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rel ahgdcrlgdana.t oB wtghy efl iyeloshs each ot her to provide
dat a necaensssweerryr tthoy dr o me e & at e dopougacsétalnbanes f mihild t h e
respetcatsakvse raeemdui ri ng col |l aboratiosaciwenthi snasny( F
197&Re.alizing t he need t o mor e eftfheci ®@flotl ey f
hydromet eéandbhomgbestthdl yinhdeme s g g nadn dg lwalHelmMeywlew x e s
t hter ue ntahrugieel dflale Bt Mmosphere amdethdg dewlspmhee eo

under st amdium@l ofdi sasters suchalaosngf Iwoiotdhs ,a sdsriosl

water resources re(MMatwerdoetssales, i2202l) soci ety
Through t he assimilation of met eor ol ogi cal
knowl edge oempksestbeythe | ink betweebhohpdtobkbogp

nat hmakartdhseh dretsmaslueceh as fl oodsThand mpebrtiance! @
measurgmest beyo+fcrjmudtor ehcyadsittoi megt eaolr doel rovga tciad n' s

be uUusieddeci si on fsoorp@toirfoors ear vv areise trye loaft eadp pbluitc &
[ i mi tweat etiro,suppl yharplewiltiohfygg @Emea@dnwavi oms,nowme

prepatinPaetclkd iBene,. 2010)
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Theskservati ons darae nedasd ittauimemaedndtusr gavih e e d

i nstrumertighpracwiudeacy pointumedstuo emghiomiall hiae
dynafmoce omsdse.l However, the densiigpebhtithebye D
compared to the aard whialte tthleggy raempe esfetnén cor
measurement s, they wil|l always be | Tinstad by
especi aldrye cirpretaastoircecrmebhher rain or snow) wher
came hi bbhtatda mge eext i @ads i n usmenags ulrienmetneeds r peosiemtt
area avilemgee sensingphavildeeang exceassvel aimo u
t hatnodo requi mé¢ e hwesadnu coinng the need thaasedly

measur dmeantaccur at e representationgriordh@agledbal

measurements have their | imitations whseint comp
measur enceanltisbrtad e and validate anysaemotebtal

hydrometeorol ogpienal, C@lddmrwuatail oans 2021) .

The use of r dfampat @ me € e sgrroejaotglyy hianspr oved measur
(Peck, item®) easeénsiarge ttuoscerded Iro gives hydr sanblt eor
suclhuas not plriemii tpe & att d ahoingltanid hsur f aekbavadi ab
vegetsautcihonas | e(alf Ahaprrenaa dlii rzdeeelxeegrect eantdi eoxn ,@MDV 1 )

those rel at ednuodee pstrhawWsBso)w hwatser e Kiu svtad £ nét (Bl
2003 hese variables are important for tdreescri b
hydr omet eor ol foari caafd p Ipir oacteisesress s u cahnldysd r fod roegd acsat

mode lXiungt( al ., 2014) .
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Experi mentandGRAG@E) vneo rper ovi ded numerous observas
paraditdhra ofmportance of remote sensdaomgpdrmoentoshs
ofearth nsoydseOesm abuhdéystand manyt her ovxaetbeare sc ywil |
increased assi gmarnfy naat @gplad Glecar gondd et oe and r e
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the Moder attenaRe gl Stpie@n r orardd oimev egt i(gueOtDd St) h e
i mpl emehanglgand nsnordfddacsseed on | i dapame@acsume me n i
measurememt NASA baanbeamgkdt o otthied aSpaommehTechnol ¢
Exper iLme)riEtd 994 which then | ed Gl o bhak alrtdiemestl eorp m
Syst(e®@L AM)i ch was | aunclted | onldoamd tLRa@éIdCES ®tv)at i
in 3M:Cormi ckTh200E&ESatth éo Islsa voéneé whawu Rlcdudf t h
Aer ols alarinfanBdt hfi nder Satellite (CAL(WS®ORemobs

et al)., 2010

I n mor e rrsecleindaryemi ssi ons such as t hveerlscieo nCl20 1
(I CE2Sat( Mar kus et al ., 2017) and Global Ecosys
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2021) .

ThleCEatand GEDhawe smotinsated the work perform
1 (1) evapuvatvedanduggestions for I mprovements
scatteringesnoawwvdeptdavE@DBRd®Reby ahw pggt melt.r i cs
active spaceborne | idar GEDI to evaluand &madd:
cover (LC) dahd produhmpaastssc8phpbAatidaseanmiy thel e
Community LandudMordgh csrreedda#)ya sur.e mé@€mé s c oanncdl usi o
contr iobfuttihoinss research can be used to motivate
t hreetri bydtromét eorolforgomas$ paadiharmn eexalni dtaoren be
i mprove past and future datasets to further

applications such as but not | imited to forec
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Measur ement s
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2. 1ll.nt)roduction and Motivati on

Accur ate meas ureegpmehmtr(sBDgfm osvn vt er aeignup ovratl eemtt &
t hey are cruciwvdatshteart,e hvyadrricaldo gaydcalmald! ¢ | ( hanh @
201Bhe abddpttwri@mingd BWBRBsur enmentist eadr ear damd t he
examplihe €Chret i guous Unit ed-s iSstmawve s de(@adaN E&eent i n
avail ablrecefsr osnuNshd uacsn a@alheResour ces CoSIM@TEILat i on
net work (Serreze et al ., 19 90O9ONWSg n da ntdhées hiea t N
Cooperative ObservermhoW&€wWOP) t meds evo mpkes pmadr sme a s
Additi onaliltwy, itntfeaed memntlse eorn hare maumjtacineto
Remote sensing has d&desrsweabnmega stua eaneert so nmier otmh i
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The I|-€ESats | aunched on 15 September 2018 wi
Al ti meter System (ATLAS) i nstr wsmemtsuboameat d
gl asi erps, canopi es, and terrain, ddérmingeadviftrhol
t h5e32 nm (green)l ATk BSksH A sferequdirbgseatdat pr avi
hi gh resol uti owmi taelsoonlguttihoen godwen0da ge mf avo tt ghr i n't
m ( Mar kus ,makahg, tvBialblFl)ed aorp tai o nr & soa| wteira nv i snrgo vh
me a s ur eSneevretr sa.l past | CERdise sa diveamnmbkreelyedegr i ve sn
deptthhr ough combiomat e wonfe asBih wane nets &1 . 2021
al ., 202 2; X. Hu et al ., 202 2B e rNgealre nestc havla.n,d e (
et al).,l i &2 4aredh sua ékomarecn tnsi (and Kwo k, 2P20pr Kwo
through the wuse of hiTglei césefrutainan KBPEM, m@ddl7
However, the uncertainty and biases can be | a
depanidhs sr vaspawmanyati on for d2evsed@wt mgprnt dcud

which i s a st(arnddluored radt.r, i ewal2) .

Theevel opment and i mpl2e meenttraite voanl owe ritéh.dpel rdBS an
et al ., 2022) andovkera@gbules dempn2022ajedhetew
for gl obal Hpwdhagat iroensul Dst hveerAancdt o code-di dual
l atitudembhsghtse | arge differen¢ &dg)nboent weeepnt ht
productl GEnlats mew Fd ggujrtesr he s emdti inWda thngist st study
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2. 1. Methodol ogy
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R0PRYy compar2ngnbCESatet dei ty measur eknmenUA der i
snow depth anBr SWEaIROdwByctDawQh7 et 2¢2@QL 8t

Broxton et Snow ®&eOplt9hs niuwlotm pll GE Slaitdar a@arceatt er

derived using the following three met hods:
0 ¢O (1)
0 Q0 (2)
0 Q0 ( 3)

Wher el*Yt h%fand98der mombatksoégutbhediegtgrt (hbiust i on

proportional HankdhepsebBendeptf hse s dMotntter iCag | ©c
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radi atisemulfahsbds tarae tplesdedun atf@-EBSidd ar hphoautgchn t
a snowpacRhRs madi emampl e] CE&antmequsatrieanrenl s can
estimate the snowslihawrik sicma tabhielg .t h&o faivliee a@®) patt
then be Dhé¢ ai atido agfozdWod Yod emgwhil ch C i s the s
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Af ul | derivation and theory of(OREi g@anedeval
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Snow depths2faonen & C&dSasin ew fdoma stawws r egi ons ( Mo
and Gr eadtmh hlea kEGNUS r o ngd2002119 where the snow sea
Decenrmpeadr.restrial Edmd av &rdi avbh Rehss ndoree HER S &AL b
(defi ned-2asnbwBBAapstnhow de pMODIISGBEPN LGhvee |l and an
Bel war d, 199U tMethrajsen@D 2RRPDMGI d an ,a2mMAlMe y eni et al
20 1doB)a stedrsr,ain metrics {LANDBERE,, LRLARBFREE 20 2 (
along with canoplyDueayalt sathdaoalnhZEN®RAEL$ chwande:
al . ,. 2823yl I table of all @RIEbaar bablfesnads ead I
Additionall vy, t heydefsienearnley -aJf® ec2dvW , s endi sdadnl e (
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hi ghest third eosl cctoolaé esln ¢Rv tsdnecheiBtShast | WA tshredaw st

dept hs -kar e estol 44t i on across thadalklOAUASI aade at b«

—

hrough areal averaging usoirnegatae npe axnea s tvhan euhegsh

(7]

pati al resolution of the UA snow depth grid.

