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Abstract：Astratincation rnodelofsurface snowon theice sheeL、Whichinc］udes  

snow density evolution．isproposed・Using the temperature pro6lein the surface  

snowlayerobtainedatDomeFujiStation，AntarcticEt，SnOWdensltyeVOlutiont］nder  

variousaccumulationconditionswassimulzIted．Itisdemonstratedthatwatervz）POr  

dihsionis verylmPOrtant for the snow denslty eVO］ution，and temperature and  

accumulation atthesnowsurfacearethemostimportantfactorsthatdeterminethe  

futuresnowdensjtypro61ebelowthesurface・  

1．lmtroduction   

Itisconsideredthatdensityandgrainsizeofthesurfacesnowoficesheetsre且ect  
pastclimatichistory・Recently，numericalmodelsofsnowstratigraphy，Whichsinlu－  
1atetheevolutionofdensityandgrainsize．havebeenproposed．Bruneta［・（1989）  
developedanumericalmodelnamedいCrocus叩tosimulatesnowtemperature，1iquid－  
watercontentanddensityprofilesofsnow）ayersuslngPreCipitation．airtemperature，  
humidity，Windve］ocity，andincomlngShort－WaVeandlong－WaVeradiationdata・Brun  

eta／．（1992）improvedthismodeltosjmulatetheevolutionofsnow－COVerStratigraphy  
（Le．thetypeandsizeofsnowgrainsineachlayerofthesnowcover）・Dangeta／・  
（1997）examinedCrocus’scapabilitytoreproducetheevoltltionofsnowdensityand  
grainsizeofpolarsnowatthesurfaceofanicesheet，andfbundthatthesimulatedsnow  
densjtyandgrainsizeexhibitstrongsensitivitytoairtemperature，aCCumulationrate  
andtheinitialdensityofdepositedsnow・However，thesimulatedsnowtemperature  

showslargeerrorscomparedtotheobserveddata，Whichcausedsignificantdi能rences  
betweenthesimulateddensityandgrainsizeofsnowandtheobservedones・Inorder  

toavoidthein月uenceofsuchquantitiesasairtemperatureandincomlngradiationon  
thesimulatedsnowtemperature，inthisstudyweusesnowtemperaturedatameasured  
atDorneFujiStation，Antarcticadirectlytosimulatedensjtyvariationinthesurfhce  
SnOWlayer．  

Thepurposeofthispaperistomakecleartheeqectofwatervapordi飢1Sioninthe  
surfacesnowlayeronthedevelopmentofthesnowlayerstratification，andtoinvestigate  
thecauseandthemechanismofsnowtexture（e．g．grainsjze，grainshapeandporosjty）  
variationwithdepthinthesurfacesnowlayerinAntarctica・Inthefb1lowlngSeCtions，  
wedescribethemechanismsofdensiRcationandwatervapordi飢ISioninsnowlayers，  
andthenpresentthefbrmulaenecessarytocalculatethedensityandthicknesschanges  
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Withtimeofeachsnowlayer．Inordertounderstandtheseparateefftctsofdensifica－  

tionandwatervapordi飢1SionintheprocessoflayerstratiGcation，WeCOnductedseveral  

typeSOfsimulationswithvariousaccumulationsineverymonthorinseveralmonths  
undertheobservedtemperaturecondition．Finally，WeCOmParedthesimulatedresults  

withfielddataobtainedatDomeFujiStation，Antarcticain1995r1996．  

ヱ． Model  

Itisconsideredthatvertica】variationsofsnowdensityinthesurfacesnowlayers  

of an ice sheet are formed by densification due to overburden pressure and the 
transportationofmassduetowatervapordi飢1Sioninsnowandtheinitialcollditionof  

SnOWdepositedatthesurfhce．   

ThestrainrateofdensiRcation，i，OfasnowlayerisglVenby  

ト一 
・  

（1）  

Wherehisthethicknessofasnowlayerandpisthedensityofthislayer．Here，the  

massofeachsnowlayerisassumedtobeconserved，Whichmeansthatitdoesnotchange  
bysublimationorcondensation．  

