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Development, Analysis and Use of a Wireless Sensor Network for Quantifying Spatial 
Trends of Depth and Snow Water Equivalence Around Meteorological Stations With and 

Without Snow Sensing Equipment 
 

Introduction!

Hypothesis!and!research!goals!
 

K0/1"23%Y-(,",-1,-.",&%"082%,0-1-1=")1/$;"'"23%,%,82-"&/3-+-11"1-$1%3"$-,&%3I"%4"

)+,3'1%$/("1$%&".-2,0"1-$1%31"<#$%&(+%).E,"/$"#';-0-$"D3--I="D'+/4%3$/'9""N,"'+1%"-G'+)',-."

,0-"#$%&(+%)."181,-*"&/,0"3-12-(,",%".','"%),2),"3-+/'L/+/,8"'$."),/+/,8"4%3"1$%&"3-1-'3(09""

K0-"082%,0-1-1",-1,-."&/,0"-+-(,3%$/('++8"1-$1-.".','"'$."4/-+."*-'1)3-*-$,1"'3-"1,',-."

L-+%&9""M"3-1-'3(0"%LY-(,/G-"/1"1,',-."'1"V="L-+%&9""""

"

<UE Hypothesis:""#$%&".-2,0"*-'1)3-*-$,1"43%*"./1,3/L),-."1-$1%31"('$"L-")1-.",%"

.-G-+%2"'3-'+"-1,/*',-1"%4"1$%&"&',-3"-J)/G'+-$(-"'$."1$%&".-2,0"1)33%)$./$;"<ME"

4/7-.FL'1-"*-,-%3%+%;/('+"1,',/%$1"&/,0"1$%&".-$1/,8"1-$1/$;"-J)/2*-$,"'$."<>E"

4/7-."L'1-"*-,-%3%+%;/('+"1,',/%$1"&/,0%),"1$%&".-$1/,8"1-$1/$;"-J)/2*-$,9"

"

<PE Hypothesis:!#2',/'+"'$.",-*2%3'+",3-$.1"/$"1$%&".-2,0"*-'1)3-*-$,1"'$."1$%&"

&',-3"-J)/G'+-$(-"-1,/*',-1"43%*"./1,3/L),-."1-$1%31"('$"L-"*%.-+-."&/,0"1/,-"

(0'3'(,-3/1,/(1"'1"23-./(,%31")1/$;"$)*-3/('+",-(0$/J)-19"""

"

<VE Research!Objective:""K0/1"3-1-'3(0"-G'+)',-.",0-"),/+/,8"%4",0-"23%,%,82-"#$%&(+%)."

2+',4%3*"4%3"1$%&"2'(I"3-1-'3(09"



2 
 

 

Background!

! Water!supply!!

#$%&"1,%3';-"/$",0-"*%)$,'/$%)1"2%3,/%$1"%4",0-"5-1,-3$"6$/,-."#,',-1"/1"'$"

-7,3-*-+8"/*2%3,'$,"1%)3(-"%4"&',-3"1)22+89"":-.-3'+"3-1%)3(-"*'$';-*-$,"';-$(/-1"

<6$/,-."#,',-1":%3-1,"#-3G/(-=">)3-')"%4"?'$."@'$';-*-$,="6$/,-."#,',-1"A-%+%;/('+"#)3G-8="

B',)3'+"C-1%)3(-1"D%$1-3G',/%$"#-3G/(-="K0-":-.-3'+"5',-3"@'1,-3E="$%$F;%G-3$*-$,'+"

%3;'$/H',/%$1"'$."23/G',-"(%$,3'(,%31"J)'$,/48"'$."23-./(,"1,3-'*"'$."3/G-3"4+%&1"

,03%);0%),",0-"5-1,-3$"6$/,-."#,',-1"4%3"&',-3")1-"'++%(',-."'1"&',-3"1)22+8="'++%(',-."

