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over962confirmedexoplanetshasfurther acceleratethterestin astrobiology[11,12].
RecentlyEarth-likeplanetsascloseasfour light yearsawayfrom Earthhavebeendiscovered
within the2goldilockszone®potentiallycapableof supportinglife [13, 14]. However did
Sagaretal.(1993)missanythingin their original analysighat we canuseaswe searcHor
otherhabitableplanetsHerewereanalysé¢he original Galileospaceprobedata(http://
pdsimg.jpl.nasa.gov/data/gali/galileo_orbiter/}Yo testwhethertheymissedabig potential
life stagethatis, the existencef vegetatiorwith three-dimensionastructureon Earth[15].
Usingtheinstrumentsof the spacgrobe,Sagaretal (1993)found evidenceon Earthfor an
oxygenatmospherean ozonelayer,atmospherianethane photosynthetiqigments and
radio signalgndicativeof intelligentlife on Earth.However anoxygenatmosphereandphoto-
syntheticpigmentscanbesignsof single-cellulatife andarenot sufficientevidenceof abun-
dantvegetatiorwith three-dimensionastructure.For instancethe patchof photosynthetic
pigmentsobservedy Sagarcould havebeerfgreenslime,®sinceaccordingto isotopicevi-
dencesinglecellularphotosynthetimrganismswerelikely presenion land from 1.2billion
yearsago[16]. Radiosignalsareclearsignsof intelligenceandlikely signsof multicellularlife.
However if weexamineEarth'slife history,therehasbeenabundantmulticellularlife for ~500
million yearsput radio signalshaveonly emanatedrom Earthfor about~100yearsThere-
fore,wewould wantatechniqueto distinguishbetweermulticellularandintelligent (techno-
logical)life, sincethe ~500million yearperiodsincethe Cambrianexplosiongaveriseto
aendlesgorms mostbeautifuland mostwonderful®[17].

How canwedistinguishabundantsinglecellularlife from abundantcomplexvegetation
with three-dimensionastructure Ve hypothesizeéhat this is possibleéby viewingshadows
castby objectson Earth,in the presencef weatheithatwould erodenon-living surface$15].
On Earth,asSagaretal. (1993)pointedout, thereis abundantwaterand clouds which
togetherareastrongsignof energeticerosiveprecipitation.Gravity plusweathererodesmost
surfacesln fact,>99%of geologicsurfacegi.e.orography)hasanincline of < 45Bversus
~90For mosttrees|18]. However despiteall the naturalerosionon Earthdueto weatherand
climate Earthhasabundantshadowstlow to modestsolarzenithanglegthatis, < 45E)
becausef the presencef trees We positthattreesarethe only suchobjectsthat castabun-
dantshadowstlow to modestsolarzenithanglesTreesareuniquein thatwhile theywill be
periodicallyknockeddown by weatherandentropyin generalasliving objectsheywill
regrowandbeabundanton the planetarysurfaceThereareperiodicgeologicstructureson
Earthlike the Hoodooformationsin Utahthat castshadowsatlow to modestzenithangles,
but wehypothesizehattheywill berareon everyplanetwith weatherandclimate,andnever
asabundantastreesin wetregions.

We proposeto useshadowsastby objectson Earthat certainsunanglego determine,
without anyprior knowledgewhetherEarthhasvegetatiorwith three-dimensionastructure.
Remotesensordiavebeenquantifyingshadowsastby objectson Earthfor decadesisinga
techniquecalledthe bidirectionalreflectancalistribution function (BRDF)[19+25].Thisisthe
changén observedeflectanceavith changingviewangleor illumination direction[26]. Sur-
facealbedoresultsif the BRDFis integratedoverthe entire viewinghemisphereThistech-
nigue hasbeenextensivelyestedfor accuracy19,27].