Thestrajnrate（g）ofsnowis  

d占  α  ．    占＝＝  
（2）  

WhereEisthestrain，CTisthestressand77istheviscositycoefhcient．  

Fromeqs・（1）and（2），thecompactiveviscositycoe阻cient（T7e）canbeexpressedas  

りc＝叩／忠  （3）  

Where（パstheoverburdenpressureonaglVenSnOWlayerandcanbewrittenas  
〃  

α＝∑則れ，  
J＝】  

（4）   

Wherehiandpjarethicknessanddensityofthelthsnowlayer，reSpeCtively，andgisthe  
gravityacceleration．AccordingtoMaenoandKuroda（1986），thecompactiveviscos－  

itycoefhcientofsurfacesnowinAntarcticaisglVenby：  

恥二（1・5－7・5）×10ヨexp（0・024β）exp（是），（Pa・S）  （5）  

WhereQistheactivationenergyofsnowdensification，RisthegasconstantandTis  

absolutetemperature．Fromeqs．（3），（4），（5）and（1），thechangeofsnowdensity  

withtimeduetooverburdenpressured（Pl．）d／dlandthechangeofsnowthicknesswith  

tiTnedh，／dlcanbewrittenas  
門  

pn・∑βfgれ  
J＝1  d（p，．）d＿   

d′  
（6）   

（1．5－7．5）×10【3exp（0．024β，】）exp（告）  
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朗〃  d（β月）dカ月  

dJ  df β′】■  
（7）  

Nowweconsidertheefftctofwatervapord撤1Sion・The verticaltemperature  
gradientinsnowcausesthewatervapordensitygradientISOthewatervapordi机ISeS  

from warmersnow with ahighervapor densitytocoldersnowwithalowervapor  
density・Thevapornux（］）throughasnowlayerisgivenby  

J＝一恥ー告＝一恥ー（獣，告  （8）  

WhereDe仔istheeR，Ctivevapordiffusioncoe餌cient）PYisvapordensity，Tisabsolute  

temperature，Zis depthand thesubscripte denotesthephase－equilibrium condition．  

Sinceithasbeenfbundthatthecoe租cientDeqinsnowisfburtoseventimeslargerthan  
thedi飢1Sioncoe爪cientinair（Yoshida、1955；Colbeck，1993）、Wede汽nethee鮎ctive  

VaPOrdi爪ISion（De打）as  

玖rr＝4×β＝4×1．199×10－qrl・75，（m12s▼り  
（9）  

WhereDisthevapordi恥sioncoemcientinair（MaenoandEbinuma，1983）．Herewe  

donotconsiderthedependenceofDe仔Onthedensityofsnow．  

According to Co）beck（1980），the vapor density（Py）under the equilibrium  
COnditionvarieswithtemperatureandcanbeexpressedas  

β－I＝伽叩［吉（喜一胡／肛  （10）  

Where7もisthereftrencetemperature，PoisthevaporpressureatTb，Listhe］atentheat  

Ofsublimationat71andRisthegasconstantofwatervapor・Applyingeq．（10）toeq．  

（8）givesthewatervaporfIuxequation   

J＝一恥借苧ex桔（喜一胡告  

Theconservationofmassg］VeS  

（雷）十（告）∫＝0・  

（11）  

（12）   

If we assume that the thickness ofa snow）ayer does not change，neglecting  
densi負cationduetooverburdenpressure，thedensitychangeofthesnowlayerisg．venby  

虹 旦＿d卜恥r景苧ex据（去一期雷）  
（13）   

d′  dz  dz  

So fhr we have exp］ained the change ofsnow density caused by water vapor  
di恥sion and densification separately・Now we combine both e恥cts，Water VaPOr  

鋸肌1Sionanddensification．Thechangeofsnowthicknessisgivenbyeq．（7）．Dudng  

atimeincrementAt，aneWSnOWlayerisdepositedonthesnowsurface，andhence，the  

nthsnowlayerbecomesthen＋1stsnowlayeraftertimeAt．Thedensityofthesnow   
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1ayerisg）Venby   

A汗l（f＋』g）＝β，i（f）＋d／）。，  

d／）。二d（β”（J）＋郎、，）か  

Wheredpcisthevariationofsnowdensitycombiningthee恥ctsofdensiRcationand  
watervapordi恥sionduringtimeincrementAt，dpvisthevariationofsnowdensitydue  

towatervapordi飢1SionduringtimeincrementAtandsubscriptddenotesdensiRcation・  

3．SirrLulationofsnowdensityvariationwithdepth  

UsingthelOmdeepsnowtemperaturePrOGledata（AzumaeEal・，1997）n－eaSured  
everyhourin1995r1996atDomeFujiStation，Antarctica，WeCOnductedasimulation  
Ofthesnowdensityevolutionwithdepthundervariousaccumulationcondjtions・  

