionopheic peak was 2630 km hgher duiing this sbrm than nomal (Hantsch ad Bauer,
1990) indicaiing immerseexpansionof thelower aamosphee dueto sispended dust(Fig. 7).

3. Globa coverage. The Mariner 9 prdiles ae globally distributed, whereas almostl of the
5600 MGSprofiles ae north of 60N. The only ones that ag notare 220 pofiles betveen 70°S
and 64S. This pemits exploraion ofthe ionosphlre within the topical neutral atmophee and
abovearange of crustd magnetizaion wnditons

4. Solar zenith ande (SZA) coverage. SZA, or how high the Suns in hesky, is the major
factor controlling ionogpheric conditons a1 Mars. All M GS profles hawe SZAs o 71 degrees or
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more conditions n which the Suns very low onthe hoizon. By contrast, the Mainer 9 profiles
sanple SZAs as low & 47 degrees, closerto the subsobr point, causinghigher dectron densities.

The Mariner 9 radio occultation dectron density profil es represent unigueand vduable
obsevations of theaonopheae of Mars tha hawe not be@ supeseded bythe MGS radio
occultation ddase or theMARSIS ionograns. As desaibed in nore detail in Sedion 7, wehave
acquired copies of the NSSDC’s microfilmed Mariner 9 daa and ae partway through converting
them inb digtal fil es that ae readily usalte (Fig. 2.

5 — MARSIS obseavations of theionopheae of Mars

The MARSIS topsderadar sounde on Mars Express funtions ly transmiting dectromagnetic
energy at radio wave frequencges and recording the recaved power as a function oftravel time
and transmited frequency. This is typicaly displyed as an iongram (Fig 5). Radio waves are
reflected when they enounteraregion whee the plasmafrequency equals the radio wave
frequency. Sincethe plama frequency in Hz equds 90 times the squaroot ofthe dectron
density in cmi® (Gumett et al., 2008) the time taken foraradio wave of aparticular frequency to
reflect from theionogphee and return to he spaeaaft detemmines the étitudeat which the
correspondng electron density occurs. Tha is thesimple explandion; mary subteties asocated
with the propagation of edromagnetic waves introdue complexities inb the déa piocessng.

MARSIS provides three ionopheaic meauemens. First, a olumn-integrated total éectron
contentfrom its subsurbcemode(Lilli s et &, 2010), which wewill not dsauss futher. Second,
anin situ messuranent d local electron density at the spaeaaft derived from electron plasma
oscillations(Figs. 3and 8and Duru € al., 2008) Third, aremotely-sensedvertical profil e of
eledron deasity from thespaeaaft to thealtitudeof maximum elestron density (Figs. 3and 9
and Morgan € al., 2008) Tha is, aproﬁle of tops'de dectron censity only.

10 10" 102 19" 19' 10" 1¢? oA 102 100 10t Fig 8. Lower qugrtile, median,
oo and upper quartilelocal
electron densities from MARS S

as a function of SZA and
altitude. The dayside scale
height increases with SZA. In
Task C, we will digitally extract
data from thisfigure for

1000 —

800 —

h, Altitude (km)

600 75%

AR
\\““\u

120°<5ZA<150° comparison against radio
400 occultation observations. Large
D°<SZA<30 30°<SZA<6D 60"<SZA<90 90°<SZA<120° Va”ab' I Ity |S apparent F| gure
10‘) 100 102 103 104 103 104 100 10t 10* 102 10t 10t 8 of Duru et al. (2008)

n., Electron Density Corrected for Sampling Bias Ecm'3)

