


over962confirmedexoplanets,hasfurther acceleratedinterestin astrobiology[11,12].
Recently,Earth-likeplanetsascloseasfour light yearsawayfrom Earthhavebeendiscovered
within theªgoldilockszoneºpotentiallycapableof supportinglife [13,14].However,did
Saganetal.(1993)missanythingin their originalanalysisthatwecanuseaswesearchfor
otherhabitableplanets?HerewereanalysetheoriginalGalileospaceprobedata(http://
pdsimg.jpl.nasa.gov/data/galileo/galileo_orbiter/)to testwhethertheymissedabigpotential
life stage,that is,theexistenceof vegetationwith three-dimensionalstructureon Earth[15].
Usingtheinstrumentsof thespaceprobe,Saganetal (1993)foundevidenceon Earthfor an
oxygenatmosphere,anozonelayer,atmosphericmethane,photosyntheticpigments,and
radiosignalsindicativeof intelligentlife on Earth.However,anoxygenatmosphereandphoto-
syntheticpigmentscanbesignsof single-cellularlife andarenot sufficientevidenceof abun-
dantvegetationwith three-dimensionalstructure.For instance,thepatchof photosynthetic
pigmentsobservedbySagancouldhavebeenªgreenslime,ºsinceaccordingto isotopicevi-
dence,singlecellularphotosyntheticorganismswerelikely presenton landfrom 1.2billion
yearsago[16]. Radiosignalsareclearsignsof intelligenceandlikely signsof multicellularlife.
However,if weexamineEarth'slife history,therehasbeenabundantmulticellularlife for ~500
million years,but radiosignalshaveonly emanatedfrom Earthfor about~100years.There-
fore,wewouldwantatechniqueto distinguishbetweenmulticellularandintelligent(techno-
logical)life, sincethe~500million yearperiodsincetheCambrianexplosiongaveriseto
ªendlessformsmostbeautifulandmostwonderfulº[17].

How canwedistinguishabundantsinglecellularlife from abundantcomplexvegetation
with three-dimensionalstructure?Wehypothesizethat this ispossiblebyviewingshadows
castbyobjectson Earth,in thepresenceof weatherthatwoulderodenon-living surfaces[15].
On Earth,asSaganetal.(1993)pointedout, thereisabundantwaterandclouds,which
togetherareastrongsignof energetic,erosiveprecipitation.Gravityplusweathererodesmost
surfaces.In fact,>99%of geologicsurfaces(i.e.orography)hasaninclineof< 45Êversus
~90Êfor mosttrees[18]. However,despiteall thenaturalerosionon Earthdueto weatherand
climate,Earthhasabundantshadowsat low to modestsolarzenithangles(that is,< 45Ê)
becauseof thepresenceof trees.Wepositthat treesaretheonly suchobjectsthatcastabun-
dantshadowsat low to modestsolarzenithangles.Treesareuniquein thatwhile theywill be
periodicallyknockeddownbyweatherandentropyin general,asliving objectstheywill
regrowandbeabundanton theplanetarysurface.Thereareperiodicgeologicstructureson
Earthlike theHoodooformationsin Utahthatcastshadowsat low to modestzenithangles,
but wehypothesizethat theywill berareon everyplanetwith weatherandclimate,andnever
asabundantastreesin wetregions.

Weproposeto useshadowscastbyobjectson Earthatcertainsunanglesto determine,
without anyprior knowledge,whetherEarthhasvegetationwith three-dimensionalstructure.
Remotesensorshavebeenquantifyingshadowscastbyobjectson Earthfor decadesusinga
techniquecalledthebidirectionalreflectancedistribution function (BRDF)[19±25].This is the
changein observedreflectancewith changingviewangleor illumination direction[26]. Sur-
facealbedoresultsif theBRDFis integratedovertheentireviewinghemisphere.This tech-
niquehasbeenextensivelytestedfor accuracy[19,27].