FromthesnowtemperaturedatameasuredattimeOOOOandtime1200everyday  
in1995－1996，WeCalculatedtheaveragevalueofsnowtemperatureineachmonthatthe  
times OOOOand1200separately・Next，jnterI氾1ated on the snow temperaturewith  
depthatintervalsofO．1m，andthencomputedthedensitywithdepthineachnlOnth  
CauSedbywatervapordi飢1SionanddensiGcation．Thedensityofthesurfhcesnowis  
prescribedas250kg／m3here・Forconvenience，WeuSedtheaveragevalueofsnow  
temperatureineachmonthattimeOO00and1200inthesimulation・Usingtheaverage  

SnOWtemperaturePrO別eatthetimeOOOOthesnowdensitychangeduringahalfmonth  
（thatis，At＝15days），dpcineq．（15）wascalculated，andthenthesnowtemperature  

PrOGleatthetime1200wasusedfbrtheotherhalfmonth・Wealsocalculatedthesnow  
densitychangeeveryhalf－dayusmgthesnowtemperatureprofi1esateverymidnightand  
everynoonwiththetimeimcrementof12hours・Thedi庁もrenceofthesimulatedresu］ts  
fbr one year uslngboth methodsaboveis not sigmi6cantT Therefbre，We uSed the  
fbrmermethod丘）rSeVeraltensofyearsiteration．Withregardtotheinputofsnow  

accumu）ation，WeSetfreshsnowonthesurfaceatthebeginnlngOfeachmonth．  

Watervaportran甲Ortfromtheatn10SPheretothesurfacesnowshouldbecalculat－  
edbythebulkmethod，WhichuseswindspeedandthediWerenceofsaturatedwater  
vaporpressureonthesnowsurfaceandwatervaporpressureatdepthz・Becausethere  
arenowindspeedorhumiditydatanearthesnowsurfhceatDomeFujiStation丘汀1995－  
1996，WeaSSumethatthereisnowind，andwatervaporisatsaturationnearthesnow  

Surface．Usingthesnowsurfacetemperatureandairtemperatureatdepthl・5m，the  
Water VaPOr di飢ISion balance on the snow surfaceis calculated．The boundary  

conditionson thesurface aresetasfbJlows：  

J＝一嫁ニーβ（告）告  

j．J．7祝電脾cJqrde那折c（Jgわ〃  

First，uSingeqs．（6）and（7），theeffbctofdensiGcationduetooverburdenpressure  
On the change ofeachlayer’s thickness and density with depth afterlO years of  
repetitionwasexamined．   
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3．1．1．Simulation A：Unifbrm accumulation   

lnordertoexaminethee鮎ctofaccumulationrateonthedensityvariationwith  
depth，tWO CaSeS Were run，with accumulationsoflOmmand5mmofsnowon the  

Surfaceeverymonth；10mmiscomparab］etotheobservednetaccumulationatDome  
FujiStation．  

TheresultsinFig．1ashowthatinthecaseof5mmaccumulation（thinljne）the  

SnOW densityincreaseswith depth above O．56m more rapidly than that forlOmm  

accumu】ation（thickline），and then the diffbrence of density between two cases  

decreaseswithdepth．  

Without the efftct of densiGcation，thelO years’accumulation becomes O．6m  

thicknessinthecaseof5mmaccumulationeverymonthandl．2mthicknessinthecase  

OflOmm accumulation every month，reSpeCtively．When considering the e能ct of  

densiGcation，thesurfacesnowoflOyearsagomovesdowntoapproximatelyO・56m  

depthandl，08mdepthrespeCtivelyfor5mmaccumulationandforlOmmacclユmula－  

tion．  

Figurelbshowsthetimerequiredtoreacha glVendepthusingthedensi負cation  
modelinsimulationsA（1）andA（2）respectively．Becauseittakesmuchmoretime  

fbrasurfhcesnowlayerwitha5mmaccumulationmodeltoreachthesamedepthinten  

yearsthanthatwiththelOmmaccumulationmodel，thedensityわrthe5mmaccumu－  

lationmode＝ncreaseswithdepthmorerapidlythanthatfbrthelOmmaccumulation  

model，aSShowninFig．1a．  
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3．1．2．Simulation B：Seasonalaccumulation  