Thelocd electron density measuranenthas notbeen vdidaedagainstindepedent eledron
density meauwements aspaeadft atitudes. Indeed, the instument was nethe designed nor
expected to makeheseoca plasma mesuemerts. Although Duru & a. (2008)summaiize
some of the tehnical detail s assoated with these measuraents, hefruitful exploitation of
thesefasdnating measurements ha notbeen acompanial by a comprehensive, hid-fidelity,
end-to-end smulation ofinsrument peformarce
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Thedeivation of remotely sensd vertica profiles of topstle dectron density relies onseveral
assunptions Hrst, the dedtron dengty a the spaeadft altitude (2751200km) is as mesured
fromlocd electron plasna osdlations Seaond, the Edron density between the spaeaaft and
the dtitudeof thefirst ionospheic reflection (~200-300 km)varies exponentialy with altitude.
Third, thededron density increases morotonicdly with inareasing dtitude Thestrudure of the
real ionospheeis clearly morecomplicated tha a uniform exponential deaeasebetween ~200
300 km and schighas 1200 km. Ghanges in this assunption an cause thederived dtitudeof the
main ionosphec pesk to change by 10 km and tk derived neutrd scale haght (related to the
width of thepesk) to change by 8 km (Gurmett et al., 2008).The third assumnption is alsonot
pefedly true. MARSIS itself ha deeded topsde layering strorg enouch to praduce local
maxma in electron density (Kopf et al., 2008) The acquisition of MARSIS eectron density
profiles is further complicated by the instrument’s relatively coasetemposl resoluion of 91
microseconds B0 equd bins n full range of 7.31 millisecnds). Raob waves travel 27 kmin this
interval, meaning that dl the ecaved energy in aparticular time windowwas relectedfrom a
region 14 km deep. Thus the “apparent range” (related, but not identical, to the atual range)
from the spaeaaft to the dtitudeat which theionopheic dectron density equds agiven vdue
has aformal urcertainty of +/- 7 km — aboutoneneutrd scde haght.

307 o - . Fig 9. Summary representation of MARS'S
: | | electron densities. Electron density is
25r B normalized against peak electron density and
36 “om, ] altitude is expressed in units of neutral scale
<& [ " ] height above the peak altitude. The upper
= 15k 1 | pair of black dashed lines shows upper and
& F B N 1| lower quartilesfor local electron densities.
L3 ‘ \ 71 | Thelower pair are similar, but for remotely
sk ] sensed electron densities. Medians are shown
! Woow ] by the obscured solid black lines, which do
ot - EAR N not join smoothly at the 275 km transition.
— 0010 . M1 1999 | The solid blue line shows the empirical
model of Nemec et al. (2010), who also
provide expressions for predicting the scale

height, peak electron density, and peak altitude, which are function of SZA. Thered and green
dashed lines continue the high and low altitude limits of the blue line, respectively. Figure 2 of
Nemec et al. (2010).

No MARSIS electron densities ae archived a the Plandary Data System PDS). Instead, raw
ionogams (Fig. 5) are the highest level dataproduct archived (MARSIS, 2011). Hence we began
ourfirststudies of MARSS daa by examining publishedfindings. Duru et al. 2008)reported
locd electron density as afundion of dtitude (2751200 km) for solr zenith andes ketween O
and 150. Nemecet al. (2011)reported an empirical modd of electron densty as afunction of
dtitude SZA, and sobr flux that extends fom the ionoheic peak around120 km ©
approxmately 400 km. This is basd upon botHocd and remotely senseddaa and wnsstsof
low and high functiond forms jpined ly atransitional region. Thesedata contain sone unusué
features (Sedion 6)thatprompted us b focus onundestanding the baic characteristics of
MARSIS obsevations béore jumpinginto the ew MARSIS ionograns, atempting to ob&in
elecron densites fom them, ad saéentifically interpreting the esults.
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6 — Previous validation of MARSIS data products

Duru et al. (2008) compared local electron densities found via electron plasma oscillations to
remotely sensed MARSIS electron density profiles, although all such profiles are derived using a
local electron density as a boundary condition. Even so, the agreement is not perfect: Duru et al.
(2008) reported (Fig. 3) that the average electron density at 275 km was 3 x 10°> cm™ for the
remotely sensed data and 4 x 10° cm™ for the local data. An enormous change in the vertical
gradient in electron density occurs at the transition between local electron density measurements
above 275 km (plasma scale height of 70 km) and remotely sensed electron densities below 275
km (plasma scale height of 30 km), which Duru et al. (2008) interpreted as real and caused by
the transition from a photochemically-dominated ionosphere at low altitudes to a transport-
dominated ionosphere at high altitudes. Nemec et al. (2011) also observed (Fig. 9) a change in
gradient at the transition altitude between local and remotely sensed electron densities. However,
physics-based models of the ionosphere of Mars persist in placing the photochemistry/diffusion
boundary at 170-200 km (e.g. Barth et al., 1992; Fox, 2004, Mendillo et al., 2011), rather than
the 275 km inferred by the above publications. A dramatic doubling of plasma scale height at
275 km 1s not seen in other data or models. The predominant impression formed by visible
inspection of published Mariner 9 electron density profiles (e.g. Fig. 2) is of at most a slight
increase in plasma scale height at 275 km. Similar behavior is seen in the ionospheric model of
Fox and Hac (2010), as shown in Fig. 4, and in the MHD model of Ma et al. (2004, their Figure
6). This is (or should be) a major concern for MARSIS data users.