&',-3"3/;0,1="3-(3-',/%$'+"&',-31="'$."&',-3",%"1)1,'/$"'J)',/("+/4-9"""K0-1-"';-$(/-1".-G%,-"

1)L1,'$,/'+"3-1%)3(-1",%"-1,/*',-"1$%&2'(I".-2,0"'$."1$%&"&',-3"-J)/G'+-$(-".)3/$;"

&/$,-3"'$."123/$;",%"4%3*)+',-"%2-3',/$;"2%+/(/-1"4%3"&',-3"'++%(',/%$",03%);0"3/G-3"'$."

/33/;',/%$"181,-*19""

\3-(/2/,',/%$"'*%)$,1"/$",0-"#/-33'"B-G'.'"@%)$,'/$1"G'38"'$$)'++8"43%*"bQW",%"

PQQW"%4"(+/*',%+%;/('+"'G-3';-1"<?)$.J)/1,="-,"'+9="PQQVE9""D)33-$,"&',-3"1)22+8"4%3-('1,1"/$"

,0-"#/-33'"B-G'.'"%2-3',-"3-+',/G-+8"&-++"&0-$"1$%&"'(()*)+',/%$1"'3-"&/,0/$",0-"+%$;"

,-3*"*-'$"<S+.-3="-,"'+9="URRU="C/(-="-,"'+9="PQUQE9""c%&-G-3="&0-$"'$$)'+"'(()*)+',/%$1"4'++"

%),"%4",0/1"3'$;-",0-"4%3-('1,1"'3-"+-11"+/I-+8",%"L-"'(()3',-"<C/(-="-,"'+9="PQUQE9"""K0-"

23-(/1/%$"'$."'(()3'(8"%4"23-./(,/%$"/1"+/I-+8",%".-(3-'1-"/$",0-"4),)3-=";/G-$",0',"

08.3%+%;/('+"%L1-3G',/%$1"/$./(',-",3-$.1"%4"-'3+/-3"3)$%44="'$."/$(3-'1-1"/$",0-"'$$)'+"

'G-3';-"-+-G',/%$"%4",0-",3'$1/,/%$"H%$-"L-,&--$"3'/$"'$."1$%&"<?)$.J)/1,="-,"'+9="PQQVE9""

D%$1-J)-$,+8="/,"/1"/*2-3',/G-",%"(%$1/.-3"+'3;-"1('+-"G'3/'L/+/,8"%4"1$%&"2'(I"'(()*)+',/%$"

'$."'L+',/%$",%"'$,/(/2',-"/$(3-'1-."&-',0-3"G'3/'L/+/,8"/$",0-"4),)3-"'11%(/',-."&/,0"

(+/*',-"(0'$;-9"
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Meteorological!stations!

?%&"(%1,="+%&"2%&-3"&/3-+-11"1-$1%3"$-,&%3I1"0'G-"2%,-$,/'+",%"3-G%+),/%$/H-"

-$G/3%$*-$,'+".','"(%++-(,/%$"'$."'$'+81/19""K0-8"('$"L-")1-.",%"(%++-(,".','"',"1)LFL'1/$="

L'1/$"'$."3-;/%$'+"1('+-1"',"*)(0"0/;0-3"3-1%+),/%$1",0'$"$-,&%3I1"()33-$,+8"/$")1-"<-9;9"

1$%&",-+-*-,38"1/,-1"'$."3-*%,-"'),%*',-."&-',0-3"181,-*1E9""#$%&2'(I",-+-*-,38"1/,-1"

<#$%,-+E"*'/$,'/$-."L8",0-"B',)3'+"C-1%)3(-1"D%$1-3G',/%$"#-3G/(-",03%);0%),",0-"5-1,-3$"

6$/,-."#,',-1="),/+/H-"4/7-."L'1-."181,-*1",%"*-'1)3-"'$."3-2%3,""1$%&".-2,0"<#TE"'$."1$%&"

&',-3"-J)/G'+-$(-"<#5SE9""c%&-G-3=".)-",%",0-"+'3;-"./1,'$(-1"L-,&--$"1/,-1"'$."+%;/1,/('+"