2. 1SwBmmary of Results and Conclusions
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considering the ti me o,t neengpn tsuwedes onf atnhde tsenioans

(7))
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0.38 m, respectively. Additionawiltyh itrhcer éd sisreg
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l i near regred CiERada nbde tUMe smotwhedept h biaseto in
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to have strong i mpacts on the retrieval 6s per"
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FigureW nt MIODI 8ie L ARV efrogrr een . Neepd8redeleaf i gure s
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the entirgr WOWINU&S many anogvee rs awpd tetsert ot he def i c

LAl reerlemated to the MODIS LC data that serve as

2.2. Methodol ogy

The MODI §rlLAav@mpet es toea LAl bhbapeds of | and co
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considered talll GB/Pe gle@ att ycpmemso pw ipehree T@ltbtl lpa@ B2 m;
eval uhtee¥MODI S LC d&HGEDI usiam@ pginhloyuvgldle @ d aibmg i der
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2. 2. 3ummary of Results and Conclusions
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Misclassified Pixels based on GEDI Canopy Cover
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expect ed wintche rtthaeie matax yeiad\Wh iglrrelec sesasonalPAayndl e f o
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needlwdlegaef esti mation of the und&het megnbadAtl ca
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average duri ng. tThhee tpwoe sceomcdei toifonssnow was 1 nsen
was more sensitive for evepriguedieanl U eosr elset, weeesnp e
NSC conditions %m?afnura phperro adcenmloZis mr @ tsit in @svgajlhries

wi nt er tFiumd her mor e, GEDI PAI measurements sugg

foretEAltmay be underestinRitedleduB3d ng the wint

To coMODR®IdASAI Mi t che@IoI2=aéptpl alecpraceowsing correct
wintertime eGHDIbaRAdaddieiniB2t sdd WHIAVW sand SAV p
perfor mendd weelrle consi stRBinxelf owiwititicgmé ( p Aib)detuct s
vallwewer than tthée gungwhalrdae maul ti plovvedeby etchedr
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This correction improved the seasonal cycl e f
vegation, especially in ENF where the winter

of evergreen vegetation througagtsowmtg!fithec barl e
of the GEDI PAIl usoed ebauwcth waCs tiynpsee nvsaist imaek efsor e

the seasonal c¥chbentoB4DBF worse (
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(Tang and Armston 2019), versus the use of gl
retrKeyati khin .etl nalt.h,e 1t%9%% of the PAI and LA
but it has been shown that in dense forest th
waveform profil e, |l eading to overestamabhoof o
the canopy returns and PAI (Liang emawnl hel 202
expltageenner alPAy measur ements thaabLAIl BAdkdistuir emeae
the differenced¢ hien prhha 2b¢ sgi(ak@lom) can add un

when the GEDdaveéatgear ¢ oamaalch t he MODI S grids

Corrections were suggested for the MODIS LC di;
were used to reclassify the pixels bppedaoh t
showhi gmdesBB8|] three GEDI canopy metrics to de
t hen PAI values badasbddadeB2t menédnahegberna tal
evergreen, mi xFeidg, Br3r | lduescti rdautoeuds .t he di stri buti
reveal ed4tohat5enl and 15% of ENF, EBF, and MXF
DBF pixel s werbe8 %nuasmhdng roe acteere haatt ev bk EAF uggl es
be due to snow cover or winterti me ctomati ttilens
LC data may be misclassified, | eadi ngfdro d arg
given Thmeakburaeamédosn t he GEDI demaadthman & hleirdea rr
only may be misaféaestingdth€ pAfNeitegs@iviad dplue s t
over evemrgersdaéen The advancements in spaceborne
providing insights into t haeMiptech ol Inétkcegvled t he
antdht these | idar measur ement s ucsaduwlgd dmda au dad nt

and future spaceborne |l idar missions.
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231 mpact on CLM ModeAbBegswrnalAdCwaslte ngsi ng Sp:
Measur ement s

2.3.Lntroduction

Mi t c hel[2l0 2¢etly ad lu.at ed t he MODI S LAI ryeaari eyvard i ad
(202A2®2avyer t hewh@EGONUS,esul ts using measurements
demonstrate deficieMODeéISAlwhewerreeveeregli agn ther
wintertime months. Their study computed medi &
GEDI and MODI STa brl2gs. pBeTchteisvee Iryat(i os wer e used a
seasonality of passively r et r(iaenvde dh ed@®liuSnal Ael)
PAl from GEDI , M@DéLSel wiort eBENF meet ri eved were f
values than summer with a median ratio of 0.2
the median rati o f or aBEnNdF twhaes pfoodMiODIpLEN bf obrenm aOnNECBEF
was consi stent with oZdeneg esttYadh ge,se 2(0T& Ba,n, e2 0 (a4 ,.

et al).., 2012

MontlhAdyrper escr i be,dvhtiac hClaMa.t One dGolmufnoirt yt heEear t h Sy
Mo d el ver si dlnawr e(nCESH%2t)L awr en2d.leTheade , marOtlol y
valarse derived from the c¢limatology of MODI S
and Chase 2007) and are subject to the weakne
snow cover as su@opBit @€hibdghlTiagmt £tt mils weakne:
inconsistency in the seasonal cycle for the p
shoul dvieé yr eloamtsit ant throughout the year but v
the northern RAémi selpersewt mat eéro.n of LAI i's an

system model s asthe I|damswmidded ovidtueerncaersd ener ¢
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al ., Mox21lv)at ed by the fi ndi nwhseroef tMietyc hced rlr eectt
MODI S LAI using a medi @nmngw#)pt é&rhitso sstudndmye ri nrvae

i mpacts ofcappédgih@GlgMihhrses cr i beve id\mb e udssngg
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Fig6.Ce M5. 0 Sat el IAinther alP h éByarlledidgryo ERhE 2| ot panel s
showmamtehl y LAI f olrAlb ovwvedadreetssro nvdihntelgt ot bebhbot t «
ot he figure

2. BE®rcing Dat a

To test t h ec haennyshimtgie v iclr A Ib eviben CtEIEeM2 mo d e | usi n
| 2010CI m50Sp (ccomppasieetc) hC lsheSh.sd aromd lay of f | whe cimo d-
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al ., 2019) .
2. BMo3d e | I nitialization
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Fi gudr eGl obal Cover dagee-ads h &nvadreglr efeing hgerei ds hboowxs
percentage of each respective evergreen tree
figure.

Monthly LAI for PFT 2 - Boreal Evergreen Needleleaf
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2.3.4) Results

To investigate the i mpact of changing the se
suggested by MR2)bweh eclolmpeatr eall .sever al vari abl es
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avernoget hly seasonal cycle of wvariabl es, t he
runs, and timhersenicd@ P& dNamydeiagsl Web anloltyi.ced t hat
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evaporation and transpiration during this per.]
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| arge role in some oifndhea=zi LdAérences observe
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Sensitivity - Control Run, Latent Heat Flux [W/m?2]
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Sensitivity - Control Run, Sensible Heat Flux [W/m?Z2]
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Annual 20yr Mean Monthly Time Series EUR-1 West Russia

A LAl [m?/m?] B SWE [mm] C Inflitration [mm/day]
,;’.>\ 200 - ‘4.‘.\ -@- ENF87_EBF90 801 5
3.07 ’,. ,’ -'-_“ --4- Control g1
SE e 150 4¢3 60 1 YR
0 A 3 2y JE

2.5 ‘,’ ; 5 .-.._‘_ e .,'I 1
r-o-0- ; B | 100 - '._.\‘I 40 4 __’.' ‘._il

2.07 3 ; .“\ A ? H

' E 50 4 % 1 201 ]
A 'S kY & }

Chaed Mvad 0l veasae | ek beegee.
J FMAM) | ASOND ) FMAM] | ASOND ) FMAM] | ASOND
D Total Runoff [mm/day] E Ground Evap [mm/day] F Canopy Evap [mm/day]

] [ -
0.3 1 Y AR N
3] .“t 0.6 1 % o: e
it ir b, 02—t bR
q - . " [
24 i o ZI Y o1y f }
e 0.2 s/ ‘s 4 F
RN : R < 0.0 - [}

1A i ‘\.“ ‘(.4 ’s\
}_?.;‘ | ”Q--O‘-—-F-O--tw‘.ﬂ 0.0-,.4,'_-4 | I o 01y e
] FMAM] ] ASONTD J FMAM] ] ASOND ] FMAM] ] ASOND
G Canopy Tran [mm/day] H Intercepted Snow [mm] | Snow Depth [m]

2.0 ¥ M 9 ¥e

£N 08+ o R R
151 & ) 06l .4 J A
£y uhy AR
107 ,{:’ ‘\‘ 0.4 N : \ A
0.5 ' " 0.2 "‘ j 0-2 ".‘\ ,’r
R &N
00p-¢-¢"  W-e( 00 : V“t--&-t—‘ : 0.0 1 . ‘*-t-—-# [ = «* .
] FMAM) J] ASOND J FMAM]) | ASOND J FMAM] | ASOND
] Soil Temperature [K] K Albedo L Net LW Rad [W/m?]
’\ 0.4 - ™ ";
¢ ":ﬂ& 4 e R SN
285 4 J * 0.3 % y’ 4 h
J L] ' A\ a‘ > ¥ ‘\‘0‘
I
280 1 ;‘ 5 024 “ J 509/ X
: ]
J ) y ‘d syt LY
275 A 4 N 014 \ / . 5
' 4
.—"“r “"' ’*m‘__‘_ ‘r“ 40 " 3
] FMAM ] J ASOND J FMAM ] | ASOND ] FMAM] | ASOND
Month Month Month
FiguZz e-y®ar Average Monthly CLM5.0 outpPheée Ti me
annual c¢cycle using 20 years of 12 different v
the EUR_1 region FWgsester® Russia) from

Thi s fiisncaixme lceaend pays wool @erbener easth g it hqe
the snow wouhtdol bet ebbanrgdpriisngr fvAevBt ednbyl t hat

of water iinh oAptiel gribwindhi gtirée g aaCe Maydi ft o ro ntaH il s

nT



decrease in the temperatnurAepriin tamed vwelsgirdded ad rh y
soi l is frozen dthrei dge plaarteaiale Virrotmert hfutgoneé r ol
12))supports this shifdtecirre atstee i sindvwmelttopasf t he
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at mos.phleddeki ti onal l vy, the | ehawed i wiel lofaltshe tyrea
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i's avainldaiidhersef Fie g d26el hierse changes observed o\
Western Russia were al so ptrlesseentf riaom ottthee rCA olr,
ASI A_1 ,r eaglitohnosu gthh em o ames maen &WiRdRFEOr I nst ance,
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snowpack has on radiation, energy, and water
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Annual 20yr Mean Monthly Time Series US-1 Pacific Northwest
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Annual 20yr Mean Monthly Time Series AMZN-2 North Brazil, Guyana
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amount of water that reaches t(hieg @G®.u nkto vaenwde rt ,f
the rgdauoerd evaporcatmpoen siag ealq falrl yoy Ftilpaair®ano
14H) and h t he increased LAI thereasang@ghmoiaeaclhea
canopy tr(Bng@l)e athe®ennet changed eadfdostthltees ei ndmreae

evapotr antspwhRiag@MMeand hence | Rtg®Be.heat f 1 ux (

As the forests are ahase asdeyd Iftlehs tciklg n tt enfiep e uial & ucr hee
dK)angdur adab@dagadi)e As 1t dacki dateet ® nnormhu chhiaimgmeEena s e

| atent MhieqaudBd lcusmpensayedde&oease i n skingurbd e I
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rel ati veloy smaslfFladncleAley@potr adspf en®d40a90 lar e

0.3(0.)00. B350 @&@n @4 ) MAimm/ Jaagtrhe AFR_1, AFRn@, AM:

AMZN2r,espectively
2.3.5) Discussion and Concl usions
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Th&ODI S moaMtiatyw prescribed to the model wer e
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For thENBOfime stesul ts showed that changing th

i mpact on the seasonakhanwgbamegéd tshhg@gesowpang.