Nemec et al. (2011) confirmed that their empirical model based on MARSIS data accurately
reproduced the magnitude and altitude of the main ionospheric peak. The peak width is over-
predicted, which is a potentially major problem since the formulation of the empirical model of
Nemec et al. (2011) relies upon the scale height to provide a vertical scale. They also found that
the MARSIS-based electron densities are less accurate higher up, exceeding MGS electron
densities by a factor of 2 at 200 km altitude. A similar factor-of-2 difference between MARSIS
and MGS electron densities at 200 km was reported in Figure 3 of Morgan et al. (2008).

There is a clear need for a careful comparison of MARSIS electron densities against similar
measurements from other, more fully characterized instrumental techniques. The abrupt change
in scale height is particularly compelling.

e Duru et al. (2008) and Nemec et al. (2011) found a doubling in the plasma scale height at 275
km that is not seen in any independent data or models

e Duru et al. (2008) found an average electron density at 275 km of 3 x 10° cm™ for the
remotely sensed data and 4 x 10° cm™ for the local data

e Nemec et al. (2011) found that remotely sensed electron densities are larger than their local
counterparts at the 275 km transition altitude

e Morgan et al. (2008) and Nemec et al. (2011) found that remotely sensed electron densities at
200 km are double typical MGS values

7 —Task A: Archiving the Mariner 9 electron density profiles

Task A is designed to ensure that the long-lost Mariner 9 ionospheric dataset becomes readily
available for widespread use. Its unique attributes for Mars science are summarized in Section 4.
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Thesedaawill beutilized in Tasks B and C of this proposd work and we anticipatetha they
will dso be use by other investigators.

The NSDC holds microfilm copies of thulatad dectron densities and radial distan@s for many
Mariner 9 radio ocalltations. The are labded by occultation numberand date. A plot of dectron
density against radius s also povided. Andllary information, hduding cccultation numbey
latitude longtude and lar zenith ange, for the® occultations s reported in Kliore et al. (1972,
1973) Radial distinces can beconverted into dtitudes usng the MCLA areoid and eported
latitudeand longtude Conventions on he ddfiniti on of postion on Mas hae evolved obsurely
from misson to mission; we will initially assune that eported postions ae consstent wih
MOLA areocentric coordnates. We have obtaned digital images ofall 118 ingess ayside
profiles from the NS C and cmmmenced alow-intensiy effort to convet than into ACII
tables. During sunmer2011,undegraduate Nick Ferreri converted about Helf the profiles into
ASCII tables andverified conssteng of theextractedvaues @anst the achivedplot and
publishedversions of thedectron density prdfile.

TheObjectives of Task A are:

Obj. A1 To complete theconversion ofthe image of ddatables into usdle ASCII tables
Obj.A.2 To peform quality control inspetions of theresutant ASCII tables

Obj.A.3 To dowment thegeneration of thesedaa pioducts, format them in acordance
with PDS standads, and achive them at the PDS.

TheseObjectives will bemet ky completion of the following I nvestigations:

Inv.A.l Continuaion of ongping convesion piocess unil completion (Obj. A.1)

Inv. A.2 Ingestion of andllary information fom Kliore et a. (1972, 1973pnd
deeminaion of dtitudescle usirg MOLA areoid; veiify daa by re-doing simple studes of
pesk dtitude peak magnitude and topsde s@le height (Bauer and Hantsch 1989 Hantsch ad
Bauer, 199; Zhang et al., 1990),suchas de@ndences on A and sobr flux (Obj. A.2)

Inv. A.3 Depostion of daa pioducts onpersona website to ersurerapid public access
documentaion of data processing; application of tried and tested toolsotformat dataproducts
and supportingnagrials into PDS-compliantdaa volume delivery to FDS (Obj. A.3)

The uncertainty in these electron dansity measurements wil be estimated as thereported electron
density at the upper boundary of thearchived pofile. We will compae this to he scdter in the
electron densities from the hidpest alttude egionsto ensue it is reasonalbe.