It isusefulin thiscontextto definewhatashadowis,underdifferentillumination andview
geometries(Fig1).Thereis thefamiliar ��	�� �
����, that is theprojectionof asolidobject
onto thegroundfrom theillumination of thesun,andalsoa��� �
����, that is theprojection
of asolidobjectonto thegroundandhiddenfrom viewfrom theperspectiveof avieweror
planetaryimager.Assumingthat theillumination or viewaredistantenoughthat raysarecon-
sideredparallel,thenassolarzenithangles(Ωi) or viewzenithangles(Ωv) increase,theareaof
theprojectedshadowincreasesas1/cos(Ω).WhenΩv = Ωi andtherelativeazimuth(Ø) is

Detecting Three-Dimensional Vegetation Structure

PLOS ONE | DOI:10.1371/journal.pone.0167188 December 14, 2016 2 / 10

http://pdsimg.jpl.nasa.gov/data/galileo/galileo_orbiter/
http://pdsimg.jpl.nasa.gov/data/galileo/galileo_orbiter/


zero,no solarshadowswill bevisibleto theviewer,andapixel includingobjectsandtheir
backgroundwill havemaximalbrightness.Thisanglewhenthesolarshadowandviewshadow
coincideiscalledthe
�� ����. Asthesolarandviewanglesdiverge(that isphaseanglesF
increasebychangesin Ωv−Ωi and/orØ), thenmoreof thesolarshadowwill bevisibleto the
viewer,andpixelbrightnesswill decrease.Themostshadowswill bevisiblewithin theprinci-
pleplane,that isØ = 0 or π, but in themirror angledirection(Ωv = ±Ωi). Thisangle,whenthe
solarshadowandviewshadowaremostdisparate,iscalledthe���� ����.

In apreviouspaper[15], wehypothesizedthatundercertainconditions,ΔBRF(thechange
in aplanet'sreflectanceatdifferentphaseangles)couldbeusedto determinewhetherexopla-
netshavethree-dimensionalvegetationstructure.In thispaper,wewantto demonstrateproof
of conceptfor this ideain asimilarmannerto howSaganetal (1993)did so,usingonly the
reflectanceanisotropycollectedfrom theGalileospaceprobeto provethatEarthhasvegeta-
tion with three-dimensionalstructure.Hereweaskwhethervegetationwith three-dimensional
structurecanbedetectedon Earthusingdatafrom adistantspaceprobe(Galileo)andacom-
mon modelof reflectanceanisotropy[28,29].

Materials and Methods

Weusedatafrom thesolidstateimagingsystem[30] on theGalileoprobe,whichtook images
of Earthin sixwavelengthbandsasit passedbyEarthon its wayto Jupiterin December1990.
Wefocuson theregionof theplanet(thenorthernAmazonforest)thatwasdemonstratedby
Saganto havearededgein thereflectancespectrumindicativeof photosyntheticpigments.
Do thephotosyntheticpigmentsseenbySaganetal.(1993)havethreedimensionalstructure,
or aretheystructurallymoresimilar to ªgreenslimeº?Weviewthereflectancefor this region
in thenearinfrared(NIR) imagesastheregionmovesfrom asolarzenithangleof 16.6Êto one

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, �Ÿv is the view zenith angle, �Ÿi is the sun zenith angle �Ÿi, and �‘ is the relative azimuth angle.

doi:10.1371/journal.pone.0167188.g001
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closeto zero(sunoverhead)(Fig2A and2B)for cloudfree(bluereflectance<0.1)regions
with abundantvegetation(with highNormalizedDifferenceVegetationIndexÐNDVI >0.5).
WesampleNIR reflectance(band5±756nm) for asquareregionof 81pixels(nominalpixel
scaleis114km2 atsub-spacecraftpoint) andcalculatethemeanandstandarderror for thedif-
ferencebetweenthepixels.TheGalileoprobeonly hasgeometrydatafor thecenterpixelof
eachscene(markedwith anªXº in Fig1A with thegeometrydatain Table1).Basedon this
centerpixelgeometry,wecalculatethegeometryfor thepatchof AmazonforestthatSagan
etal (1993)sawevidenceof photosyntheticpigmentsfor thetwo imagesshown(redboxesin
Fig2A and2B).Weshowthegeometryfor thesetwo areasin polarcoordinatesin Fig3B
whichshowshowΩi andΩv canchangewith F remainingconstant.