(%$1,3'/$,1"'11%(/',-."&/,0"L)/+./$;"'$."*'/$,'/$/$;"1/,-1="-1,/*',/%$"%4"1$%&"2'(I".-2,0"

'$."1$%&"&',-3"-J)/G'+-$(-"'$.",0-"2081/('+"23%(-11-1"%4"1$%&"'(()*)+',/%$"'$."'L+',/%$"

'3-"1)LY-(,",%"+'3;-"12',/'+")$(-3,'/$,/-19"

@'$8".','"(%++-(,/%$"$-,&%3I1".%"$%,"

0'G-"#5S"%3"#T"*-'1)3-*-$,"('2'(/,89""K0-"

CM5#"1/,-1"<3-*%,-"'),%*',-."&-',0-3"

1,',/%$1E"*'/$,'/$-."'$."*'$';-."

(%++'L%3',/G-+8"L8",0-"6$/,-."#,',-1":%3-1,"

#-3G/(-=">)3-')"%4"?'$."@'$';-*-$,="

B',/%$'+"`(-'$/("'$."M,*%120-3/("

M.*/$/1,3',/%$="B',/%$'+"N$,-3';-$(8":/3-"

D-$,-3="K0-"5-',0-3"N$4%3*',/%$"

@'$';-*-$,"#81,-*"'$.",0-"5-1,-3$"

C-;/%$'+"D+/*',-"D-$,-3"'$."1,',-"

(%%2-3',/G-"1/,-1"3-2%3,"&-',0-3"/$4%3*',/%$"Figure!1:!Snow!measurement!sites!within!the!Western!
U.S.!(Boyle,!09).!
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/$(+)./$;",-*2-3',)3-="3-+',/G-"0)*/./,8="

&/$."12--.="1%+'3"3'./',/%$"'$."

23-(/2/,',/%$"/$",0-"4%3*"%4"3'/$9"

N$",%,'+="#5S"/1"*-'1)3-."',"U=[QQ"

1-$1%3"1,',/%$1",03%);0%),",0-"5-1,-3$"

6$/,-."#,',-1"<:/;)3-"UE"<@%+%,(0="-,"'+9="

PQQbE9""K0-1-"1,',/%$1="/$"(%$Y)$(,/%$"&/,0"

3-*%,-+8"1-$1-."1$%&"(%G-3".','="23%G/.-"

3-'1%$'L+-"-1,/*',/%$1"%4"#T"'$."#5S"%$"

1*'++"1('+-1="L),"-7,3'2%+',/%$1"43%*",0-1-"

2%/$,1",%"L'1/$"1('+-1"/$(+).-"*)(0"*%3-"

)$(-3,'/$,8"'$."+-'G-"1%*-"*%$,'$-"

(',(0*-$,1"1-G-3-+8")$.-31'*2+-."%3"$%,"

1'*2+-."',"'++"<:/;)3-"PE9"

#$%,-+"1/,-1"),/+/H-"1$%&"2/++%&1"4%3"#5S"*-'1)3-*-$,9""#$%&"2/++%&1"*)1,"0'G-"'"

+'3;-"*-'1)3/$;"1)34'(-",%"'G%/.",0-"-44-(,1"%4"1$%&"L3/.;/$;9""#B`KS?"1$%&"2/++%&1"'3-"

'223%7/*',-+8"V"*-,-31"L8"V"*-,-31"'$."*-'1)3-"#5S"

43%*",0-"%G-3+8/$;"08.3%1,',/("23-11)3-"%4",0-"1$%&"

<:/;)3-"VE9""K0-"1-'+-."2/++%&1"'3-"-J)/22-."&/,0"'"

23-11)3-",3'$1.)(-3"%3"-7,-3/%3"L'1-."*'$%*-,-3"'$."