Inordertoassessthee能ctofseasonalaccumulationonthesnowdensi爺cation due  
to overburdenpressure，Simu］atjon B was conducted fbr2cases：1）10mm ofsnow  
accumu］ationonthesurfhcewasappliedonlyinwintermonths（Apri1，May，June．July，  

August，September）．2）10mmofsnowaccumulationonthesurfacewasappliedonly  

insllmmermOnths（October，November，December，January，February，March）．  

Figure2shows the simu］ated density－depth pro別es fbrwinter accumulation   



N a t10n al ln s tlt u t e o f P ola r R e s e a r c h  

66  Y．Zhou、N．AzumzL andT．Kamedz［  

ね憎籠伽う  
200  2＄0  脚  3聞  側○  
O
 
l
 

l
■
 

写
卓
l
名
 
 

f複・2・7Ⅵerg∫〃血げ∫山川加わ〃凡de那f伊J甲一万クJマβナビ∫♪rw∫〝おrβCC〟J門U加わJ】（dd∫たどd  

〃〃ピノごJO′”〝∫ハ”0〃rた〃タイ／－ぶ甲紹′”ム叫＋0′”′r∫ハ”0′∫一月（Ocわ鮎r肋rcり  

α′∫d ノbr ∫〟J打〝ほr‘プCC〟〃1〟ねrわ〝「∫OJJd 仙（小 0力刀0〃J力 〃pガトS甲reけ丁わgり  

＋川J〃椚力刀〃け力（伽わあgr〟〟rdノ佃。＝JJX川jexp（α鮎ヰβノg叩「¢／尺乃ノ．  

（dashedline）and fbr s11mmer aCCumulation（SO）idline），Which have no signiGcant  
di恥rence・Ifweassumethattheinitialaccumulatedsnowdensityhasnodiffbrence  

betweenwinterandsummerthee鮎ctofseasonalaccumu］ationonthedensほcationdue  

to overburden pressureis negligib）y smallbecause the seasonalsnow temperature  
di恥renceinthesurfacesnowlayerdoesnotsigni負cantlyaffbctthesnowdensi6cation．   

ま2．乃e色脾cfq／wferγ甲Ord動∫わ〝  

Figure3showsthewatervaporf）uxvariationwithdepthatintervalsofO．1mat  
midnight（timeOOOO）andatnoon（time1200）insummermonths（October，November，  

December，January．February，March）and wintermonths（April，May，June，Ju）y，  

August，September），reSpeCtively．Water vapor f）ux was calculated from the snow  

temperaturepro別edata11Singeq．（11）．Itisevidentthatwatervapordi恥sesmost  

activelyintheuppermOStO．2m，anditdinlSeSmOreaCtivelyinsummerthaninwinter．  

Next，uSingeq・（13）thatconsidersthee庁bctofwatervapordi爪ISion，thechangeof  

eachlayer’sdensitywascalculatedforlOyears．Inordertoexaminethee恥ctofwater  

VaPOrdi飢1Siononthedensityvariationwithdepth，tWOCaSeSWererunaSdescribed  

below．  

3．2．1．SimulationC：Unifbrmaccumulation   

Inordertoassessthee鮎ctofaccumulationrateonthedensityevo］utiondueto  

WaterVaPOrdiWusion，SimulationCwasrunfbr2cases：1）10mmofsnowaccumulatjon  

Onthesurfhceeverymonth，2）5mmofsnowaccumulationonthesurfaceeverymonth．  

Figure4showstheresu］tsofsimulationC：a）10mmsnowaccumulationandb）5  

mmsnowaccumulation・BothoftheproⅢesshow10cyclesoflowandhighdensity  
a）ternationthatmaybeconsideredannua）1ayers．InFig．4b，densityvariationdisap－  