t he LAI t cemabohl tbgcle derived from spaceb
i mplications for Tdoef clhlaywgesuplned hmo daemlnsumradw c y
mel t a godu | rdu nhoafefe c Hnapgrec e ts wonmloyg al and regional
potentially gl obal scales as wel |l

2. BWmpi cations of Co mb iMoidred , Reamat eGr Saumsdi n@b,s e r
Community.

I n thi $dedqdpitiekee di fferent studies that al ever
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data with bmsed measu,teneeonnpsgprgdethhiayid act Pvé) r e
sensdiantga r ¢ Chia@ Vv alnsd 2 .a2n) oudskt Pelidn p u t dat a f(oChapt e
model ing sehsampdairad § st udgrying tempor al and
stradfeggveraging the data to a ttcwmambéeowspati
compari sons bet ween tdvwe were,foedoosi hntg dsautcalt hpa noadl uycs
|l oss of comsrdatiomg the high spatial resol uti
| CEQatnd meommee of t he asdvaacretbaog emse . ¢ Tanevcal és o n
coarsgeart i al troe spoelruftoiranm a rhaelfi yesfoest, mat epnesent at i c
understandi nggnalfyadeitdat awawef ace as a communi t
i s tthha ght approach whoatoulad aalh @ otafeagxsi cnaulma nadg r e e me

bet ween the modeling, obsefvation data, and r
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The analyses performed in this ditshsee rpteartfioornmaan
of sdneopwt hs f r2Zamldd C&ESadat at i on M@BL Biwchs tfhreo ng o al
i mprover ¢ dtecstese combi ned with others to help wu
As alluded to i raGhap tnera slu rifdama ngesd wbed arnest r u me
coveralgrew&SdMre | emcoengubwptt bnal h@s@audrdces omf t-
under standi ngwobri oo oRebg esesaelnsi ng observation
Il i mitations and by analyzidbgseé¢edhessmeamenasmerme
di scover and | ear nysnoerne. albhoeu tmootuirv aBairotnh 6fsors t r
c hamtigrhitihgeghtmeed f or future spaceborne | idar

guestsonhere a point where&i mieni $misng umemnd sn w?

The answer to bhitswquasti ant i & hageeosr, ey edt b saesr vaa tci
will hdepmgmretoobuwshtitctheshelh®] ps us discover ne
new instrumenfTéi soatebl depeddsaon the context
variables we are aniahfaeanog]| Vieegreotvaatriioanb | mest rwict
most Jlaickheltyhirse di mi ni shi ngudredtuircan gguo wkaa k ¢ hwm
the memory each year anbdotth urse mseitelmlu artoa ei eodbusceer
i n qtuhagntoft t hose Imebaesluireevnee ntthse. t heor eti cal agre
sensings,i taundobisrer vati on$=1wi0ddt weeevre Mahlalp gthipraeceh. |
reasonabl ehgbyasstume uncert aionutri eusn dienr sit rmstdri winr
earth system, a mdy dir oenet apuodmoigtiegad dbnWwyg be ab
achi enaxi ammum agre= me&.n®0 .&6uwr Rher mowe, appenacih t
theoreticaded s,meatadndiiegy di scovert oa groe vb eaymmrdo a chh

ad that iIs the beauty of doing science.
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CHAPTBRONTRI BUBAMNUTURWORKS

This chapaeshproobdmbeawgntkk s deCGlaptbed Z2Z2mrpl ain
the conandbumpohsaheonsessearch pé&Eutoarmedviemues

resear ch ddiascecus vinon hefc ounnccl eursti aoinnst ioefs eaancch pr oj

3.1. Evaluating Snow D2plihda&rs tMurattiepl & r o tl tCeer:

TheCEQatsnow depth retriev@@OReradel mpbdmbrt &d b
Ar ctbhiyc Lu (2@ 2®als. eval uated H2y0 2MiatTchiee | 4 t uadty ails
comprehensive approach of uanagpar tviatri @eniyngfo
conditions (time of showesaeabhsaheabhbdesnewr dewna
the CONUS regiader, rhome tod & amd gaowern nand hal ii mi

the retrieval 6s performance for gl obal applic

The dtesdywwed t ha2snowve deQEtShatr et rdieecvraelabdsse dp etrhfeo |
in the preaempe esf wi &ahl consi derabl e canopy c
terrain @midghiglho pewdv &t iacm) evEWet he goal of
done by the firstY.twbu peatr tasl .o,f aZ2h(d2e2a; s wlhsus yest o nasl
rel atedet opeanhfeedr mance out samikh eofi nppoal calra wréergh tr
scattering ancaddc adnyo p3w BRtef ceacnt.dsl yr,a i KRiOt2c&hpepl 111 eedt &
apoptocessingtoer redtriievalt o based .Whmi |cea ntohpiys hck
i mprmomea&n and mesdiiagnhtthh iga sl @ tthev enpa b Vv e poefr ftolm ena n
retrTleisaghlights the need mMotrpeeges i(AdptIhepg @

t hathhatpprooscte s s)i nfgors tgalgoeb.al applications
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The data used202dwedi ¢ caite | 4 wdrti add saoll luaweodnh f or a ¢
approach fursamagy ddit f e Hewd ytetrb 8 5 0 bda tdi omo t all ow
explicit invepadhk gadhoirt.igd nddingaw idg wap e mpenéataat
whi ch mmpobtant considering the multiple scat
antdhe as soutnhpet i sosmaswpaoakf orm sc.&titvemi ndg emeuchicuem t
spati al rsensooM puatciko nc oonfdh i tpilwo n szr ceasnod dutthiveo nd e pt hs f |
| CERat( ~,7 ame av éanfaodbre f utluiress ewarndgagt a NS A f i el d

campaigns suclkrashSeowBiK.i(eM&0 Imk)a swhhrerment s of

snowpack conditi ontshasae fbred Tohodnkpdal®datitde | wdiotuh d pr o

a more explicit insight into how the retrieva

Anot her implication of the208baathbhbatpebhéssmed,
to demonstrate the gl obal applicability of t
measurements where it iisndsiftfucméadastloetnhmaosing .ai
work could serve apamebbdbvati omn sdtheonreufrorcasadd
depth, especiabtyusmentersifgkmealks nbtomncCEfad
mai n mission goals at I|hawrmdh ghNMarkes netvedlt.y, o

Y. Hu(é®a2mad . L 2 cePpt2heaeln. conti nued2®my5aMi tchel |l et

3.Rvaluating and I mproving the Retrieval of M(
Li DAR andBaSsuedf aMeeasur ement s

The MODI S LAI and | GBP LC da@®d 2dvihes r ev asslpaactedd |
|l idar measu-setmanmeaandement derivedr@A usreadw td
investigate the LAI retri evfad rodsisrtp onagr tpher fwoirnn:

mo ntThhse. main finding dtfhdthestkd wglgyl e momes t mag te
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t he differ ence s cshuertmee e nmatiddireesiwh ind lelrliAd¢ h t@aldl wi t h
values of 0.29 andeOw8ire fespbetiegbygerbheed
whetrree di fferLeAdc eiadl ai@@eand NSENFompipBicmme efdo r
highlighting t WMODilkSkld datra ifmpmr oevvealr green | and
and bor eaad tMBDdaBantsa are widely used for applic

al ., 200 2; Lawrence and Chase 2007).

Onef ctohnet r i btuhtei asdquidyf’v pdel amppraogch to I mprove
using the GEDI PAlI measurements The acddrress itome
applied to maaswerrdmenmetve d|lfr omaGEDTF o PieMmsntairoer e s u |
reasonabf eMORDIdHealL Alver gr &emo yvae Igetca tsiioom. tree ap
suggested for retri@y@ll darpocpwhemie@BRUus$ nigf it & &1
to redMO®SENSII sfoyl alsCs ipfilxieeglBsl & 1 gur & i &4 )@ nBIBHgest

not tomd yneed to | mphatvespa&c alladranechdintdlae wmead u

i mprovement of LAI and LC dat a.

Mi tche@RIO2di!| gl c olnG iy grvehiscerde wathalrle vegetati on (ca
2 m)bectbhseuntertainties in the performance of
(Tang and Ar mpsotoan p20d i D)r mamdateu ek rvesdetrdt i on (
OQufi ndhinghsl i ght thed adidivlaeat @amgewasvoeff oursm nlgi daarf uli
(Dubayah etphotxtonfgolay And&Zr (Machkuas} et @ESat 2
moti vate t he ecdaeneodp yf ohre iag hutnidfiat aset that takes
i nstr.um@tniesr studi es have Lcioumeett oala. ,si2nd2 la;r Zt
Zhu et ahdgi,vem2t3e i mporEaMs e( 0RO A¢t Salng et

antdhe MODI S LAI retrileCdhda dependeodrdyt eonrept
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canopy height could |l eadmpodrAinpprevedel@l daf ac

Knyazi khin.et al ., 1999

The wor k of 2Mi2t8dhelnls tedte feeld.i ehei es of t he MODI
using spaceborne |idar measurements from GEDI
l idar mi ssions wheltevenageagedfcdvéfagamantdecl
increased acewtraeyabf otheanopy metrpassi tglveb a

i mplications for data users and Earth system

3. 3. | mpact on CLM MAdelai A defx MASdckjassotnian g Clyed fe
Li DAR Measur ements

The monthly MODIS LAI poesewviebhgd eea PRds CH db
changes in the wdasentdhec ladgoabsdreodklel Aleasonabl
seasonaThicsyygdebk at t he iimtsa ggrhatsi oghpaoofedorf me ml i
instruments such2i ag MEHEDNIS dlaAda | BEW ait mpr ove t he

of LAI for evergreen forest in ESMs.