'3-"4/++-."&/,0"'223%7/*',-+8"ZQQ"+/,-31"%4"'"&',-3F;+8(%+"

*/7,)3-"<#%**-3="PQUQE9""K0-"1/H-"'$."&-/;0,"%4",0-"

1$%&"2/++%&1"'$."'11%(/',-."-J)/2*-$,"$-(-11/,',-1"

2+'(-*-$,"/$"4+',"%2-$"'3-'1"&/,0";%%."'((-119""N$"1%*-"Figure!3:!Example!of!an!NRCS!snow!
pillow. 

Little Walker 
River Watershed 

SNOTEL site 
State Co-op site 

Figure!2:!The!Little!Walker!River!Watershed!is!an!example!
of!a!snow!dominated!watershed!without!meteorological!or!
snow!measurement!stations!within!the!basin. 
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&',-310-.1"*'$)'+"#T"'$."#5S"*-'1)3-*-$,"(%)31-1"'3-")1-.",%"');*-$,"1$%&"2/++%&"

*-'1)3-*-$,1"'$."*'8"L-")1-."/$"2+'(-"%4"1$%&"2/++%&19""#$%&"(%)31-1"'3-",82/('++8"UQQQ"

4--,"+%$;"&/,0"',"+-'1,"UQ"*-'1)3-*-$,"2%/$,19""K0-1-",3'$1-(,1"'3-"1'*2+-."',"

'223%7/*',-+8"*%$,0+8"/$,-3G'+1"'$.";/G-"+/,,+-"/$4%3*',/%$"'L%),",0-"0-,-3%;-$-%)1"$',)3-"

%4"1$%&"2'(I".)-",%")$/4%3*"1'*2+/$;"'3-'1"<BCD#="PQUQE9"

K0-3-"'3-"'+*%1,"P=PQQ"CM5#"1,',/%$1"+%(',-.",03%);0%),",0-"6$/,-."#,',-19""50/+-"

,0-1-"1,',/%$1".%"$%,"()33-$,+8"0'G-"1$%&"1-$1/$;"('2'L/+/,/-1=",0-"'../,/%$"%4"+%&"(%1,"

&/3-+-11"1$%&"1-$1%3"$-,&%3I1"(%)+."*%3-",0'$".%)L+-",0-"()33-$,"1$%&"1-$1/$;"1)/,-"%4"

/$1,3)*-$,1",03%);0%),",0-"5-1,-3$"6#9"""

K0-"4/7-."L'1-"2+',4%3*"%4",0-"#$%,-+"'$."CM5#".','"$-,&%3I1"0/$.-31"0/;0-3"

12',/'+"3-1%+),/%$"%4"#T"'$."#5S"*%$/,%3/$;"L-(')1-"*-'1)3-*-$,1"%(()3"',"%$-"2%/$,"%$"

,0-"+'$."1)34'(-9""K0-"(%1,1"%4"/$/,/'+"/$1,'++',/%$"'$."8-'3+8"*'/$,-$'$(-"'+1%"23%0/L/,"'"

*%3-"-7,-$1/G-"'33'89""K0-"#B`KS?"181,-*"'$."/$1,'++',/%$"(%1,"43%*"dUP=QQQ"F"dUb=QQQ"

&/,0"8-'3+8"*'/$,-$'$(-"4--1"%4"dP=QQQe"8-'39""K0-"CM5#"181,-*1"'+1%"(%1,"L-,&--$"

dUP=QQQ"f"dUb=QQQ"4%3"/$1,'++',/%$"&/,0"-1,/*',-."8-'3+8"*'/$,-$'$(-"4--1"%4"dbPbe"8-'3"

<6#S\M9="PQUQE9""N$"%3.-3",%"-J)/2"'"1/,-"&/,0"'"1$%&"2/++%&=",0-"-J)/2*-$,"'+%$-"<1$%&"

2/++%&"'$."'44/+/',-."2'3,1="$%,"/$(+)./$;"1/,-"23-2'3',/%$"'$."1-,F)2E"(%1,1"dZ=QQQ9"

Spatial!snow!water!equivalence!and!snow!depth!extrapolation!