It isusefulin this contextto definewhata shadowis, underdifferentillumination andview
geometriegFig 1). Thereis the familiar ,  thatistheprojectionof asolidobject
onto thegroundfrom theillumination of thesun,andalsoa ,  thatistheprojection
of asolid objectonto the groundandhiddenfrom viewfrom the perspectivef avieweror
planetaryimager.Assumingthattheillumination or viewaredistantenoughthat raysarecon-
sideredparallel thenassolarzenithangleq(;) or viewzenithangleqQ,) increasethe areaof
the projectedshadowincreasegsl/cos(Q2) WhenQ, = ; andtherelativeazimuth(Q) is
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Fig 1. Perspective view diagram showing the geometry for a tree viewed at close to the hot spot (left) and close to the dark spot (right). - is phase
angle, Y, is the view zenith angle, Y;is the sun zenith angle Y, and * is the relative azimuth angle.
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zero,no solarshadowswill bevisibleto the viewer,andapixelincluding objectsandtheir
backgroundwill havemaximalbrightnessThis anglewhenthe solarshadowandviewshadow
coincideis calledthe . Asthesolarandviewanglediverge(thatis phaseanglesb
increasdoy changesn Qv- Q; and/or @), thenmore of the solarshadowwill bevisibleto the
viewer,and pixel brightnesswill decreaselhemostshadowswill bevisiblewithin the princi-
pleplanethatis @ = 0or =, butin the mirror angledirection (Q, = £¢). Thisangle whenthe
solarshadowandviewshadowaremostdisparateijs calledthe

In apreviouspaper[15], wehypothesizedhat undercertainconditions,ABRF(the change
in aplanet'sreflectanceat differentphaseanglestould beusedto determinewhetherexopla-
netshavethree-dimensionavegetatiorstructure.ln this paper,wewantto demonstratgroof
of concepffor thisideain asimilar mannerto how Sagaretal (1993)did so,usingonly the
reflectancanisotropycollectedrom the Galileospaceprobeto provethat Earthhasvegeta-
tion with three-dimensionastructure Herewe askwhethervegetatiorwith three-dimensional
structurecanbedetectedn Earthusingdatafrom adistantspaceprobe(Galileo)andacom-
mon modelof reflectancenisotropy[28, 29].

Materials and Methods

We usedatafrom the solid stateimagingsysten30] on the Galileoprobe,which took images
of Earthin sixwavelengttbandsasit passedby Earthon its wayto Jupiterin December1 990.
We focuson theregionof the planet(the northern Amazonforest)thatwasdemonstratedy
Sagario havearededgen thereflectancespectrumindicativeof photosynthetigpigments.
Do the photosynthetipigmentsseerby Sagaretal. (1993)havethreedimensionalstructure,
or aretheystructurallymore similar to 2greenslime®We viewthereflectancdor this region
in the nearinfrared (NIR) imagesasthe regionmovesfrom asolarzenithangleof 16.6Eo one

PLOS ONE | DOI:10.1371/journal.pone.0167188 December 14, 2016 3/10



Detecting Three-Dimensional Vegetation Structure

Fig 2. Earth as viewed from the solid state imager NIR reflectance (band 5-756 nm) on the Galileo probe at (a)
3:12 GMT December 11, 1990 and again at (b) 4:25, 12 scenes later. The red arrow shows the direction of rotation.
The red square is a 9x9 pixel (~10,000 km?) patch of cloud free Amazon forest.

doi:10.137/journal.pon@167188.9002

closeto zero(sunoverhead)Fig 2A and 2B)for cloudfree(bluereflectance<0.1)regions
with abundantvegetationwith high NormalizedDifferenceVegetationndexbNDVI >0.5).
We sampleNIR reflectancgband5+756nm) for asquareregionof 81 pixels(nominal pixel
scalds 114km? at sub-spacecrafioint) andcalculatehe meanandstandarderror for the dif-
ferencebetweerthe pixels.The Galileoprobeonly hasgeometrydatafor the centerpixel of
eachscengmarkedwith an2X® in Fig 1A with the geometrydatain Tablel). Basedn this
centerpixelgeometrywe calculatehe geometryfor the patchof Amazonforestthat Sagan
etal (1993)sawevidenceof photosynthetigpigmentsfor the two imagesshown(red boxesn
Fig 2A and 2B).We showthe geometryfor thesetwo areasn polarcoordinatesn Fig 3B
which showshow Q; and Q,, canchangewith ® remainingconstant.