We will archive theMariner 9 dectron density prdfiles a the PDS (UCLA’s Plandary Plasma
Interactions, or PP, Node) usingour establshedtools and pocedures. Raul Withers ha
extensiveexperience working with the PDS. Hehas generated, fomatted, dcumentel, and
ddivered amospheic daa pioduds fram the Odysseg, Spirit, Oppotunity, and Fhoenix
acceeromete expeimens o the Amosphees Nade (Withers and Murpty, 2009; Withers 4 al.,
2010) and mordinated he ddivery of Venera 15/16 ionopheaic daa to the PPl Node.
Collaboraor SteveJoy, the PDSPPI Node Operations Manage, will design the neessary PDS
metalata. Also, the Mariner 9 dda will be deposted onPaul Withers’s website at the time of
ddivery to the PDS 0 ensureits rgid acessibility to uses.
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8 — Task B Scientific interpretation ofthe Mainer 9 dectron density profil es

Task B is desiged to exploit theMariner 9 ionopheic daast in light of the many advances in
Mars scien@ sincel972.TheMariner 9 investigators did notknow thecomposgtion or
tempeature of theionopheae, the manetic environment &Mars, or thecirculation or topto-
bottom hermd structure of the neitrd atmosphee. Redi stic attempts to smulate theionogphee
had to avait thetwo Viki ng lander entry measurements ad resultant conrputationally-
demandingmoddls tendead to foas on reroduction of thetwo Viking ion compostion proiles,
ratherthan thke mary eectron density prdfiles provided ly orbital radio occultations.

TheObjectives of Task B are:

Obj.B.1 To charaderize the stucture of thetopsdeionogphere

Obj.B.2 To degeminethe espong of theionophee to anunsurpased dust etm
Obj.B.3 To ddineate thebehavior of theionogphee in diff erent magnetic environments
Obj.B.4 To search for important fedures that lave not previoudy been recognized

TheseObjectives will bemet by completion ofthe following I nvestigations:

Inv. B.1 Deteminaion ofthe plama sale haght asfunction of dtitudeand SZA, with
identification of any outliers, andcomparison to pubkhed nodds (Obj. B.1, B.4)
Inv. B.2 i. Identificaion and baraderization of abrupt a otherchanges in heverticd

gradient ofdedron density, suchas rea the275 km transiion betwen MARSIS dda types.
Small changes ae present in sone Mariner 9 prdiles,suchas the thid and sixth prdiles in Fig.
2, but large changes ae never present. ii. Comparson b publshedmodels (Obj. B.1)

Inv. B.3 Characterization of any bulges or byering in thetopside, suchas the lgering
around200 kmreported by Kopf et al. (2008 and the bulg of enhanced density at 160-180 km
reported by Patzold et & (2007)and comperison to pubished models. Thmodels of Smagawa
and Cravens (1992 and Fox and Yeager (2006 predict abulge of enhanced density around160-
180 km, bufor two different reasonsand withoutmuch suppding discusson. (Obj. B.1, B.4)
Inv.B.4 Identification of drastic deaeases in dasmadensity at the topsof profiles a of
atypicaly smalldedron densities, both of whid might indicae theuppe bourdary of the
ionopheae and its interfacewith the spae environment. This will belimited bythe
obsevationd uncertainties, dhoud thefourth profile in Fig. 2 presentsan “ionopause-like”
feature consstent wit sgnificant compesson ofthe topsileionogpheae by the sola wind. No
ionopheaic models hae publishedsimulationstha reproduce the substantiathanges in bpside
strudurewith time at fixed SZA that are showvn in this Figure. (Obj B.1, B.4)

Inv. B.5 i. Caculation of how thedltitude magitude and width of themain ionosphéc
peak changed during Mariner 9’s immense duststorm. Hatsch ad Bauer (1990 found that the
ionopheaic pesk was 2030 km hgher during this storm han nomal, but, asgected, bund no
changes in peek magnitudeor width. We will confirm this usingMOLA-baseal dtitudes. ii.
Chaacterization ofthe timescles for riseand fall of thepeak dtitudeand comparson D
publishedtimesa@les for otheratmospheic changes duringa duststorm.iii. Determination of
neutrd numbe denstty a afixed reference dtitudeand how it chages thraugh the dust strm.
Sincethe podud of theCO, crosssection (3x 10% cn?), nautrd number density a the peek,
neutrd scde haght at thepeak, and cos(&ZA) equals unty (Withers, 2009) where the scde
height can befoundfrom the pofile shag, the neutrd number density a the pesk atitudecan be
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found This ca beextrapolatal to a eference dtitudeusing the £de height. Jus how much did
themospheric densities increase during this historic duststorn? (Obj. B.2)