A3%)$."L'1-."*-'1)3-*-$,",-(0$/J)-1"'3-"L-/$;"/$(3-'1/$;+8"1)22+-*-$,-."'$."

3-2+'(-."&/,0"3-*%,-"1-$1/$;",-(0$%+%;8"<C/(-="-,"'+9="PQUQE9"""C-*%,-"1-$1/$;",-(0$%+%;8"

1)(0"'1"'3-'+"?NTMC"<+/;0,".-,-(,/%$"'$."3'$;/$;E"'$."1',-++/,-"L'1-."@`TN#"<*%.-3',-"

3-1%+),/%$"/*';/$;"12-(,3%3'./%*-,-3E"/*';-38"1)22%3,1"#T"'$."1)L1-J)-$,"#5S"
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-7,3'2%+',/%$"&/,0"0/;0"3-1%+),/%$"'$."/1"()33-$,+8"%$+8"+/*/,-."L8",0-"43-J)-$(8"%4"

3-J)-1,-."g4+8F%G-319h"""

C-*%,-+8"1-$1-."/$4%3*',/%$".%-1"$%,"23%G/.-"1)44/(/-$,"/$4%3*',/%$",%"-1,/*',-"

#5S"/$"(-3,'/$"'3-'1"L-(')1-"%4",0-"+'(I"%4"3-1%+),/%$"%4",0-"/*';-38"'$.",0-"./1,3/L),/%$"

'$."G'3/',/%$"/$"4'(,%31"%$",0-"+'$.1('2-",0',"'44-(,"#5S"<4%3"-7'*2+-="('$%28"(%G-3E9""\/7-+"

1('+-1"'3-",82/('++8"G-38"(%'31-"<3'$;/$;"43%*"VQ*"f"UQQI*";3/."1('+-E="'$."/$./G/.)'+"

2/7-+1"'3-"$%3*'++8"'11/;$-."'"1$%&"(%G-3"%4"-/,0-3"QW"%3"UQQW"<S+.-3="-,"'+9="URRZE9""K0/1"

L/$'38"(+'11/4/(',/%$"*'1I1"#T"'$."#5S"G'3/'L/+/,8"%$"1*'++"'$."+'3;-"1('+-1"<C/(-="-,"'+9="

PQUQ="#0/"-,"'+9="PQQQE9"K0-"+%11"%4"#T"3-1%+),/%$"/1"-12-(/'++8"$%,/(-'L+-"/$"'3-'1"&/,0"0/;0+8"

G'3/'L+-";3%)$."(%G-3="L-(')1-"'-3/'+"'$."1',-++/,-",-(0$/J)-1"('$$%,"1-$1-"1$%&"2'(I"

)$.-3"('$%289""C-*%,-+8"1-$1-.".','"'3-"'+1%"1)LY-(,",%"',*%120-3/("G'3/',/%$"1)(0"'1"

(+%)."(%G-39""T)-",%",0/1="3-*%,-".','"(%++-(,/%$"G/'"1',-++/,-1"0'1"+/*/,-."),/+/,8="L-/$;"*%1,"

3-+/'L+-"&0-$",0-"1I8"/1"(+-'3"'$.";3%)$."(%G-3"/1"+/*/,-.9""M);*-$,/$;",0-"-7/1,/$;"1$%&"

2'(I"'$'+81/1"43'*-&%3I"&/++"0-+2"'((%)$,"4%3"1$%&"2'(I"G'3/'L/+/,8"(0'3'(,-3/1,/("%4"+'3;-3"

1('+-19"

S*20'1/1"10%)+."L-"2+'(-."%$"1-$1%3"$-,&%3I1")$.-3"('$%28"'$."',",0-"*'3;/$1"%4"

%2-$"'3-'"'$."('$%28",%"1)22+-*-$,"()33-$,"'$."4),)3-"3-*%,-"1-$1/$;"'.G'$(-1="-7/1,/$;"