We usethefollowing equationto predictreflectancatdifferentsunangleg28, 29], which
accountdor the shadingeffectsdescribedabove:

Q,Q.0H)=0+4+1 1(Q2,0,0)+ 2 2(Q,0Q,0) (1)

This equationcalculateseflectanc€R) for agiventerritory, asseerfrom aviewerat zenith
angleQ,, andilluminated by the sunat zenithangleQ;, wheretherelativeazimuthis givenby
0. TheF functionsmodeltheoreticaldirectionalsignaturesandtheir relativecontribution to
the observedeflectancés weightedby the correspondinghiomespecifick constant§28]. The

Table 1. Geometry for the center point (x) in Fig 1A (given by Galileo) and estimated geometries for the red boxes in Fig 2A (Amazon A) and Fig 2B
(Amazon B).

Latitude | Longitude Emission angle (view zenith Incidence angle (solar zenith Phase angle | Relative azimuth
angle) angle) angle
Center pixel -23 70 18.6 16.6 35.2 182
x)
Amazon A 0 70 18.6 16.6 35.2 145
Amazon B 0 70 35.2 0 35.2 164

doi:10.137/journal.pon®167188001
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Fig 3. (a) Change in estimated surface reflectance between Fig 1A and 1B using a BRDF model and the geometries listed in Table 1 for desert (brown) and
broadleaf tree (green). The black arrows in the inset in the top corner shows the predicted change in surface reflectance for broadleaf tree and desert. (b) The
position of the satellites in relation to the sun for positions A and B is shown in polar coordinates. Viewing geometry with the azimuth expressed in the outer
circle (0—180) and the zenith angle expressed as its projection onto the inner circle. (c) Mean NIR reflectance for the Amazon patch for 12 images between A
and B (error bars are standard deviation, and grey area is the prediction band) with estimated slope (calculated in d) for desert (brown), average land (yellow),
broadleaf tree (green), and using the Galileo data (black).

doi:10.137/journal.pon€167188.g003

modelexpresseeflectancasthe sumof two 2kernels® thatis 3-D functions,namelyageo-
metric kernel(F1),whichmodelsthe shadowgastby randomlydistributedspheroidsabovea
flat Lambertiansurfacq19]; andavolumetrickernel(F2),which modelsatheoreticakurbid
vegetatiorcanopywith high leafdensity[29]. The coefficientko, k4, ko arebiomedependant
constantsnvertedfrom multi-anglereflectancelatacollectedn the globalPOLDERsatellite
databas¢?8]. ko corresponddgo theisotropiccontribution of the surfaceand mayincludethe
contribution from multiple. In our circumstancesyewould not know the vegetatiortypea
priori, soweusethreevegetatiortypesthe averagealuedor terrestrialvegetatiorin the NIR
(765nm in POLDER)of kg =0.264k, = 0.027 andk, = 0.363thenbroadleakvergreerorest
(ko= 0.3257k, =0.0481andk, = 0.6412)andno vegetatior(snow/icebut with ak, of desert
Pk =0.296k, = 0.0476andk, = 0.2403)28]. Notethatin computingABRF the constant
term odropsout, suchthatthe overalldifferencein brightnesdbetweeradesertandforest
becomedrrelevant,leavingonly differencesn 3D structure.In this sensethereflectance
anisotropyof the no vegetatiorbecomes proxy for that of 2greenslime®.
Wethencalculatehe slopeof theincreasedNIR reflectancesthe planetturns (ABRFfol-
lowing the methodologyof [22] andappliedpreviouslyto detectingvegetatiorstructurein
[15]). BRFrefersto the BidirectionalReflectanc&actor,a measuref reflectancenisotropy
thatis theratio of radiationexitingasolid angleof agivensurfacedivided by that of a perfect
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Fig 4. (a) Diagram showing the best potential flight path for Galileo to maximize the chance of detecting three-
dimensional vegetation structure moving in the principle plane from a - of 20to 0°. (b) We used Eq 1, but with a
constant ko, to estimate the changing BRF just due to the geometry for broadleaf evergreen (green), no vegetation
(brown), and the difference (red) (solar zenith angle and azimuth angle of 0°). Moving Y,,, from 20 to 0° is equivalent to
a phase angle change of 20°.
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Lambertiansurface ABRFis thenthe differenceof the BRFfor two differentviewsof the same
pixelatdifferent®, andhasbeendemonstratedo besensitiveo parametershat governgeo-
metric optics,including the crownradius,treenumberdensityandground cover[22]. To esti-
matejusttheimpactof geometnyto calculate-ig 4B,wesetk, to the samevaluefor both
broadleaforestandnot vegetatedegions(kq. = 0.3257).