Weusethefollowingequationto predictreflectanceatdifferentsunangles[28,29],which
accountsfor theshadingeffectsdescribedabove:

� Ω�;Ω ; ;ð Þ ¼ �0 þ �1� 1 Ω�;Ω ; ;ð Þ þ �2� 2 Ω�;Ω ; ;ð Þ ð1Þ

Thisequationcalculatesreflectance(R) for agiventerritory, asseenfrom avieweratzenith
angleΩv, andilluminatedby thesunatzenithangleΩi, wheretherelativeazimuthisgivenby
Ø. TheF functionsmodeltheoreticaldirectionalsignaturesandtheir relativecontribution to
theobservedreflectanceisweightedby thecorrespondingbiomespecifick constants[28]. The

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 km2) patch of cloud free Amazon forest.

doi:10.1371/journal.pone.0167188.g002

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

angle)

Incidence angle (solar zenith

angle)

Phase angle Relative azimuth

angle

Center pixel

(x)

-23 70 18.6 16.6 35.2 182

Amazon A 0 70 18.6 16.6 35.2 145

Amazon B 0 70 35.2 0 35.2 164

doi:10.1371/journal.pone.0167188.t001
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modelexpressesreflectanceasthesumof two ªkernelsº,that is3-D functions,namelyageo-
metrickernel(F1),whichmodelstheshadowscastby randomlydistributedspheroidsabovea
flat Lambertiansurface[19]; andavolumetrickernel(F2),whichmodelsatheoreticalturbid
vegetationcanopywith high leafdensity[29]. Thecoefficientsk0, k1, k2 arebiomedependant
constantsinvertedfrom multi-anglereflectancedatacollectedin theglobalPOLDERsatellite
database[28]. k0 correspondsto theisotropiccontribution of thesurface,andmayincludethe
contribution from multiple. In our circumstances,wewouldnot knowthevegetationtypea
priori, soweusethreevegetationtypes,theaveragevaluesfor terrestrialvegetationin theNIR
(765nm in POLDER)of k0 = 0.264,k1 = 0.027,andk2 = 0.363,thenbroadleafevergreenforest
(k0 = 0.3257,k1 = 0.0481,andk2 = 0.6412),andno vegetation(snow/icebut with ak0 of desert
Ðk 0 = 0.296,k1 = 0.0476,andk2 = 0.2403)[28]. Notethat in computingΔBRF,theconstant
term � 0 dropsout,suchthat theoveralldifferencein brightnessbetweenadesertandforest
becomesirrelevant,leavingonly differencesin 3D structure.In thissense,thereflectance
anisotropyof theno vegetationbecomesaproxyfor thatof ªgreenslimeº.

Wethencalculatetheslopeof theincreasedNIR reflectanceastheplanetturns(ΔBRFfol-
lowing themethodologyof [22] andappliedpreviouslyto detectingvegetationstructurein
[15]). BRFrefersto theBidirectionalReflectanceFactor,ameasureof reflectanceanisotropy
that is theratio of radiationexitingasolidangleof agivensurfacedividedby thatof aperfect

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:10.1371/journal.pone.0167188.g003
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Lambertiansurface.ΔBRFis thenthedifferenceof theBRFfor two differentviewsof thesame
pixelatdifferentF, andhasbeendemonstratedto besensitiveto parametersthatgoverngeo-
metricoptics,including thecrownradius,treenumberdensityandgroundcover[22]. To esti-
matejust theimpactof geometryto calculateFig4B,wesetk0 to thesamevaluefor both
broadleafforestandnot vegetatedregions(k0. = 0.3257).