Inv. B.6 i. Explorewhehertopsde scde heightsand pek electron density depend on
magnetic field stength and inclination, as hae been suggsted ly previous workers (Krymski et
al., 2002, 2003, 2004lielsen ¢ al. 2007ab). ii. Testthefinding of Withers d al. 2005 tha
some Mainer 9 profiles over strang magnetic fields catain amomalous sharvaiations n
plasmadensity between 120 and 200 km. Qbj. B.3)

Comparson d obsevationd trendsand feaures to pubished pedictions wil beconduded
wherever possibé in order to relate obsevables to plysicd processes. We have anumeical
model ofthe ionosphe= of Mars that § curently beng applied to a enge of projects (Withers
and Mendillb, 2009;Mattaet al., 2011 Mendllo et d, 2011). If suitablequestions aisein the
courseof thisTask, wewill use ar modelingcapabilities to @dress hem to the extent
permitted by ou multiple extema soures of modding funds Sinceit is not clear what we will
find in the ourseof the multiple I nvestigations listed bove wedo not ofer speific modding
projeds at his pant and wedo not rguest drect fundingfor doing any.

9 — Task C Compaison d MARSIS and radio occultation ionogheaic measuranents

Task C is designed to evaluatetheacairacy and bases of MARSIS dedron density
meaurementsby comparison b radio ocaltation meaurements. Rdio occultation ddasés ae
not pefect, buttheirchaaderistics and impefedions ae well -establshedand widdy-known,
suchas their &sunption of spheca symmetry over 200km sdes (Hinsonet al., 1999) The
sane @nnotyet be said brlocd and emotely sersed MARSIS dectron density messurements,
Sedion 6outlined s&eral arguments why uses of publishedMARSIS resuts andof archived
MARSIS raw data products woul bendfit from athoroudh validaion of MARSIS eledron
density meauements

TheObjectives of Task C are:

Obj.C.1 To compae MARSIS locd meaurements of loal electron density (2751200
km) aganstradio occultation ddaa

Obj.C.2 To compae MARSIS remotely sensd electron density measuements(120-275
km) aganstradio occultation ddaa

TheseObjectives will bemet ky completion of the following I nvestigations:

Inv. C.1 Constuction ofa2-D synthesis of Maner 9 radio occultation dectron densities
from 100 © 400 km and 0 to 90 deees SZA, adjusting the Mainer 9 pesk dtitudes inflated by
aduststorm downwedsto nomnal vduesif necessay (Obj. C.1, C.2)

Inv. C.2 Constudion ofa2-D synthesis of MGS mio ocailtation deciron densities from
100 to 250 knend 0 to 90 degres ZA (Obj. C.2)

Inv. C.3 Comparson d the MARSIS local electron densities (2751200 km) reported by
Duru & al. 2008 to Mainer 9 dectron censities (L00-400 km) in he 275400 km ovelap
region as aunction ofdtitude ad &ZA (Obj. C.1)

Inv.C.4 Comparson d the high atitudecomponentifased on MARSS locd electron
densities) of themodel ofNemecet al. 2011)to Mariner 9 dedron densities in he 275400 km
overlap region as aunction of dtitudeand SZA (Obj. C.1)
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Inv.C.5 Comparson d thelow dtitude @mponent (based on MARS S remotely sensed
eledtron dansities) of the model ofNemecet al. 2011)to Matiner 9 electron densities in he 120
275 km ovelap region as a findion of dtitudeand SZA (Obj. C.2)

Inv. C.6 Compairson d the low dtitude @mponent lfased on MARS S remotely sensed
eledron densities) of the model ofNemecet al. 2011)to MGSdectron densities in he 120250
km oveflap region as a tinction of dtitudeand &ZA (Obj. C.2)

Inv. C.7 Comparson d both types of MARSIS dectron densiieswith Mariner 9 dectron
densitiesnear thetransition altitude of275 km(Obj. C.1, C.2)

The Mariner 9 pimary misson (about halfthe pofiles) was dfeded by adust $orm, butthe
extendel mission was not lonosphec pesk dtitudes duringthis dust stom are 20-30 km hgher
than usubh We will explore 2 options fordealing with this in Investigation C.1, @ther ignoring
the prmary missbn dda, which reduces dataquantity, or adjusing them. Snce an altitudeshift
is likely to be the ony impact of the duststorm onthe ionosphee, we can reduce thesedltitudes
suchthat the pek atitudeequds 120km + 10 kmin(sec(SZA)). This ZA-depardencefor peak
atitudeis robustand ha be@ rdiably charaderized by many groups(e.g. Withers, 2009) We
will consder uncertainties intoduced by this adjusimentduring our andyses.