Results

The GalileoSSldatashownin thered boxesof Fig 2A and 2Binitially hadasolarzenithangle
() of 16.6EFig 1A) which changedo OE(Fig 1B)approximatelyl 1 scenesater (GalileoSSI
datais collectedeverys minutesandeverysceneshowsthe Earthrotated1.565016.6& 11
scenegater).At asolarzenithangleof OEthe sunwould bedirectly overheadandsolarshad-
owswould beminimized[20,21,23],but becaus¢he probeis not in line with the sun(the
phaseangle>0), shadowsvould still bevisiblewhenthe forestis viewedfrom the sideandthe
total changan surfacereflectancevould not beexpectedo belarge.Overthe 12scened\IR
reflectancencreasedy anaveragef 0.0017+0.0008erscendFig 3C)andoverllscenes
(betweert-ig 1A and 1B),NIR reflectanceéncreasedy 0.019+ 0.003.
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Doesthis changen reflectancenatchwhatwewould expectasedn directionalaniso-
tropic effectdrom achangingsolarandviewzenithangleBasedn the parameter®f the
reflectancanisotropymodelandthe geometnflistedin Tablel,wecalculatehereflectance
anisotropyin the NIR for theredboxin Fig2A and 2B (Fig 3A and 3B).We predictthat sur-
facereflectancdor atheoreticabroadleakvergreeriorestwould increaseby 0.0072green
line in Fig 3C) betweerthesewo sceneslueto anisotropiceffectsThis fairly smallpredicted
increasen surfaceeflectanceés becaus¢hereis no changen phaseanglebetweerthetwo
scenegTablel). With no vegetatior(brown line Fig 3C),weestimateachangen surface
reflectancef 0.001&etweerthetwo scenesa4-fold decreasbetweerthe more structured
scendbroadleafiersugheleaststructured(no vegetation).

We predictedasmallincreasen surfacereflectancef 0.0072greenline in Fig 3C)but
measurednincreasedurfaceeflectancef 0.019+0.00%ith the Galileodata.We cannotbe
surewhatcausedhe differencebetweerthe predictedand measuredurfaceeflectancdut we
hypothesizehatit couldbeaminor increasen cloud coverwhichledto theincreasedalbedo
(FigBin S1File.pdf).Sincethe nominal pixel scalds 114km?, evenasmallincreasén cloud
percentageouldaccountfor the observediifference Thisissuecould beresolvedy watching
the samesceneovermultiple days but thisis unfortunatelynot an option for the Galileodataas
only onedayof datais availableA smallchangen cloud covercould swampthe anisotropic
signalbecausevith no changdn phaseanglethe predictedsignalwasverysmall.

If the probeleft with avaryingphaseangleof 0+20Bnsteadof a continuousphaseangleof
35.2Blike it did, howwould surfacereflectancéheoreticallyvary2We showan exampleof
suchaflight path (Fig 4A) andits impacton theoreticaBRFfor justthe geometry(K isthe
same)(Fig 4B)betweerforestedand no vegetatiorregions.Our resultssuggesthat oversuch
avaryingphaseangle therewould beachangén surfaceeflectancef over0.1justfrom geo-
metric effectsWith suchalargepredictedsignal,minor cloud contaminationwould belessof
anissue.

Discussion

Coulddatafrom Galileobeusedto unambiguouslydetectvegetatiorwith three-dimensional
structureon Earth?Thepredictedincreasen surfaceeflectancelueto anisotropiceffectsdid
not matchthe measuredncreasdrom the Galileodatalikely dueto minor cloud contamina-
tion issuesWe thereforeconcludethat with this particulardatasetyegetatiorstructurecould
not havebeenunambiguouslhdetectedbn Earth.