The | ar gebsett weleaangehse sensiti wietrye aonbds doorrgtdr loolv e
ENF where the sewsepnpahbhl hgdcbmet EoSWH ogv amdr dtaicd
runof &l badd wer et hhempad|twedt nbeynte tao et lad | LAImpoTh
variables andatdheaesitmmigi ¢ oatei emowonfel t and evapo
in the fully couplThBdumbdehe (CE&SuMBwWosekmwac leu dpi rnogmi
using oBerrvaamahnysis from dat adset d1ad ptadieet s E
model wouuflpdutt her tshter eregstuhedms fr omtthlkei st wdy .anA
| and modelmpamd siomto@ried o vibietthp utthos e cfamoml GloM53 e0 n°

the findings of this study.
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3. 4. Ot her CoAurhoued oWsr k® Co

As parhti sofdi sserabdcononrré#spapgehopahdsa than wssecroir
aut.fromr sXtu ienf20&M4.publ 0 SRedt malspmades conthebuti
foll awitng(l )Dé veesl o p me nptl ammfet ary boundadgt d may=ze

derived6@r oms d madens-22002220 n NASAD® S 0| Cl oud me Te
|l nteractions oVer theACdastVABRr aoetantahr, E2p&BO)
Compari son amfd mivxad du aftlioleny wed g&@BLbs d6Ir omacksca
profiltelse fhhiognh spectr al ressdapboboand| NASAO Y eKis
during them ASAGHIBWATASSIi st ancand nv aleifudAh toHpBreH t

detectiomsalngoruintshmbl e PBLACIavVAda&ETd) o pcsoompdaersi nfg!
MLH and PBLH from overl atphl@ mgpBAbEePSSetbndhtys
contributXKons2mgbsubomANMIedr h@l of Apphi adr Mt
202mssisted in eval uaHalogqoroift hfnosu rb atsyepde so no ft hPe
met eor ol ogiucsalngv atrhieabRRIsH dropsonde @a&Otpalbase

Finally, I am a coauthor of Y. Hu et al . (202:
35Concl uding Remar ks

The wor ks perdfisrsmed aitnomnhihs ghla dgvha n othidge siigmp o r
spacebotonerbkbtdaeve and i mpr ov eMihtycdhreol2zh@ 2egta r all .0
further dreownsnovateapt-esanf rboem alpdoH Saetd gl obal |y
retrieval-l avet uhtibgshl might i ng areas whelrechbel r e
et (202l ed GEDI measurements to eW®DIDU &t eanldA
demonstthreaptaecde bor ne | i dar measur ememtson@dn clye |

LAI la@RIP LC cl.asBhdittchtidnstudy in this disse
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i mproved LAI measur ement si mportoivveast etdh eb ys esapsaocneabl
in CLM5. hhyamae meha&tor ol ogi cal processes over bo
changes. Fidahlky byt(2hOepadw ol r K2 CepdSeanlo.nst r at e t he
i mproved technology and t e dBhmrsieqduesn itrh eP BL nrdea tn
studies described in this disseheanheed, fbrhop
i mprovementett roif e vdahlemet e diryol ogi c al properties |
highle ghmpaohit aneree ospaceboamnret idniludemiendns s $inord g d

technol ogy
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Abstract

Snow depth retrieval from the | idar backscatt
Cloud and Land El ev2ti dn daat erelaistuer eZne 6t €EE $ at
surfaces of the Northern Heme»sxaprhmhieme 1nh6 ofulri gle
t wpear period to investigate the i mpacts of f ¢
this retrieval. Shoar a e @ dtinsessri igob ans d A&d®arnitv e d

Uni versityyrofdwoditdwsai nct regions of the conti

(complex terrain) and the Great Lakes (homoge

are-l emat ed wi t h several terrestrial dat ase
Spectror aMODbDmMEB) er Gl obal Ecosystem Dynamics I
evaluated in terms of time of snow season and
retrieval . The retrieval performB8. wel#0#«andh o
m, respectively. However, performance decreas
snow season, with | ate season and high snow d
0.23 m, respectively and bi ass ear easds .n gA doistti opnre
such as canopy hei ght and complexity of t he

perf ormance. Correcting for some of the retri
for the furtheret mpewale.ments of the r

Significance Statement

Snow ipsacikmportant for water resources, weather
met hod has been developed to retri-2yv.e snow de
Here we evaluat e tshitsu rnee asaereednhesmtewpgchupr odu
along with a variety of topography and vegeta
and Great Lakes regions. The retrieval perfor
performance in the | ate snow season or during
retrieved snow depth biases over mountainous
canopy height and complexity of the terrain a
performance. These evaluations help inform th

a potential future snowpack | idar mission.
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1l ntroducti on

Snowpack is one of the most i mportant winter:H

measure the snow depth and snow water equi val

gl obal anthpaegsonéal snowpack on weather, hydr o
The netwerkuobBnow measurements is generally
emphasizes the reliance on satellite derioved

snow depth and SWE, globally.

The I ce, Cloud a2d( IERBESaatas ohasSactkeédi e 15 Sept
Advanced Topographic Laser Alti meter System (.
of the cryosphere, l and and vlkegesati amome@i man
data derived from the 532 nm (green) ATLAS | a
rate provides these data along the ground tr ac
footprint sizeabf, ~201m) ( Mar kus et

Recently we derived the snow depth from the |
first time through application of di ffusion
simulations and appli-2dl t dase nsactartitpevrailn gt ometahsel
Hu et al ., 2022) . We allsaot iapupdlei erde gti hoen st edcehmmoi ng
good agreement with Arctic and terrestrial snc
i nstrument ¢gheatulnhyeréeduoey in retrieval of s
measur ement t ec h#i gduaetsa uwsurorhg aleGie Sshtome as ur e me |

(Shean et al ., 2021; Enderl in et al ., 202 2;
Desch-Bewpger et al ., 2023; Besso et2 adl.t i n2e0t2r4y
measurements and digital elevation models (DE
and over sea ice in combination wi wbhbkspacalbor
2020; Hansen et al ., 2024) . I't was al so founc
chall enges in the presence of rough surfaces
shall ow snowpacks (i.e. land surface).

Building upon these efforts, the objective of
of the retrieval t hrough: (1) investigating t

vegetation, canopy, ofFmadceovér)tygengonimieeop
>0



density to analyze the performance based on ¢
further insights into corrections that-2coul d
i n-pnd -procdessing stages. Comp & Q& &laawiat hf rtohme oer

flights in one month in Lu et al. (2022), her
mi-dati tude regions using many more (116) flig
United States (@ONWS)a wWisdeda hrearnmgpen of ecosyst
snowpack, CONUS is a suitable region to condu
applications.

2. Data and Met hods
a . Data Descriptors

The I|I-ZESatow depth is -desewvadd-bhdedt memdentrsto
backscattering pathlength based on diffusion
2022). The snow dept h2 iAsT LADSr igwheod ofaraddm titalpe NeQiEr
al ., 2023), which has a footprint size of ~11
due to the high 10kHz repetition frequency ra
towoi se ratios ofile®srf dade warrtfiacael rernafr ned ph
aggregated every 10 consecutive | aser pul ses
along the ground track direction.-2 Lmetethhodlcar
reas oensatbilngpat e snow depth with high spatial re:

ar eas.

Thies imauas uriglmenbned er sity of Arizona @EUAXMusnow

(Br oxtel@O0é6a; Dmal&dad; e&dl20gl 8Btr oxt on et al ., 20
as the Aground trutho measur emen2 sSD or etvrail aunad |
to provide SWE and snow density (i .e., SWE/ SD

and SD acr oss-ktmhees o0dQNUS natf rdoamt pE8 1 /the i plre e mt
07Y9 The data are developed through the assim

S WE measurememMtag i dmadlm Rédsources SMComsdelvamebn

( SNOTEL) network (Serreze et al ., 1999) , t he
net wor k, and gridded precipitation and temper
2000). The rigorous testing aadwsvoanl iedtatalo.n, p2el

T M


https://nsidc.org/data/nsidc-0719
https://nsidc.org/data/nsidc-0719

et al., 2019) and its high pedéptmastedaad (B
al., 2016b; Dawson et al., 2016; Zeng et al .,
et al ., 2024) make the UA-sSD ua nodbls&We dapn ede ¢ e s
dataset to evaluate the2pemndwrdampice pfodhet ab

Different terrestrial datasets are ugfedSDt o h
retrieval. Specifically, three MODIS datasets
information regarding Normali 2¢d (MOD1I&8mKQdnc eDi
2021) , Leaf Ar ea | ndex (LAIL) ( MCD15A3H, Me y
Geos phieaspher e Progr amme (I GBP) l and cover C
(Loveland and Bel 3y@ahMeéan a, 52022 Fri edl and

Lidar derived canopy metrics from two differ
Ecosystems Dynamics l nvestigation (GEDI) L3B
deviati on of c &kmo prye stodiughtosn. atThéd& pirodsuc b s S

accumul ation of individual footprints from th
themision week 04 April 2019 with several di
end date of 04 August a2t0e2ly icso iunsceiddzasd avtita hpaotsitie
used in this ILiERAYLO0OBedanad, (it he., L3A | and an
6 dat a) are usd4dathk measudemadtongof sever al
including canopy height, canopy openness, and
segments adNdeensethwl ., 2023).

The United States Geological Survey (USGS) L A
best publicly available elevation data in the
(meters above sam rleswdlu)t i dat ar aet ut8elrdr att m one@Ir
(LANDFI RE, 2020). A description of the wvariahb
Table 1

Vari abl e Description

| CE2atATLO0O8 Vari abl es

Canopy Heigl98Bpercentile of all canopy (phot ons
Mean Canopy Mean of all/l i ndividual canopy heigh
Max Canopy I|10(Mercentile of all canopy photons
Canopy HeiglStandard deviation of all canopy ph
Top Canopy Standard deviation of all top of <ca

TN



Canopy CovelRatio of ca

nopy prmwmmarscaoopkheandmb
within an ATLOS

o]
L 100m segment .
I

USGS LANDFI RE Vari abl es

El evati on El evation of the surface above sea
Sl ope The sl ope of the surface in degrees
Sl ope std **Standard deviation of t -k MBAGS i HANEL

he
El evation siStandard deviation of the
MODI S Vari abl es

\KSnG SU AL AQN'C

LAI Leaf Are#d Ml ndex (m

NDVI Rati o of th di fference of NIR and
LC Majority Dominant | and dbhmeldAi yipe within a

LC Forest % Percentage f Iand covéam UAd g SBERI &d

1,2,3,4,5, 8

LC Vegetati (Percentag

1-12, 14) .
ab

(0]

f land covedkml A6y GB@d

GEDI L3B Var i |l es
Canopy Heigll0®ercentile of alll GEDkmLpPicahopy
Canopy HeiglStandard deviation of all ac&mmuypli xte

Table 1. Descriptiofdfhef tBddredbted iocavl | Vasrtisalmlldst he ter
Vari ables with a * indicate they were computed from
computed during the coarseni ng hef UdAa tSax otwo Dmgtt dhh atntde

b . Data Preparation

The | CZ2Ef8at asets usieNGtSIBel ER$SG:t43I26 and | ongi tu
(Neuenschwander et al ., 2023, Neumann et al .,

reprojected t o t his cooudc @ atpeg oglys:nei@QGduS i @ g

www. ggi s.prandeénpyt hends or i ocxoarrtreavyad. gsiotfhtunwba.rieo /|
Al'l gridded datasets are coarsened to match tF

and SWE data. Coarsening of higher spatial re:

using areal averaging, whetrlee emedn gofi dalbloxdata
UA grid box. SE2mMiAITdA 018y ,a-Afde h CECE® ptt h val ues, w
swath or a I|line, al | values within a UA grid
This step iasnswerrd offamed ¢o@mpari sons across al |
performed i n tkhm sr esstou duyt iuosne dtahtea .4