Results

TheGalileoSSIdatashownin theredboxesof Fig2A and2Binitially hadasolarzenithangle
(Ωi) of 16.6Ê(Fig1A) whichchangedto 0Ê(Fig1B)approximately11sceneslater(GalileoSSI
dataiscollectedevery6minutesandeverysceneshowstheEarthrotated1.5Êso16.6Ê= 11
sceneslater).At asolarzenithangleof 0Êthesunwouldbedirectlyoverheadandsolarshad-
owswouldbeminimized[20,21,23],but becausetheprobeisnot in line with thesun(the
phaseangle>0),shadowswouldstill bevisiblewhentheforestisviewedfrom thesideandthe
total changein surfacereflectancewouldnot beexpectedto belarge.Overthe12scenes,NIR
reflectanceincreasedbyanaverageof 0.0017±0.0003perscene(Fig3C)andover11scenes
(betweenFig1A and1B),NIR reflectanceincreasedby0.019± 0.003.

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 20 to 0˚. (b) We used Eq 1, but with a

constant k0, 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 �Ÿv, from 20 to 0˚ is equivalent to

a phase angle change of 20˚.

doi:10.1371/journal.pone.0167188.g004
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Doesthischangein reflectancematchwhatwewouldexpectbasedon directionalaniso-
tropic effectsfrom achangingsolarandviewzenithangle?Basedon theparametersof the
reflectanceanisotropymodelandthegeometrylistedin Table1,wecalculatethereflectance
anisotropyin theNIR for theredboxin Fig2A and2B(Fig3A and3B).Wepredictthatsur-
facereflectancefor atheoreticalbroadleafevergreenforestwould increaseby0.0072(green
line in Fig3C)betweenthesetwo scenesdueto anisotropiceffects.This fairly smallpredicted
increasein surfacereflectanceisbecausethereisno changein phaseanglebetweenthetwo
scenes(Table1).With no vegetation(brown line Fig3C),weestimateachangein surface
reflectanceof 0.0018betweenthetwo scenes,a4-folddecreasebetweenthemorestructured
scene(broadleaf)versustheleaststructured(no vegetation).

Wepredictedasmallincreasein surfacereflectanceof 0.0072(greenline in Fig3C)but
measuredanincreasedsurfacereflectanceof 0.019±0.003with theGalileodata.Wecannotbe
surewhatcausedthedifferencebetweenthepredictedandmeasuredsurfacereflectancebut we
hypothesizethat it couldbeaminor increasein cloudcoverwhichledto theincreasedalbedo
(FigB in S1File.pdf).Sincethenominalpixelscaleis114km2, evenasmallincreasein cloud
percentagecouldaccountfor theobserveddifference.This issuecouldberesolvedbywatching
thesamesceneovermultiple days,but this isunfortunatelynot anoption for theGalileodataas
only onedayof dataisavailable.A smallchangein cloudcovercouldswamptheanisotropic
signalbecausewith no changein phaseanglethepredictedsignalwasverysmall.

If theprobeleft with avaryingphaseangleof 0±20Êinsteadof acontinuousphaseangleof
35.2Ê,like it did, howwouldsurfacereflectancetheoreticallyvary?Weshowanexampleof
suchaflight path(Fig4A) andits impacton theoreticalBRFfor just thegeometry(K0 is the
same)(Fig4B)betweenforestedandno vegetationregions.Our resultssuggestthatoversuch
avaryingphaseangle,therewouldbeachangein surfacereflectanceof over0.1just from geo-
metriceffects.With suchalargepredictedsignal,minor cloudcontaminationwouldbelessof
anissue.

Discussion

Coulddatafrom Galileobeusedto unambiguouslydetectvegetationwith three-dimensional
structureon Earth?Thepredictedincreasein surfacereflectancedueto anisotropiceffectsdid
not matchthemeasuredincreasefrom theGalileodatalikely dueto minor cloudcontamina-
tion issues.Wethereforeconcludethatwith thisparticulardataset,vegetationstructurecould
not havebeenunambiguouslydetectedon Earth.