Investigation C.7 focuses on hecritical transition region betwen the twoMARSIS daa types

at 275 km Duru & al. (2008) (our Fig. 3) showan abruptdoubling in the plasma sele height

here, dthoudh theempirical modd of Nemecet al. (2011)smodhs this shap baunday (Fig. 9.
They cannotbothbeacairate. A comparison ajainst Mariner 9 dectron density profiles that span
this region will reved which dda typeis urreliable here and in wha manner.

The Mariner 9 urcertainties ae discussed in Sedion 7and the MGS unatainties acompary the
archivedeledron densities. Duru & al. (2008 provide lowe and upper quatiles aout her
derived vertical distribuions d electron density. Nemecet al. 2011) prowde unertainties on
eat parameter in thar empirical modd. We will use avlonte Carlo gpproach to caculatethe
uncertainty onelectron densities pedicted by thecomplicated undiond form of the modkeof
Nemecet al. (2011). Theseungertainties will be onsdered when we compare daasds.

We do not proposeny specific scientific andysis of the MARSIS dectron densities. It would be
prematuse for us b do sobgore we undeastand haw reliable they are. Neverthdess, ouisaentific
antenna will betwitching as we study thesedata. In particular, we will pay atention to plysicd
explanaions forchanges in the plasmascde height with increasing dtitude makingextensive
use d comparson D pubishedphysicsbased madds of ionopheic vertical structure

10— Anticipated iesults

At the @ndusion ofthis project, we expect to have deposited a valuable dataset into NASA’s
permanent archives,ensuing its ava ability to future generations, b have usedit to sudy
features of theionophee of Mars thd are not acessble to airrent datases, such athe topsie
ionopheae and therespase to anassive dust stm, and to hae compaed two types of
MARSIS dedron density measuranents ganstindep&dent radio ocalltation measurements,
including profiles that spn the tansition region between MARSIS dda types.
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MARSIS has drealy transfomedour indestanding of theionogpheae of Mars. From isokted,
discrete ionosphec profiles dustered aroundthe erminaor, we now have countless housads
a all SZAs, laitudes, adlongtudes sepeeted intime by mere seconds.MARSIS can obsrve
tempoal and hoizontal gadients n ionopheic propeties inonaeivablefor radio occultation
expeaimerts. Yet theserevolutionary data possestmitations of which ther coarse vertical
resoluion and sasitivity to assurptions n high dtitudeplasmadensity are justthe most
obvious Theinvolvement ofCollaboraor Dave Morgan ensukes that he MARSIS tean will be
aware of ou findings and able tocomment on ou work asit is in pragress

We plan to poduce two peer-reviewed paers during the ourseof this prgect, one on a
sdentific survey of the Mariner 9 dedron density profiles and oneon thecomparson d
MARSIS (locd andremotely sensed) and radio occultation (Mainer 9 and MGS) dectron
densities. It isalso plausble tha aspets of ou Mariner 9 results codd cortribute to publcations
primarily associdged with our otherongping projects and also thataspeds of our MARSIS
validation findings coud beincluded in publicaions kd bythe MARSIS team.

11— Relevance to NASA

“The objedive of the Mars Data Analysis Program (MDAP) is to enhance the seentific return
from missions to Mars.” We will do so ly makirng along-lost daaset with unique stregths
widely avail able and bydetemining thereliability of MARSIS ionoheic daa. This propose
research is algned with MEPAG Investigaion II.A.1, which anphasies detemminaion ofthe
present site ofthe uppe amosphee (neutrd/plasma) stru¢ure and dynamics and quantification
of the pocesses that ifik the Mas lowe and uppe amosphees. E€gpeand dimateevolution
are dways pat of therationde for studes of theuppea amosphee and iorosphee of Mars, and
this proposhis noexception. lonosphec plasmaabovethe 200 km eobase which the Mainer
9 dda pobewsdll, is a majoresavoir fromwhich escape occurs. The MAVEN missbnwas
sdected tomakeextensivemeaurements of thestructureof theionogphere of Mars for the sane
reasons ha justify the work proposecdere. Trends andfeaures identfied in this wok will hdp
devdop sciatific questions forMAVEN data uses to addess.