C . Met hodol ogy

To evaluate the pe2fonomandepbh té&si il CEDAt Wa i U
snow depth and SWE dat a. One of the key mot i\
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http://www.qgis.org/en/site/

where there is general agrzeesmeanw ddedtwes,n O uhte
i ndi vi duweadt icaoms si denti fied | arge differences i
2022) . To investigate thesaé dvereteoncas ffwee
geographical regriognudr,.eo dlct be s COWNOSshhow seasons
which we define the sApwilse@so@. ,assrmew embas
DecembeirAp2019 2020) nedhitohciaptdesi ghe dry sno:

through a transition period into the melt se
excluded to avoid dealing with partial snow
selected foesthits comadwwsntemg terrains, in whi
Uu. S. represents complex topography, and the G

was chosen to represent flatter and traebllaet iavsel

they provide a sufficient snowpack for a majo

1.0

Latitude

0.5

ICESat-2 SD - UA SD (m)

115°W 105°W 95°W 85°W™--1.0
Longitude

Figure 1. Spatial -2DiSsht Blibasgr oondf tl @EBat wh2ere snow 0
met hod 1 or UA SD are greater than 1cm are shown for
in the study (58 flights for RIDROf laingdh t2D,2 LG If d detg Ipteaxkt
with each flight producing three i-Xhdtihriedaadt rgamog nide &
El evation is shaded in the backgr auned |wiwehr walguhes ccoc
the figure. The colors along the ground track corres
magnitude and sign of -2 ha&ndli A esrecw ed ebpett hwe eant | €CESh t
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We use a toltatli toddel 16l imylRltas &d¢ ukliye uredt eddtivedr 1 s
substantially | argelratiatimpde fSliizght $1aanadathyez &d mi
|l ocate allfahbilaercbablskemefded®l Wt i on at | ocations
water bodies hel MBPGHBFa)n.d Fcoorv e(f a b IY)gptetSed dtaand cov
type a 4 &m & sHdxa khdeo mias g p e twhger h idii d oxnsur e we
making a t rbueet weoanp aahe ollEESBtwe only compare v

the snow depth is greater than 1 c¢cm for eithe
the statistics. Finally, to reduce the amount
wi telr rtestri al vari abl es, we binned the magnit

bias bet weé&n stnloew IdeépSa&t and UA data. We wuse a
range fifoon é&rececnti |l e val ue aofe eancyh iwalriiva dluea |

have | ess than 10 points.

The |-ZES®t retrieval i's desi gnceat tteor ipregr fpournme bse
(Y. Hu et al., 2022) and therefore the presenct
performance. To further itrhwe Ptiiaga tod tthies riesgu
of time of the snow season by splittdang 20h,e s

representing dry snMapadHl), rempdelsentldag PRLans
season i(Aarr, dfRPepresenting wet snowpack). The
classification is2mébhidatadabygi ltalei Il ICEysaftor t

mosk m4d pi xel s have -20nED oesttiwoatleGE Santl vy, hedlue t c

satellite and the measouedmenat mosphier e meconadit
Similarly, the biases wild.l be evaluated as a
snow depth). Specifically, we use | ow, medi um

(related to the early penieadd twi tth acdhrsy ts mowpaa
third (related to the | ate seas-bpcwiteld wet hs h G

2 retrieved snow depth across both years and

al so cor rfefseproenndd taogedsi of the snowpack. l nsi ght
varying snow density conditions wil/ help the
applicability, as snow density can be comput e
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Al anal yses are perfo2 medowodepih métrkedofi n

et al . (2022); however all three in gener al W
Tabl2e, St herefore in the subsequent sections of
1 which is based on the first moment of the b:
2022) .

3. Resul ts

a. Spati al and Seasonal Variabilities of Bias

Theadi al di strifutainadn UAf stntoev Id€p$at dRifgiuerree nc e
1.Ground shaded by t hleCBb2uaibed ecrod sotrismai tnido nc aw hee na nc
snow depth. The magnitude of the bias i s shoy
compared to that of mban Gababdl UL avwael sur@rse2gbi fonmA &)
(Figune ahiE Ri.dguy en A e s.pelcnt itvled ymountlaCBIat8 Bt r e
pri mandepyaetsetsi mvi t hmatghne thuidgelse dotif n dd atso t he hi gh

42AN and 46AN, however some ppoosiinttisvei abni alse s s
overestimat-2osnowwhenkttStada mpar ed t. o OWA ssmdew od e
|l atitudes the bias is relatieaglcgpheutnr al eias w
generally higher el evations antdherkisaacien off h enc

for the Greiagernarkals irreqr elansee sr ewai stolini Itf aotdii th wndee .il n
can be Ilinked to the higher elevations towar
Wi sconsin and once again the presence of more
approaching Lake Suglerfiaoat.orOnei mpgadthieng etrme s e

Il ies i n the complexity of t heetcdriromisn 3an dc ntdh ¢}

TP
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Figure 22 anCESWBA Snow DeBatchh C(oampealr isshoonws t he scatterrg
| CEQatsnow depfh-diyos)H @E&datead UA -axiow) dfeet ht fx entire.
mi ddl e, and | ate seas(@©AMyg ftdre bhotulm t igéya owe stt It & @i eoand

Lakes (FLe)jgiMan ues are shaded according to the color b
point demasx tryar dlni zation is performed duelto the di
(scenario). The red dash+4dnleiné i nmaeachkgfriegsti @nsth o ws
the three values from left to right rdpresamcth tshte nmu

Tablssho2ws t he statistics we use to evalwuate t
mean bi as, me d ii anAg ebairatsi,| eMAEangaend( | QR) , wi t h ¢t

more robust and unbiased (e.g., compared with
outliers in the data i s reXduSDkdr etnr itggeeddrr gdedrnfpc
wel | when amMel-l occoas iedes now depth f or ntehaen eanntd r e

medi as @®frldr 0. 84d m, r eosveetcetbel sl y heH | aties snow

hi ghéecr oss al |i nmeltari crse s cabnids abgi rgeh  sshnoownn densi ty
to Iow and medi um . Saomeirygle meistuy t soradietoivomyp awa b
denaindgr |l y resadaerns (i .e., MAE val ues,beft we.eh6 n

medisumodwve nsi ty andresdldise Geason MAE v,wi tubs of
the | argest difgfheorwe mamdsbhlddywe eie a®on MAEultas ue:
TZXZ



m and )Filauurmhs8WA these similarities and diffe
demonstrates how the retrieval not only become
season and with increasing snow denswittyh tbhuet
| QR valuesTapblesas € mpdring high snow density an

ot her scenarios in their respective analysi s,
dramati c, suggeontithhgeg tsmatwpebadn@essoci ated wittl
hemi sphere spring (i.e., melt/ refreezing, proe

negatively impact th2 ¢proWwWodepnhherefritbaeal CES

Mean Medi il QR (MAE ( UA Snow
Erro Erro ( SWE) (
(m) (.m)
All -0.1¢ 0.0« 0.2z 0. 21 0.32 (¢
SnowDensity
Low -0.0: 0.0C 0.1t 0. 1c¢ 0. 20 (¢
Medium -0.1( 0.0« 0.24 0. 22 0. 38 ((
High -0.1¢(¢ 0.0 0.2¢ 0. 2¢c 0. 38 (¢«
Season
Early 0.0z 0.0C 0.14 0.1°¢ 0.20 ((
Middle 0.0 0.0« 0O0.1€¢ O. 1€ 0.28 ((
Late 0.3 0.2 0.54 0. 3¢ 0.p8. 1¢
Tabl e 2:2 la@EISatA Snow De plthhe Brieaasn Stratoirst incesd.i an err or
error, and average UA snow depth and SWE for the per
values correspond to the analysis performeed $@astenak
analysis performed in this study.

Tabl es S3hoawndt hSe4 st ati stics for the Great Lake
Il n terms of UA SWE and snow dept h, the values
scenarios with differences incr easgi ,sg olwa tdesrn sii

especially in | ate seadad®om3( Mo uIGtr®ian Wweadtessnmew

0.29 m) and high snow density scenari os. Wh e 1
bi ases are mor e amneaeg &e slvde (m)n tthhaen -BtohGeB tGm)e,a ta | Ltahk
medi an biases a+e Omueh &aldons,err ewsiptehct i vel vy, S i
areas in the Mountain West region where ther

comparl@Al strheew depth dat a.
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One noticeable difference between the two reg
season and with increasing snow density withi

Mountain West where the biadieanabeasnnegatite ¢

Bi ases are positive in the Great Lakes region
as early season, but are stildl negative 1in

Perf ormance of Qrheeatr elLtarkieesv arlegiinont hies | owe st [
season, which contrasts tThablpeche2t er hheEomadnifta
metrics increases through the snow season and
metrics such as I QR and MAE foll ow different |
density and | athe sle@QR ownalscennaremai.n Trel ati vel

densities with a sign change afs hihfet mem nt haen dp ¢
of the retrieval from overestimation to wunde
conclusions can be drawn from the seasonal st
value in the | atTeabd ®asPBro.r tTher arte shulgthserofsnow d

the snowpack across the snow season may i mpac

The Mountain WedabtltegfSdinl cswata ssiimisl gTalplag t er 1
2whi ch can be attributed to the totaillMnludber ¢
Great iL@a428) and provides context to why the
align with the st a&aalsBe¢ iSc3s, daomad rntSder atnd i trlea td att hae

of the retrieval generally decreases with inc

Similar findings can be draw# famam UaA dinmoevc td
t hroughout(Fitdwr esaefads ofnr equency dumsdern buarpynsego
density (EogdiRiigdJusdeo®s t hat most snow depth va
for both diCESAA snow depths, but also highlig

highest in the | ate seadsqmracaddds sMdbuwifihg u rheWeGr
2l regions, with MAE veaebpestadbiisedlap2d tmh ath dSD . i4s
in the | ate season and the results in the fIl a
could have an i mpact on the retrieval dés perfo

than in the Gr datguraek K maamgi @2icefief®r e frequen
t he bias s holkwevwa flarmr gtere | Mdktind wrnile)WBME S t c 0o mga e d |
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t he Great HiaKkuwedse .r3eNoitoen t(hat the | arger biases