PearSbe］owO・6mdepthbecausethesurfhcesnowlayeroflOyearsagodoesnotreach  

belowthedepthofO・6mafterlOyearsofiteration，SOthattherearenodatabe）owO．6  

m・Thepro刑eincircle2thathaslitt】edensitychangewithdepthcorrespondstothe  

winterlayer（AprilTSeptember），While the proⅢein circJelthat haslarge density  
Variationwith depth correspondstothesummerlayer（October－March），Thelarge   
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gradientofwatervapor仙xnearthesurfhceresultsinalargedensityvariationwith  

depth，Whichismoreremarkableinsummerthaninwinter，aSShowninFig・3・From  

thissimulationwea］sofoundthattheseasonaldensityvariationisfbrmedwithinthe  
upper50cmofthesurfacesnowlayerandthewatervaporf）uxgradientbelowthedepth  
Of50cm doesnota鮎cttheseasonaldensitychangeproRlesigni負cantly．Comparlng  
WithFig．4aand4b，itisclearthatasmalleraccumu］ationrateresu］tsjnalargerdensity  

Variationwithdepth．Thjsresu］tisexplainedby the］ongerresidencetimenearthe  

surfaceわrtheaccumulatedsnowwithsmalleraccumu）ation rate．  

3．2．2．Simu］ation D：Seasonalaccumulation   

Inordertoexaminetheeqectofseasonalaccumulationonthedensityvariationdue  
to water vapor di飢ISion，Simulation D wasrun fbr two cases：1）10mm ofsnow  

accumulationonthesurfaceonlyinwinterrnonths（Apri1，May，June，July，August，  

Septernber），2）10mmofsnowaccumulationonthesurfhceon）yinsummermonths  
（October，November，December，January，February，March）．  

Figure5showstheresultsofsimulation Dthatexaminedtheeffbctofseasonal  
accumulation on the density evolutionwith depth．The density variation for only  
winteraccumuJation（Fig．5a）islargerthanthatfbronlysummeraccumulatjon（Fig・   
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5b）．Inthesurfacesnowlayer，WaterVaPOrdi机1SeSmOreaCtivelyinsummerthanin  

Winter，SOthattheinf）uenceofwatervapordi爪1Sionondensityevolutionislargerin  

summerthaninwinter．Inthecaseofwi11teraCCumu）ationtheaccumulatedsnowstays  

at the surface where water vapordi飢1Sionisactive duringsummer．Consequently，  

thedensityevolutionbecomesverylarge・   

j．j．Com鋸〃J〃gf力eq酔cf∫q／de那挿cαJわ〃αJldwαferγ甲Or【7軌ぶわ乃  

Usingeqs．（6），（7），（13），（14）and（15），WeeXaminedthetotale能ctofdensifica－  

tionduetooverburdenpressureandwatervapordiqusionduetotemperaturegradient  
Onthechangeofeachlayer’sthicknessanddensitywithdepthafter30yearsiteration・  
The compactiveviscosity coe侃cientofsnowistaken asl．5×10J3exp（0．024p）exp  
（¢／Ⅵr）（Pa・s）丘omeq．（5）・  

3．3．1．Simulation E：Unifbrm andseasonalaccumulation   

In order to assess the e鮎ct of unifbrm and seasonalaccumulation on density  

Variationduetobothwatervapordi恥sionandoverburdenpressure，fburcaseswere  

run：1）10mmofsnowaccumu］ationon thesurfaceeverymonth，2）5mmofsnow  

accumulation on the surface every month，3）10mm ofsnow accumulationon the  

Surfhceonlyinwintermonths（Apr札May、June，July，August，September），4）10mm  
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OfsnowaccumuJationon thesurface onlyinsummermonths（October，November，  

December，January，February，March）．  

Figure6a，b，CanddshowtheresultsofsimulationsE（1），E（2），E（3）andE（4）  
respectively．Itisclearfi・Om Fig．6thatthevariationofdensityintheannuallayer  

decreases with depth dueto snow densi飼cation and disappearswithintheupperone  

rneter．However，thissimulatedresultdoesnotagreewiththeReldobservationthatthe  

annua】1ayeridentiGedbydensityvariationispreserveddowntotheclose－0打depthor  

more．Thisdiscrepancycouldbeattributedtothelargecompactiveviscosityofthe  
depth－hoar）ayer．According to K（再ima（1959），the experimentalresults on snow  