However westill positthat the methodhaspromisefor detectingthreedimensionalvegeta-
tion structureon exoplanetgwith properfuture technology).Theproblemwith the Galileo
dataisthatthe Galileoflight pathwasnot plannedwith the goalof identifying vegetatiorstruc-
ture andthereforehadaverysmallphaseangle However wedemonstrateghat theoreticallyif
the probeleft with avaryingphaseangleof 0+20Ensteadof acontinuousphaseangleof 35.2E,
thechangean surfacereflectancevould havebeenup to 0.1whichlikely would havebeensuffi-
cientto haveidentified vegetatiorstructureon Earth.

A previousstudyfound that 40%of variancen ABRFwasexplainedoy geometriccompo-
nentssuchastreenumber,crownsize.andground cover(Wolf etal. 2010).Thesegeometric
componentsvould bekeyin trying to distinguisha slimecoveredegionof planetversusafor-
estcoveredone.Suchlargeanisotropiceffectsarenot unusualandtheyhaveclearlybeen
shownby POLDER[20] andmorerecentlyby MODIS [31]. Forinstancethe Amazonforest,
theregionshownby Sagaretal. (1993)to havephotosynthetipigmentswasdemonstratedo
havestrongdirectionalanisotropiceffectd31] with changingseasonaliewinganglesncreas-
ing NIR reflectancéoy ~0.05(weexplorethis issuefurther in FigA in S1File.pdf).
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Could purely physicabhenomenanimic apeakedatternof brightnesssimilarto that of
BRDFncreasedloud covercould mimic theincreasedrightnesshut atthe resolutionof
the Galileoprobewe canbroadlyscreerout largeclouds(althoughthereareundoubtedly
smallor thin cloudsin theregion).Repeatediewingcyclesouldalsolikely screerout these
smallerclouds Aswementionedpreviously no geologideaturesin regionswith active
weathercouldlikely replicatethe BRDFeffecton that scalelce canhaveperiodicsteepness
like forestsput this steepneswill bemuchrarerandwecanalsoscreerout ice by its unique
reflectancespectrum.

In apreviouspaper[15], weusedthe samesemi-empiricaBRDFmodelto simulateEarth
andahypotheticakree-lesplanetwith liquid waterasviewedasa singlepixelfrom agreatdis-
tanceat differentplanetaryphaseangleswith both simulatedandrealcloud cover.Evenif the
entire planetaryalbedowereviewedasa singlepixel, the rate of increaseof albedoasa planet
approachefull illumination would becomparativelygreateron Earththanthe hypothetical
tree-lesplanetwith liquid water.We theorizedthat anisotropiceffectscouldtheoretically
detecttree-likemulti-cellularlife on exoplanetsn up to 500f the closesstellarsystemsinder
theright conditions.However,our comparisonaith empiricaldatasuggesthat anisotropic
effectcanbedifficult to detectandalargevariationin phaseanglemaybenecessarfor the
techniqueto work.

Why isthis important?Steppingawayfrom our thoughtexperimentijt is obviousthat
Earthhasthree-dimensionalegetatiorstructure,andalsoobviousthat theseforestscastshad-
owsin amannerexplainecby BRDFtheory,but the brillianceof the Sagaretal (1993)paper
wasusingthe Galileodataasatestcasdor remotedetectionof life on exoplanetsNow thatwe
havediscovered close(4 light yearsaway)exoplanethatis maycontainliquid water,we
wantto know whetherit hasclimatesuitablefor life, thenwhetherit hassimplelife, thencom-
plexlife, thenintelligentlife. Sagaretal (1993)gavethe roadmapfor threeof thesefour char-
acteristicandwith this paperand previouswork [15], wehopeto now addafourth.

Supporting Information

S1 File. Supporting Methods, Results, and Discussion and 2 figures. Fig A, Testcomparing
the Amazonandthe SahardesertFig B, Landsaimageshowingsmallclouds.
(PDF)
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