by two factors: the uncertainties of the UA
measurements in complex terrain and hiingthieers el
bet ween2 | CiEs@lte | i ne reaxs ularveemeargte dJAd dart iad
All Densities Low Snow Densit; Med Snow Densit High Snow Densit
30%A 30%B y 30%C Y 30%D 9 y
N = 29552 Mean N = 8799 Mean N = 10219 Mean N = 10534 Mean
l| Bias: ﬂ Bias: Il Bias: ]| Bias:
20% -0.10 m 20% -0.01 m 20% -0.10 m 20% 4 -0.18 m
= Median Median IL Median I| Median
< Bias: Bias: Bias: Bias:
10% 4 -0.04m | o0 | 0.00m | ;o0 | 0.04m | o0 | -0.07 m
0% - 0% - 0% - 0% -—‘JILV—
-1 0 1 -1 0 1 =1 0 1
30%E 30%F 30%G 30%H
N =19132 |; Mean N = 6977 Mean N =7358 | Mean N = 4797 |: Mean
i I Bias: ’l Bias: Bias: Bias:
§ 556 -0.14m | Lo | -0.03m | Lo | i o014m| . | il -0.30m
c Median Median Median . Median
: I o oo
%10%- - m 10% A 23 M 0% =20 M | 0% ! e
0% - 0% - 0% - 0% -
-1 0 1 -1 0 1 - 0
30% 30%j 3O%K 30%L
= 10420 Mean N = 1822 Mean N = 2861 Mean = 5737 Mean
i Bias: I Bias: Bias: I| Bias:
g 20% A -0.03 m 20% - 0.11m 20% A 0.01 m 20% A -0.09 m
S Median Median Median Median
o Bias: I Bias: Bias: Bias:
0 10% -0 03 m 10% - 0.01 m 10% -0.01 m 10% -0.06 m
) JL— ‘,__L; JL,i
0% - 0% - 0% - 0% -
-1 0 1 -1 0 1 -1 0 1 -1
ICESat-2 - UA Snow (m) ICESat-2 - UA Snow (m) ICESat-2 - UA Snow (m) ICESat-2 - UA Snow (m)
Figure 3. Bi as DSmsdw i Deartls doany bnaesdeidu mon and high snow d

(BBpercentil eé¥)bhpemicealt el €324, anldodhdtghd ssndvhidean ift iad
(O 239; >239 and Q 2Mhkej sxaneépr29&nkg/ mMhe-axabueoomedh
intd.5 m for viewability with -daxies hex pgrhe s odd bdsnsa dg
vertical red dotted | ine represents the median bias
hi stodDamsegdresents botHH)r etghieo nnso,u nsteaci onn dwersoti)(egi on,
shows the results of the Great Lakes region.

b . Correlations of Bias with Terrestri al Var i é

To understand the abovethesukt se stwvediaebbl.res all a & b |
menti oSiedt ijonr edawl ts are dacilsty difima léldewleds dg o 1f
regr eRRsiadbmes canTabbel ®@haurmd ei msed to determine

correlation .AmpngadvhéBRemathe AATA&D| we Bfeigrod vy

TO



t hat wvariables relating to canopy height (i. e
| CEatTop Canopy Height Std, 0.55), vegetati on
terrain (i.e., Slope St d,r fOor6n8a)n chea doR%vhaeh shei sgehter
can vary throughddterteohid sdnemanseddw nasnidt y €an bhel v
attributed ctoon tuanicneerdt awintfliirense X depll @ a tthe? Rt he |
canopy mebnscsteaentely | ower than those of the
caused not only by diff e epnhcoetso ni nc o unnsttirnugmevnst.a
strategies), but also by differences dhsthese

i Bection 4c

Season Snow Density
Vari abl es Al Ear MiddLat Low Medi tHi g
| CE&Qatvari abl es

Canopy Hei 0.(0.0 O.0O0.CO.O 0.2¢0.0
Mean Canop0O.:0.0 0.2 0.CO0.0O0 0O0.6:50. 4
Max Canopy0O. (0.0 O0.0O0.2 0.0O 0.2710.0
Canopy Hei 0.(0.0 O0.0O0.CO.O 0.4¢0.0
;(t)la Canopy0.¢(0.3 0.3 0.2 0.0 0.2710.5
Canopy Cov05'0.4 0.20.¢ 0.0 0.250. 6
Fracti on

USGS LANDFI RE Vari abl es

Elevation 0.:0.1 0.5 0.2 0.5 0.5¢0. 3
Elevation 0. 0.0 0.5 0.¢ 0.0 O.550. 8
Sl ope 0.¢t0.0 0.3 0.8 0.0 0.320.6
Slope std 0.(0.0 0.3 0.¢ 0.0 0.520. 6
MODI S Variabl es

L Al 0.:0.0 0.00.C0O0.0O 0.370. 2
NDVI 0.!0.0 0.00.¢2 0.0 0.130. 5
LC Forest O0.:0.0 O.10.C 0.1 0.120.0
LC Vegetat 0. :0.1 0.1 0.3 0.0 0.2060.0
GEDI L3B Vari abl es

Canopy Hei 0. 0.3 0.5 0.2 0.1 0.0CO0. 8
Canopy Hei 0. :0.1 0.3 0.¢ 0.1 0.0710. 6

Tabl e 3. Correl a?® i oonf Qweedfifainci BRinrtse d( R¥ a rSiDa bBieass awi t h
regressions are perfor meadk iosn fvoarr itahbel eesn thiirndncudartaidabdn go
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| CEQatsnow depths at 4km spati al resdhvatues. fBecd@Whs ¢
not necessarily between those for different periods

The highest c ofrrroea baltaarseRyo whair g tavbd eelse we s how t h
absolute bias as a function of eeanceha avla rnicarbelaes e
in the magnitude of these terrestrialmeanmiabl
absobiuased underestimation by the .MTaerivavalab( &
showRi gugeneral ly hawal uehe fhdarg htere Rhi gh snow ¢
scenari os supporting the case that these var
performs theAWb08tcamnhdcCiE\ @diogvuB)ye fdopcof oaanopy
(Figur)e, 4aOndFiSd wf)ee vdard tadow ebi gher variance but
rel at iSO roprei p.t an drRirgdu rpdeeovd thaiimosn t he hi ghest neg
with the highest values coinciding withetshe |
related to canopy structure and terrain are ¢
mean absolute bias. Additionally, sensitivit
(mi ni mum) number of sampl esl®@G®nNdbi( makveabmgsnu
of bins (valuégZO0O)yanginh Sfamibea2SChasging (he n
bins was found to show more sensitivity than

number of sampl esi dwlre earcdhl wz2zed.estrial var
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Figure 4. Scatterplots of the highlhestabtesr alr&t ibng ne
axis with blue and orange dots representing the medi
Theaxwi s represents the @i ahdr &dAcenbet dephht h#hkeECEBRE
of each panel from |l eft to rigidtorr eqerdd ssennb btalsenéthdtuael)
absolute bias (orange). Not e rEeldeuvcaet iroend ushtdda nicsy owiittht e
Std vaFii @) esSZq

|l ntercompari son between the FUSQH elsANDDIMSI RE atte r:
depth increasé&sgwitp hSwilteelwapeahkhsamni dinghefsteac
However, results also demonstrate that el evat
sl opi ngFitgeudApaiBbut( are rel ated t oFiignu@Bee aShiemgley
t he hfvgahleure sR f o F= t(h.e6 &)l opreéd (RN. 6B9 .sTdhhe( Rt andar
the sl ope represents how nmkune hgrtihde bsd xo paend si sc hr
of the complexity of the terrain, and thus, v

depth due to increases in elevation, but more

Tablseho3wed that the percentage of forest and v
| CEQatsnow dwippthhaRieas of 0.07 .andu®ed@arhiceeperc:

mean and madi an fhinatreé snowdr types. Al Kfivand c
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(l GBP types 2, a3 e Ik pwiare rite,d elabs)t dednd nddtratp o
diversitytiypelsacgoveo.eeCoilnl,tetlehti gskn eslt yurdtyi r e s now s
retrievawelpliegdnpe mdAh e hhi gheetO0Om@am Isaasanna | an
cl ag¢bseByBasd)Early i nFigense 8o or mance decr ea:
(1GBP 5) and deci duous forest (I GBP 4), wi t h
coinci denrtead uFPmiguhovdh é2ele t he Great Lakes region
a tendency to overestimate (with flights for
region). Per f orFmagnucniee asmd tih&ti gudelde®@t e(ases i n
grassland, and for@eserdal |l andheomagnitypess ar e

whi cchonssi st elndr gvert hmd direi tTuadbel.se o02f bi as from

A All Season B Early Season
E 0.2 mm Mean N = 29437 0.2 mmm Mean N =7761
E 011 B Median 01- B Median |
BN INLAEEN J | anand BN
0
N J | — 4
% 0.1 Ir [ I ] 0.1
g -0.21 . —0.21
123456 78 91011121314 123456 78 91011121314
C Middle Season D Late Season
0.2 mmm Mean It 021 mmm mean NP8
011 B Median 0.0__- Median

§ B4 d Linand R (e
' I’ il 0.4 II

|
o
=

ICESat-2 SD - UA SD (m)
o
o

I
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12345678 91011121314 12345678 91011121314
Land Cover Type (IGBP) Land Cover Type (IGBP)

Figure 52 BiCEsSauvs . | GBPThaenhe&ovéredypand median (bl
100 points) are shown atalblkls &acad | amdt iconwveof ty@as
represent different parts of theAsrawl! ye aielaasno 2Wi()Dfe c ¢
(B) middl e sidMago(lCl))dan 2Bt eiAprag3h) NoMaer tlh2ze di f fer enc
y-axis f@DR) panel

4 . Di scussi on
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al mpacts of SeasonalityYy ®RredrSreowlDensity on |

Sectirommve3aal s t hatr @threi d \CEISadf snow depth perf
consider the entire study period, but the per-f
density and | ater Il nto the snow Isaenads ocnan Tdtear
throughout the season due to a variety of fai
temperature gradients within the snowpack <cau
changes in the form onfowphaec kwa(tiere.c o nteditnendg ian
changes to the snowpack can cause distinct st

over the course of a season (Awast hi and Var af

Our met hodol ogy does not directly account for

assumption that the snowpack builds throughou
depth and SWE in the Tabke3bhasopnewkbnclk 0§ $haqg
(LWC) in the snowpack can i mpact the retrieval
media since the retrieval performs best under

LWC is diddsamd thaso omly been performed at pl ¢

combi nat i epre noeft rgartoiunngd r adar, snow pit measur em
2018, Bonnel |l et al ., 2021, Ravasi o ed farlam, 2
snowmelt extent monitoring (e.g., Nagl er et &
variable both spatially and temporally during

water can run along stnawpgré&phaodl ahpersphaorm
furthe
Great Lakes and MouRmitgaurne We,atn®Baibelgessp a3 a4l L ¢ . | a

snow season, the metrics are all/| much higher

-

exacerbated by complex topography ( Wel

result of the presence of LWC and complex top
t he median bias t optthhei navtelrea glea tUeA i d &®avoeaethe( Mo u
L akiees2%) shows that the relative bias is high

|l i kely the snowpack has become ripe during th

LWC could be more impactful .on the performanc:
LWC and snow stratigraphy data are wunavail abl
study. As they affect the overall density of t