*-,-%3%+%;/('+"1,',/%$1"<#B`KS?="CM5#E"'$."1$%&"(%)31-".','"(%++-(,/%$"-44%3,19""K0-"%2-$"

'3-'"f"('$%28"*'3;/$"/1"'".8$'*/("H%$-"&0-3-"1$%&"'(()*)+',/%$"('$"L-";3-',-3",0'$"

L-$-',0"('$%2/-1"'$."&0-3-"1$%&2'(I"'L+',/%$"/1"+/I-+8",%"+'1,"*)(0"+%$;-3",0'$"/$"%2-$"

'3-'1"<O-',(0="-,"'+9="PQQRE9""K0)1=",0-",/*/$;"'$."'*%)$,1"%4"*%/1,)3-"3-+-'1-1"43%*",0-"

1$%&2'(I"',",0-"%2-$"'3-'"F"('$%28"*'3;/$"'3-"+/I-+8",%"L-"/*2%3,'$,="-12-(/'++8"/$"#/-33'"

*%)$,'/$"181,-*1"/$"&0/(0"4%3-1,-."'3-'1"'3-"/$,-312-31-."&/,0"*-'.%&19""M1",0/1"2'2-3"

&/++".-*%$1,3',-=",0-"%2-$"'3-'"('$%28"/$,-34'(-"0'1"L%,0",0-"*/$/*'"'$."*'7/*'"%4"1$%&"
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'(()*)+',/%$"'$.",0-"J)/(I-1,"'$."1+%&-1,"'L+',/%$"3',-19""\'3,"%4",0/1"-7,3-*-"G'3/'L/+/,8"/1"

.)-",%"10'./$;="&0/(0"/1"'"./3-(,"4)$(,/%$"%4"'12-(,"<$%3,0="1%),0="-'1,"'$."&-1,E9""c%&-G-3="

$%"3-1-'3(0"0'1"+/$I-."('$%28"(%G-3"./3-(,+8",%"'12-(,"'1"'"23-./(,%3"4%3"-1,/*',/$;"L%,0"#T"

'$."#5S9""K0/1"3-+',/%$10/2"&0/+-")$.-31,)./-."*'8"23%G-",%"L-"'$"/*2%3,'$,"J)'+/4/-3"4%3"

#T"'$."#5S"-1,/*',/%$"%$"'$"'3-'+"L'1/19"

\081/('+"(0'3'(,-3/1,/(1"3-+',-.",%"#T"'$."#5S"'(()*)+',/%$"'$."'L+',/%$"/$(+).-"

+',/,).-="-+-G',/%$="'12-(,="1+%2-="('$%28"(%G-3="&/$.=",-*2-3',)3-"'$."1%+'3"3'./',/%$9""

M((%3./$;",%"S3/I1%$"-,"'+"<PQQbE",0-"3-+',/%$10/21"L-,&--$"#T="#5S=",%2%;3'208="('$%28"

(%G-3="'$.",%"'"+-11-3"-7,-$,"&/$.="/1"(%$1,'$,"8-'3",%"8-'39""D%$1-J)-$,+8="12',/'+"'$."

,-*2%3'+",3-$.1"/$"1$%&"'(()*)+',/%$"'3-"1/*/+'3"/$"'3-'1"&/,0"1/*/+'3",%2%;3'208="('$%28"

(%G-3"'$."&/$."2',,-3$19""K0-3-4%3-"/4"1*'++"1('+-"G'3/'L/+/,8"('$"'(()3',-+8"L-"(0'3'(,-3/H-."

&/,0/$"'$"'3-'"1)33%)$./$;"'"*-,-%3%+%;/('+"1,',/%$="#T"'$."#5S"*-'1)3-*-$,1"',"'"2%/$,"

(%)+."L-"-7,-$.-.",%"1)33%)$./$;"'3-'1"&/,0"'"0/;0".-;3--"%4"(%$4/.-$(-9""

D'$%28"(%G-3"./3-(,+8"/$4+)-$(-1",0-"'*%)$,"%4"1$%&"'(()*)+',/%$9""N$"4%3-1,-."