However,westill positthat themethodhaspromisefor detectingthreedimensionalvegeta-
tion structureon exoplanets(with properfuture technology).Theproblemwith theGalileo
datais that theGalileoflight pathwasnot plannedwith thegoalof identifyingvegetationstruc-
tureandthereforehadaverysmallphaseangle.However,wedemonstratethat theoreticallyif
theprobeleft with avaryingphaseangleof 0±20Êinsteadof acontinuousphaseangleof 35.2Ê,
thechangein surfacereflectancewouldhavebeenup to 0.1whichlikely wouldhavebeensuffi-
cientto haveidentifiedvegetationstructureon Earth.

A previousstudyfound that40%of variancein ΔBRFwasexplainedbygeometriccompo-
nentssuchastreenumber,crownsize,andgroundcover(Wolf etal.2010).Thesegeometric
componentswouldbekeyin trying to distinguishaslimecoveredregionof planetversusafor-
estcoveredone.Suchlargeanisotropiceffectsarenot unusualandtheyhaveclearlybeen
shownbyPOLDER[20] andmorerecentlybyMODIS [31]. For instance,theAmazonforest,
theregionshownbySaganetal.(1993)to havephotosyntheticpigments,wasdemonstratedto
havestrongdirectionalanisotropiceffects[31] with changingseasonalviewinganglesincreas-
ing NIR reflectanceby~0.05(weexplorethis issuefurther in FigA in S1File.pdf).
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Couldpurelyphysicalphenomenamimic apeakedpatternof brightnesssimilar to thatof
BRDF?Increasedcloudcovercouldmimic theincreasedbrightness,but at theresolutionof
theGalileoprobewecanbroadlyscreenout largeclouds(althoughthereareundoubtedly
smallor thin cloudsin theregion).Repeatedviewingcyclescouldalsolikely screenout these
smallerclouds.Aswementionedpreviously,no geologicfeatures,in regionswith active
weathercouldlikely replicatetheBRDFeffecton thatscale.Icecanhaveperiodicsteepness
like forests,but thissteepnesswill bemuchrarerandwecanalsoscreenout iceby its unique
reflectancespectrum.

In apreviouspaper[15], weusedthesamesemi-empiricalBRDFmodelto simulateEarth
andahypotheticaltree-lessplanetwith liquid waterasviewedasasinglepixel from agreatdis-
tanceatdifferentplanetaryphaseangleswith bothsimulatedandrealcloudcover.Evenif the
entireplanetaryalbedowereviewedasasinglepixel,therateof increaseof albedoasaplanet
approachesfull illumination wouldbecomparativelygreateron Earththanthehypothetical
tree-lessplanetwith liquid water.Wetheorizedthatanisotropiceffectscouldtheoretically
detecttree-likemulti-cellularlife on exoplanetsin up to 50of thecloseststellarsystemsunder
theright conditions.However,our comparisonswith empiricaldatasuggestthatanisotropic
effectscanbedifficult to detectandalargevariationin phaseanglemaybenecessaryfor the
techniqueto work.

Why is this important?Steppingawayfrom our thoughtexperiment,it isobviousthat
Earthhasthree-dimensionalvegetationstructure,andalsoobviousthat theseforestscastshad-
owsin amannerexplainedbyBRDFtheory,but thebrillianceof theSaganetal (1993)paper
wasusingtheGalileodataasatestcasefor remotedetectionof life on exoplanets.Now thatwe
havediscoveredaclose(4 light yearsaway)exoplanetthat ismaycontainliquid water,we
wantto knowwhetherit hasclimatesuitablefor life, thenwhetherit hassimplelife, thencom-
plexlife, thenintelligentlife.Saganetal (1993)gavetheroadmapfor threeof thesefour char-
acteristicsandwith thispaperandpreviouswork [15], wehopeto nowaddafourth.
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