Y N



the retrievals wusing the daily density avail
Partitioning the data in terms of time of sea
and SWE measurement s, can al s oc hhaenlgpe sp rionv itdhee
mi crostructure and metamorphism under varying
mean and median biases for the MTabBetsrerasgptnham
the argument that eef foenc tssn avep aactke dmatyo itneprgpcetr attl
retrieval more than the depth or density of

snowpdakBe @nd the implied changes to the proj

potenti al presence of multiple distinct | ayer
have similar impacts to bottom |@%x2)y a&amcdtitequ
further investigation that accounftasctfowmrs.t hese

bEffects of Land Surface Factors

Among a variety of |l and surfatCTablyesdekabloas 3sj
demonstrates that the height of the canopy, ¢cC:
of terrain al/l negatively Fimp@rce Adhde tp ernfadrl niga

the forest types (I GBP types 1, 4, 5, 8) are |
i n the IFatgeurseeason (

The |I-ZESabw depth retrieval has been shown to
surfaces based on the analysis of pulse stret
al . (2022). The sl ope of wtiha ht erfr aihre tpad sa& &ip!

the spreading to be wider) and correlations

support the iImpact of compl exFitgeurmrei a, ohi g lthree
Further more, ccegnopsynoondml il ntaenrd | mpact its | oc
i ncreases i n the ssnworwipace rimu ghhreesses aafe atshe The
can be i mpacted by the presence of canopy and
coinciding with increases in the bias of the
With the insik®gihdgwsregwd nealn faosness the | mpact

correction of the snow depth on th%s ver6al lanp

GEDI canop’y bBbei7vghtvaRi ables are highly correl.

of the retrieval, we can simply apply the bi:
YP



medi an IFi @s.rfehadrm i nstance, corréecgungibmprGrRid
the mean bias ufi d@ -Canl Ot50tnh ea ndda t nad df i0 abrdMbOt0 sm.f r o
The 1 QR and MAE al so i mprFdwead esl iSgifBt llaysdbry:l~e0 . t
the performance would be i mproved the most [
(where biases were the most negative) but de
scenari os (where bi aisteisvene.r eF unrotrhee rnreaurte,alt hoea s
the bias corrections are siFmiglsaAg, t csholwosg wit
transl ation of the bias rather than Kore mpro
sophisticated bias correction techniques coul
approach going forward is to use the insights
i mprove the retrieval i tsel f.

cUncertainties within Land Surface Factors

For |l and surface var i-2abdresw chea Fvedlaltéesds maoy tdhief f
each region. Variables relating to terrain i my
region where ter rfaaicnt oirs (gerger, 8l 9o pee rMsimws R . 4
Mountain West). There can also be instances w
terrain i CanopyEHBMMB.ha7 ;ROGMUR) and further de
i mpact of canopgpydeut bohéivrawgiccoamrtehgeRer al |y

| CEQatvegetati on metrics when compared to GEDI

Canopy variab2eandr GEBEDI CB6at ofvivg ®R1gs layhdec okrerye | a
reason for di%vfadruerscdsd eisn itnhdihre Representatiyv
spati al resolution fr&«m &BENDlanld3 B odmeptra sreadt iovf e In
years of accumul ated footprints - DAITbLaOy8at hd aesta sa |
representative of a single pass (Neuenschwan
uncertainty thanspeicei adEIDyYi cLo3mBs iddaetrai,nge t he st r i

necessarily change across different SNOwW seas
vegetation). This is similar to the discussi
dat asdctaionfh® poi nt i's that differences betw
(I CE2Satand gridded datasets (i . e.., UA Snow L
LANDFI RE) introduce uncertainty into the repr
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Additionall vy, i n comparison to variables rel a
more neutr al I n terms of medi-&am beasl anhdoooaf

data may reduce the uncempachtyhenrsomeevhl thb

from RCESatt higher resolution information may
't is i mport ajvtaltuce sn dti es ctutsaste dt herR demonstr at
2 SD retrieval uncertainties with various veg
causality. Al so note that the wvarious vegeta
independent of each other (e.g., the el evatio

and GEDI <canopy).

5. Summary

Il n this article we eval 2atseowhaepe¢e hf orsmatnues ad
me as uriedreernitved UA product as the reference da
section of the Mountain Westa Useé&ct iton refprtetse ni
region to represent flatter terrain-l otTheedetdr
km grid boxes with mnmlealn0 atm.d@dked, ame p acteisv elfy
bi as becomes wosrnscew wdetnhs iitnyc raenads itnigme i nt o t he
negative biases found in the | ate season and
the Great Lakes region show positive biases i
@. 11 m) scenarios. We partially attribute the
depth and SWE throughout the season. Based on
terrestrial factors, suchatisomameplythei gtht ong
retrieval 0s performance, wi t h canopy structt
demonstrate that the performance decreases Wwi |
particularly iagtbhe WMbentawa %Yeetthe | argest
the retrieval

Moti vated by these apalogeess, nge buaes & ogirmElte op
the perfor mancseh amotr ef iand rtamatl atthiomm of the bia

i n rtenter i eval 6s pbrbsosmggest st sbhf . ufsuet utrhee sitnusdii:i
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gai neduadmasbny s 0 i mprove .t Aedi ¢eti oinaval,i tsel f mpr
depth retri €valeefdrsomol @GKk®Pdticitly address the
diurnal cycle of temperature) and specific pr

metamormphfigmyre studies.
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Suppl ement droy Mat eri al

Evaluating Snowr rbemptl-CEEsRatta maMebkt i
Scattering Measurements

Brandon OY, Mubcihne I Iem@gxd aXgabmeKnbiu St ummiersg
Huahg Car |l 4 Welietmenri f er Lee
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Uni ted States
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S{Department of Physics, Stevens Institute of T
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Tabllk Enternati oBiads pGeadgep hhRIregr amme (1 GBP) L
Descripheonsable below identifies the name, C
description for the | GBP | and cover -Megmaesheg Lo\
2022)f.orbamsgte g e tcaotliuvomns represent how this study

in terms of i f each type is forested and/or v
the | and cover percentage variables from Tabl
Name Val uyDescription ForelVeget a
Evergreen Neegl Domi nated by evergnYes Yes

(canopy
>2m). Trxd %cover

Evergreen Br g2 Domi nated by evergnYes Yes
pal mate tpZm)s. (Tramg
>6 0 %.
Deci duous Neg3 Domi nated by decid{iYes Yes
Forests trees 2andno Py >6d % 0
Deci duous Br a4 Domi nated by decid{iYes Yes

(canopy

>2m) . Trd % over
Mi xed Forestgh Domi nated by neithgYes Yes
evergr-e@w d#40each)
(carmr@my . Tr>xd %cove

Closed Shrublf6 Domi nated by weondy |No Yes
height)
>60% cover .

Open Shrubl an? Domi nated by weordy |No Yes

hei ghetO)% Iclover .
Woody Savannfdg Tree cO®O®Br(SmMIpy Yes Y e
Savannas 9 Tree 1IcBO®r(c@2mdpy N o Yes

(o]
(2]
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Grassl ands 10 Domi nated by hePmagqgNo Yes

Permanent Wet/1l1 Permanently inu#da&dNo Yes
water cxdWeéa vemget at

Cropl ands 12 At | east i6s0% udft iavrag No Yes

Ur ban auwmp Banls3 At | east 30% i mper yNoO N o
i ncluding building
vehicles.

Cropl and/ NatdJ14 Mosai cs-seafal emaluie 0Py No Yes

Mosai cs with natur al tree,
vegetation.

Per manent Sndg1l5 At | east 60% of ar gNo N o
ice for at least 1(

Barren 16 At | east 60%egftatdNoO N o
(sand, rock, soil)
vegetation.

Water Bodies |17 At | east 60% of ar gNo N o
per manent water bog

Tabl2e ISCES8D and UA Snow Dlehpa hmeBa ma se rSrtaart,i snei dci s
mean absolute error, and average UA snow deptHt
Y. Hu et al. 2022) are shown below. Snow dens|
terms of snoew sdeeanssoint yc oarnrde stphonds t o t he season
These results are veryimsimablag 20 those using

. UA Sn
E'\r/liacl)rr] EMrerdolrc QR ( MAE ( Dept
(SWEm
Method 2
All -0.11 -0.03 0.22 0.200.32
Snow Density
low -0.01 0.00 O0.15 0.150.20
Medium, 0. 11 -0.04 O0.25 0.210.37
High -0.1¢ -0.07 0.27 0.230.38
Season
Early 0.012 0.00 0.13 0.140.20
Middle -0.0¢& -0.0283 0.17 0.160.28
late, -0. 3¢ -0.23 0.56 0.380.58
Method 3
Al -0.1¢ -0.05 0.24 0.210.32
Snow Density
Low -0.0¢ -0.01 O0.15 0.150.20
Medium, -0.1<¢ -0.0€ O0.26 O0.220. 38
High -0.21 -0.08&8 0.28 0.240.88.
Season
Early 0.0z -0.01 0.123 0.130.20
Middle -0.1C 0.0t 0.18 0.160.28
Late, -0. 3% 0.2t 0.58 0.400.58
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Tab$3IGreat Lak8satRddgieiocssame as Table 2 in the

Great Regkl®se. mean error, medi an error, | QR, m
snow aeg¢gt B8WE the period of study for method 1
correspond to the analysis performed in terms
seasonal analysis performed in this study.

UA Sn

Me an Medi a

Il QRm) MAH m) Dept |

Er r(om) Er r(om) ( SWE)
Al | \ -0. 03 -0. 03 0.11 0.11 0. 18
Snow Density
Low 0. 11 0.01 0. 12 0.130.10
Meidu m 0.01 -0.01 0.10 0.090. 14
Hi gh -0. 09 -0. 06 0.13 0.12 0. 22
Season
Early 0.07 0.01 0.10 0.120. (6.
Mi ddl -0. 05 -0. 04 0.10 0.09 0. 18
Late -0.20 -0. 18 0.18 0.200. 29

Tab$eMount ain Wesdtat Rlehgei essa.me as Tabl e 2 in the
the Mount ai @ hWe ante aRe giraro.r , medi an error, I QR,
UA snowanddkep8WE the period of studySnfoowr drmentsh d o
values correspond to the analysis performed i

to the seasonal analysis performed in this st
. UA Sn
E'\r/le;%r: Elvlrerdolra QR ( MAE | Dept
( SWE)
Al | . 0.14 -0.05 0.34 0.260.309
Snow Density
Low -0. 03 -0.01 0.19 0.170.23
Mediul -0.14 -0. 06 0. 36 0.27 0. 47
Hi gh -0. 30 -0. 15 0.53 0.360.56
Season
Early -0.01 0.00 0.19 0.170. 24
Mi ddl ¢ -0.08 -0. 03 0. 27 0.210. 35
Lat e -0. 36 -0. 25 0. 63 0.410.63
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TablsBi®ni ng Sermnidt icwir tr yR$Wpaolsniitehses gt abl e be’l ow sh
values for the median bias for all/l variabl es
represents each (dnafxfi aruambpte rt eoedt b (vmstn{ e &r) an
of samples per bin (blue) for eacdhakbuoesafopn, e
variable. The highlighted mMew hldsoevstgtyhre fc etntae
text .