'3-'1="1$%&"'(()*)+',/%$"'$."'L+',/%$"'3-"/$4+)-$(-.",0-"1)33%)$./$;"G-;-,',/G-"1,3)(,)3-9""

@)11-+*'$"-,"'+"<PQQZE"4%)$."biW"./44-3-$(-1"/$"1$%&".-2,0"/$"%2-$"'3-'1"G19")$.-3"

('$%28"',"*'7/*)*"'(()*)+',/%$"/$"B%3,0-3$"B-&"@-7/(%9""5/,0/$",0-"4%3-1,"('$%28"

*'7/*)*"'(()*)+',/%$"%(()31"/$"'3-'1"&/,0"(%G-3".-$1/,/-1"%4"Pb",%"XQW="-G-$",0%);0"

*'7/*)*"1$%&"'(()*)+',/%$"0'1"0/1,%3/('++8"L--$",0%);0,",%"%(()3"%$+8"/$"%2-$"'3-'19""

c%&-G-3="O-',(0"-,"'+"<PQQRE".-*%$1,3',-.",0',"4%3-1,"-.;-1"<('$%28F%2-$"'3-'"/$,-34'(-E"

/$"*/.F+',/,).-"1/,-1"0'G-",0-"'L/+/,8",%"0%+.")2",%"PbW"*%3-"1$%&",0'$"%2-$"'$."4%3-1,-."

'3-'19""#$%&"'(()*)+',/%$"'$."'L+',/%$"/1"./3-(,+8"'44-(,-."L8"&/$."12--.1="./3-(,/%$1"'$."

1%+'3"3'./',/%$"4+)7-1"',",0-"1)34'(-="'++"%4"&0/(0"'3-"/$4+)-$(-."L8"('$%28"1,3)(,)3-"

<@)11-+*'$="-,"'+9="PQQZ="5%%.1="-,"'+9="PQQiE9""D'$%28".-$1/,8"0'1"'$"/$G-31-"3-+',/%$10/2",%"
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#5S"'$."#T".)3/$;",0-"'(()*)+',/%$"20'1-9""c%&-G-3=".)3/$;",0-"'L+',/%$"20'1-="+%&-3"

1%+'3"3'./',/%$"4+)7-1"3-.)(-"*-+,"3',-1"/$"(%*2'3/1%$",%"('$%28F43--"'3-'19""D%$1-J)-$,+8="

,%"'(()3',-+8"*%.-+"#5S"'$.",3-$.1"/$"#5S",03%);0",/*-"/,"/1"-11-$,/'+",%"J)'$,/,',/G-+8"

-G'+)',-",0-"%G-3+8/$;"('$%28".-$1/,89""

D'$%28"(%G-3"/1"$%,",0-"%$+8"1/,-"12-(/4/("(%$,3%+"%$"#5S"'$."#T"'(()*)+',/%$"'$."

'L+',/%$9""S+-G',/%$"'$."'12-(,"('$"0'G-"-J)'+"/*2'(,1"%$"#5S"'$."#T9""j%1,"-,"'+"<PQQ[E"

3-2%3,-.",0',"-+-G',/%$="'12-(,"'$."('$%28"(%G-3"'((%)$,-."4%3"ZQW"F"RQW"%4",0-"G'3/'L/+/,8"

%4"1$%&"'(()*)+',/%$"/$"'"4%3-1,-."&',-310-.="&/,0"'12-(,"0'G/$;",0-";3-',-1,"/$4+)-$(-"

.)3/$;",0-"'(()*)+',/%$"20'1-9""""S+-G',/%$="&0/+-"$%,"'1"/*2%3,'$,"/$",0-"'(()*)+',/%$"

20'1-="('$"L-",0-"*%1,"/*2%3,'$,"4'(,%3".)3/$;",0-"1$%&"'L+',/%$"20'1-9"