“MDAP supports investigations that use only publicly available and released data.” The Mariner
9 dda were depositedat the NSO C decades ago. The MGS dedtron density data are archived a
the PDS TheMARSIS data pioduds to beusedin this projet are the g/nthesized
representationspublishedby Duru & al. 2008 and Namecet al. 2011) We do not proposéo
use ay unrdeased MARSIS dedron censity measurements.Insteal, we follow the MDAP
announ@ements explicit encourggement ofpropogrs to achive data products with the PDS.

12— Personné

This investigation will becarried out y Pl Paul Withers, BostonUniversity students,
Collaboraor Dave Morgan (University of lowa), Collaboraor Dave Hinson (SET Institute), and
Collaboraor Seve Joy (UCLA).

Paul Withers, Proéssor in he Astronony Departmert of BostonUniversity, will beresponsble
for the sucess of ths investgation and for compliance with all reporting requirements. Hehas
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completed arange of studies on theonogpheae of Mars, includng theeffeds of solr energetic
paticle events, meteomid influx, crustd fields (both obgrvationd and thereticd), sola flares,
and othersokr variations (Withers and Mendillo, 2005; Wthers @ al., 2005, 2008; \ithers,
2008, 2009, 2011; khdillo et d., 2006;0pgenoath & al., 2010iLilli s et &, 2010).

BostonUniversity graduate student Kéy Fall owshas woiked with Paul Withers on adysis of
radio ocailtation dectron density prdfiles & Mars sincestating her PhD pogram in fal 2010
(Fallows ¢ al., 2011) Sheis aval able to wok onthis projet. Undergraduae Nick Fereri will
complete pocessing theMariner 9 prdiles (supprted by otherfunds.

Dave Morgan, MARSIS Project Manayer at the University of lowa plays aleadingrolein the
redudion of MARSIS ionospheic obsevationsand in ther sdentific interpretation.He has
authored 19 publecaionsconarning MARSIS observations of theonopheae and hismain
sdentific interests lie in the interaction of the solar wind and spa&e environment with Mas.

Dave Hinson Principal Investigator at the SETI Institute, led the edio ocaltation @mponent of
the MGS radio sciece instument and poducd the MGS dectron density profiles wewill use in
this project. He has corducted radio occultation stidies ofevey atmosphee in the solar system
and ha paticipated in the adio occultation experimerts of sk spaeaaft.

SteveJoy, Operations Manager of UCLA’s PPI Nodeof thePDS, handls theingeston of daa
ddiveries to his Node He worked with Paul Withers duing theddicae process of obtainig
Venera 15 and 16 edio occultation dectron density profiles of the ionosphee of Venus fom a
Russan investgator and preparing them br archiving.

13— Work plan (“If we knew what we were doing, it would not be called research” — Einstin)

This investigation will becarried ou by ProfessorWithers and aBostonUniversity graduae
student It will also besuypportal by a ngwork of collaboraors. ProfessorWithers will be
responsble for the swecess of ths investgation and for compliance with all regporting
requirements.He will mentor thegraduae student ad direct therr adivities. Hs fundel efort is
0.5 monhs, but40%of his time dumg the 9mont academic yea is nomndly avail able for
research prgeds such as this one Collaboraor Morgan will advise us on thaseof MARSIS
data. Collaboraor Hinson will advise us on theefi ability of radio occultation dda. Colaborator
Joy will manae the archiving of theMariner 9 profil es. Interactions with Colaborators will
occur via phore and email as neéled, plus anttipatedfaceto-face medings at onferences.

TheTaskswill becompleted sguentialy, with 6 months of gaduae studat efort devotel to
Task A, 12 monhs b Task B, and 9 monhs b Task C. Approximately equal effort will be
devoted to @d I nvestigation within aTask. Thegraduae studat will lead thepreparation of
both manuscipts andalso report results at aconference annudly, which is essential or their
professond development andfor receving critical feedback on wok in progress.
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