# of #B| GEDI 'TCOEpszaot 'CCaEnsfapt VoDl 5| USGS USGS
of san Canop Canop Cover NDV| | LANDFI| LANDF|
per b Hei gh Hei ght Fracti Sl ope Sl ope
5010 0. 74 0.60 0.55 0.59 0. 66 0.68
Changing Number of Samples per Bin
5020 0. 74 0.60 0.55 0.59 0. 66 0.68
5030 0.74 0. 60 0.55 0.59 0. 66 0. 68
5050 0.74 0. 60 0.55 0.59 0. 66 0. 68
50100 0. 74 0.57 0.55 0.59 0. 66 0.68
Changing Number of Bins
3010 0.81 0. 73 0.61 0.69 0.79 0.82
4010 0.72 0. 68 0.58 0.61 0. 66 0.75
60 1/0 0.69 0.59 0.56 0.58 0. 66 0. 73
70 1/0 0.67 0.54 0.50 0.49 0.56 0.69
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A Bias ICESat-2 and UA Snow
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Figure S1. BoXplSmtow dfe pit GE S atd Ul eprBow | Doptohh B
shows boxplots for the dist-2i dnowodeptfht bme bh
UA snow depth for the entire period of the st
t hMe t h o dsoel cotgiyon (| ow, medi um, and high snow de

season). The top plot shows boxplots for bias
show bias after corrections made for GEDI Can
He ght of the BRRxplactiso 'ESwetnhié |le), red dashed
mean, orange |ine represents the median, and
boxpl ot. Boxplots correspond t-axitdh.eiThes ptelciidk

l ine repre@ents where y=

Y
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Abstract

The retrieval of MODI S LAI is known to- strug:
|l atitude evergreen forests. This issue i s ad:t¢
|l nvestigation (GEDI) spacebor ne Ariidzaorrsairiteswa Si unr ¢
obserdasednsnow deptilocdaed whah MO®SI oL AI an
products over t-heaCOp&Ri0d2dlir)( 20V0in¥par i sons bet we
area index (PAl) and MODI 8tkeAti mevéeéadl BndoRAI
types, especially i n evergreen forest s, wh e
summer / winter ratios are 0.87 and 0.29 respec
evergreen forests whesrngat€ aheael hwsghealtspodem

pi xel s. One way to i mprove wintertime MODIS L
processing correction developed from GEDI PAI
evergreen f orreeset sap pAr odaecchi sutoinl itzi ng GEDI me a s
i mprove the determination of LC types, which
results demonstrate that spaceborne | idar dat
LAdata retrieval in winter for a variety of a

Significance Statement

The MODIS satellite I eaf area index (LAI) dat e
in wintertime decreases for evergreen forest
spaceborne |idar mission (camoapgexcdWPALI ))caonop
MODI S LAl retrieval. We find | arge inconsister
forests, where sensitivity to snow cover is h
potenti al forl smi s®dlawtsiidnsedt @i xmprove the LAI
during wintertime using GEDI data are present
future spaceborne |l idar missions can help i mp
apipdations such as earth system modeling.

1l ntroducti on

Leaf area index (LAI')) directly affects | and s

pl ays an i mportant role in Earth systelnhemodel

NM=



sat eMoldietreat e Resol ution |I maging Spectroradi ome
ESMs (Fang ¢&bwaver, 29t19di.es have shown that

MODI S LAl seasonal cycle for some | and cover

ESMs), particularly for evergreen needlel eaf
tér winter months (Tian et al ., 2004, Yang et ¢
Land surface snowpack i s an important charact e
and climate at gl obal and r ecqino nsatlr osncgd hye si n(f 4

i nterceptfiadmdosus hawe daimraemgy whaltemcemont hs an

treatment of snowpack duringThleeeWwionteer umaeet b

t he LAI data in winter would strongly affect

ESMs.

I n recent years, advancements in remote sensi
|l idars suchaad thedl EeeChoudn -SpteMaikesver sal
and the Global Ecosystem Dynamics I nvestigati

to provide high accuracy and pruscosei oh WMODEBa
data wireBohughon dataseaetd amdcmdl mawsdwymesn r at e c

t he dlmi liinmpydoavteaAleAll sr oGao2612al ., 2012; Wu et
et al ., HpWe 6T, one key adveabnotrangee loifd aw s ionvge r
measurements iIis that the |l idar can -Desti vectLAlL e

of the canopy without weaknesses such as over
2019; Wang and Fang 2020) .

|l nstruments such as GEDI | everage this abilit
this study, we use the GEDI data to achieve t
MODI S LAI and determine whfeit hieendihes iissutelse ar
MODI S LC type data that serves as an input to
solutions to correct the wintertime MODIS LAI

measurements from GEDI
2. Data and Met hods

a . Data Descriptors

NMO



Theday 500 m MODIS Leaf Area I ndex (LAI') ( MCD!
MODI S vyearly | and <cover (LC) (MCD12Q1l) dat a:
Bi osphere Programme (I GBP) classificataon (Lc
Menashe, 2022) are the two datFasgeutrsehoSwat t haee
MODI S LC types over the contiguous U. S. ( CONU
can beTlTafbdwend®dile MODI S datasetsjeseddi hothhse 4§69
Geodetic System |l atitude and | ongitude coor di
t he NASA AppEBAR® sweébsiptpe e@@r s .)e.arWeh dantl ayc lucsied .t
radi ative transfer algorithm retrieved MODI S
OFparLai _QC6 to identify awpg alegnowiek neympziipki hciarl 4
et al).., 1999

GEDI i's a full waveform | idar onboard the 1| nt
resolution 3D vertical structure of the canop
Canopy Cover and Vertiusald Pmoftihlie metudiycs i chat
canopy cover and plant area index (PAI) at a
downl oaded from NASAG6s LPDAAC (Dubayah et al
footprintxs0ZT otm22Wrlemrus eof summer (JJA) -and wi
|l ocated with the MODI Sn ei0gh bho rgh a gd$d) euasciiineg( G@E Dle
data with the highest quality footprints are
are rsesent pwhen the GEDI data are gridded to
l imited to the time period of accumul ated foo
factors (e.g., clouds) that rmhed®PdAe¢ MmMeasgu aimen
GEDI as the wasefomentés hfmwlllogy -Bl $towudbur e eod
cangpybayah emnmsalead 20a0htei pdhhrotstomat-2glyMaslkeds f
et al ., 2017).

Thesinu medderemedt Uni versity of Arizona (UA)
equivalent @B8WE)alfOé@duyctDaiWsiin7 ;etZl2r0dgl 8eBtr o xt on

et al., 2019) provides dakimyr &Pohbodii PWES é DM. 1
The data are developed through the assimilati
(Daly et al ., 2000) , t he wWaTeulreanhe t Reys o(uS NQTSE LQ

NMTI


https://appeears.earthdatacloud.nasa.gov/

(Serreze et al ., 1999) and the National Weat hg¢
be obtained from the Nathitdmal: /Smew-0a7nkdr Igd e ab a

b. Met hodol ogy

The MODIS LAI mat mi eMalori ¢lhimes on the inputs

reflectance data in combinati on -uwg ttha bal a atda aptri
the final MODI S LAI product. Mi sclassificatio
LAKGyazi khin .etThealr.e,f or®99 it is important to
of both the MODIS LAI and LC dat a. Evaluatio

for-wadrer LC types that have wherre ttheams el Q0 X edl asi
GEDI data and main algorithm retrieved MODI S

Tke GEDI instrument can struggle whehypesesdwct h
bare or spaTFfasreg vaemgdk2t@®itotna-pdr f sr meed over shor
when compar-2d(Zbul €ESakt., 2023). Therefore, w
on tal/l vegetation | and cover t Tyapbelye &@lndn o e
i mplications ar®edtuirame4d di scussed in

Name | GBP (gDescription N
Evergreen Ne 1 Domi nated by evergreen (5 w5pq

For é £EN§) >2m). Trxxd%cover '
Evergreen Br > Domi nated by evergreen k4 8 774
Foréd&BF) (cam@my . Trxd %Icover '

Deci duous Br 4 Domi nated by deciduous tl 0 B0

For ¢ B¢ ) >2m). Trxd%cover '

. Domi nated by neither -610%

Mi xed EMKESFL of each) trﬂen)t.ypTeer(eQ:%m(s'%ﬂo

Woody S4qdWSRAN 8 Tree coO0®r(SS&mipy 1. "31°(Q
SavahBaAY) 9 Tree c®0®r (a8 mjpy 5.*900

| veddteat acn | a

TablThe .namel as SBPand description of tal
LAl and LC analys

col umn tohesreunwmEsl®Od o fpirx eelhse seasonal

When we address the i mpact of snowpack on the
SD product daycamputagea SHD which is used to de
covered (sSnGxwwoer eadn( NN=G/) .av eTrhaeg edd SDy i avebmpuheg
SD at -kemdJA i xel from the MODI S datKenyoafz ickohlilne

NMP


https://nsidc.org/data/nsidc-0719

et al).., Th8P YUA SD value is then mapped back t

so that all analyses are performed for 500 m
cm SD to differentiate between I@33nd ReSO® gna e
this threshold is empirical, we perform sensi
that our results are insensitive.

3. Resul ts

a) Evalwuation of MODIS | GBP Land Cover Type

The MODIS LAI retrieval uses LC type as one o
the I GBP LC data by using the GEDI L2B dat a.

using canopy height and canocpyalsashNEr gtirhAact i or
depicts the use of summerti me GEDI canopy cCcoOVe

evergreen needleleaf forest (ENF), evergreen
and mixed forest ( MXrFg potxentsi dlrloyn MODd ISas s i f
cover is |l ess than 60%. MODI S Woody savannas |
where pixels are |l ess than 30% or greater tha

(SAV) wherantolpyg GBDIlrcis greater than 30%. Th
i s surprisingly high, greater than 40% for fo

FigaXd) the pMODBIdIGIBPge amfd cover pixels that are miscl a
GEDI canopy cover and (B) distri baveroqir @dn srmuemanklrdli eneef C
pi xels analyzed in the study. The shaded | ight green r
based on thgliabl)cd alssi ficati on

NM2