Viscosity showthat the depth－hoarlayer hasa muchIarger viscosity againstgradual  

COmPaCtionthanfhegrainedcompactsnowhas．Ifwetakethecompactiveviscosity  
coe疏cientofsnowtobe7．5×10，3exp（0．024p）exp（QmT）（Pa・S）inthedepth－hoar  

layersandl．5×10」3exp（0．024p）exp（QmT）（Pa・S）intheothersnowlayersfromeq．  
（5），WeObtaintheresultsofsimulationE（1）andE（2）showninFjg．7．  
Figure7showsthattheseasona）variationofdensityispreservedwithdepthinspite  

Ofthee恥ctofdensi月cation．Thisresultagreeswithobservationsinthe鮎Idandbyice  
COre analysIS，thatis，the］ow denselayer appears periodicallywith depthinsnow  

Stratigraphy．Therefbre，Weinferthatthe］owdenselayercomposedofdepth－hoaris  

moredi爪culttocompressthanothersnowlayers．Thismeansthatthecompactive  

Viscositycoe偶cient，eq．（5），Shoulddependonnotonlydensitybutalsotheshapeof  
SmOWgrains．  
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3．3．2．Comparisonofsimulationresultswithfielddata   
lnordertocomparethesjnlulatedresuJtswiththe丘elddata（Azumaeta［．，1997）  

measuredinFebruary，Apri1，OctoberandJanuaryof1995r1996atDomeFl可iStation，  

Antarctica，thesimulationE（1）hasbeencomputedfbr30yearsiteration・  

Fig11re8showsthesimu］atedsnowdensityconsideringthee恥ctsofdensi翁cation  
andwatervapordi飢1Sionwiththedensitydatameasuredbypitstudy・Figure9shows  

theresultsuslngalargecompactjveviscositycoe代cientfbrthedepth－hoarlayer．Itis  

ClearfromFig．8thatthewholetrendofsimulateddensityagreeswiththatofmeasured  
data，Whichisconsideredtobemostlyinfluencedbysnowdensification・Becausethe   
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density measurement by pit study was not made continuouslywith depth（10cm  
intervals），itisreasonablethatthemeasureddatadonotshowtheseasonalvariationlike  

thesimu】atedresults．Thelargedensity variationobservedin themeasureddatais  

PrObablyduetootherreasons．Thevariationsofinitialdensityandaccumulationrate  
influence the future density．In this paper，tO Simplifythe model，theinitialsnow  

densityandtheaccumulationrateareassumedtobeconstant．7lowever，inrea】ity，the  

initial snow density accumulated on the surface should change seasonally and the 
accumu］ationrateandthesnowtemperatureshou］dchangeeveryyear．Thee騰ctof  

thesefactorsshou）dbeconsideredinfuturestudy．  

4．ConclⅦSions  

Wedemonstratedthesnowdensjtyevolutionafterdepositjon，COnSideringthatthe  
SeaSOna】variationofsnowtexture（density，grainsizeandgrainshapeetc．）identi年ing  
annuallayerscanbeproducedbywatervaportransportationthoroughsnowlayersand  
densi範cation due to overburden pressure．It has become clear that the periodic  

Variationofdensityisduetotheinf］uenceofwatervapordiffbsion．Thetemperature  

gradientinsnowisextremelylargefortheuppermostO・2m・Largesnowtemperature  
gradientcausesactjvedi恥sionofwatervapor，thusresultingintheperiodicvariation   
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Ofdensitywithdepth．Becausewatervapordi飢ISeSmOreaCtivelyinsummerthanin  

winter，densityvariationislargeinsummerlayersbutissmallinwinterlayers．   

Itisprovedthattheaccumulationanditsseasonalvariationinfluencethedensity  
evolution．Smalleraccumulationresultsinlargerdensityvariationwithdepth．And  

SeaSOnalaccumulationin伽encesthevariationofannuallayersinthedensityproⅢe・  

Forexample，wintertypeaccumulationproducesthelargerseasonalvariationofdensity  
thansummertypeaccumu］ationdoes．  
Wealsofbundthatthedensityvariationwilldisappearwithintheupperonemeter  

OWlngtOdensjficationduetooverburdenpressure，Withoutalargercompactiveviscosity  
COefncient，fbralessdensesummerlayer  
This simulation modelshould beimprovedinfuture study as fb1lows．First，  

annua】variations of snow temperature，aCCumulation rate and density should be  

COnSideredinthemodel．Next．thereisneedfbramodeltocomputethecontinuous  

VariationofgrainsizeandshapeWithdepth・  
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