C/(-"-,"'+"<PQUQE".-*%$1,3',-."bQW"./44-3-$(-1"/$"'(()*)+',/%$"'$."'L+',/%$"3',-1"

&/,0/$"'"Q9X"0-(,'3-"'3-'"/$"'"1)L'+2/$-"L'1/$"&/,0/$"a%1-*/,-"B',/%$'+"\'3I9""M12-(,"0'1"

L--$"/.-$,/4/-."'1"'"I-8".-,-3*/$'$,"%4"1$%&".-2,0"&/,0/$"(+-'3/$;1"'$."%$"1+%2-1"

<M$.-3,%$="-,"'+9="PQQX="D+/$-="-,"'+9="URRZ="S+.-3="-,"'+9="URRU="S3/(I1%$="-,"'+9="PQQb="A%+./$;="-,"

'+9="URZi="j%1,="-,"'+9="PQQ[="@%+%,(0"-,"'+9="PQQbE9""""`,0-3"4'(,%31"&/,0"2%,-$,/'+"3-+',/%$10/21"

,%"#5S"1)(0"'1",-*2-3',)3-="1%+'3"3'./',/%$"'$."&/$."0'G-"./44-3-$,"-44-(,1".)3/$;",0-"

'(()*)+',/%$"'$."'L+',/%$"20'1-1="(0'$;/$;"&/,0"1/,-1="'$."1-'1%$19""K0/1"/$./(',-1"'"$--."

4%3"4)3,0-3"3-1-'3(0",%")$.-31,'$.",0-"-44-(,1"%4",%2%;3'208="'$."('$%28".-$1/,8"%$"1$%&"

2'(I9"

#5S"0'1"L--$"'(()3',-+8"-7,3'2%+',-."L'1-."%$"1,',/1,/('+"'223%'(0-1",0',")1-"1$%&"

.-2,0"'$."%,0-3"/$.-2-$.-$,"G'3/'L+-19""C-;3-11/%$",3--"*%.-+1"23%G/.-"-1,/*',-1"%4"#5S"

&0-$"1)22%3,-."L8"-7,-$1/G-"1/,-"(0'3'(,-3/H',/%$"<@%+%,(0="-,"'+9="PQQbE9""#%*-"3-1-'3(0"

0'1".-*%$1,3',-.",0',"#5S"2%/$,"*-'1)3-*-$,1"<4%3"-7'*2+-="43%*"1$%&"2/++%&1E"('$"L-"

)1-.",%"./3-(,+8"*%.-+"#5S"/$"'$"'3-'"/4"(%*L/$-."&/,0"1$%&".-2,0"*-'1)3-*-$,19""
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M((%3./$;",%"@%+%,%(0"-,"'+"<PQQbE"'$."S+.-3"-,"'+"<URRU="URRZE"1$%&".-$1/,8"./."$%,"

(%33-+',-"'1"&-++"'1"1$%&".-2,0"&/,0"4'(,%31"1)(0"'1",-*2-3',)3-="1%+'3"3'./',/%$"'$."&/$.""

'$.="&0-$",0-"1$%&2'(I"0'1"'")$/4%3*",-*2-3',)3-"'223%'(0/$;"VPkD="1$%&".-$1/,8"/1"

(%$1-3G',/G-"(%*2'3-.",%"1$%&".-2,09""j%$'1"-,"'+"<PQQRE"4%)$.",0',".-$1/,8"%4"1$%&"./."

$%,"(%33-+',-"&-++"&/,0",%2%;3'208=",0%);0".-$1/,8"/$(3-'1-."&/,0"/$(3-'1/$;"1$%&".-2,0"

'$."&/,0".)3',/%$"%$",0-";3%)$.9""""

N4"1-'1%$"'$."12',/'+"G'3/'L/+/,8"%4"1$%&".-$1/,8"'3-"/;$%3-.="#5S"4%3"'$"'3-'"('$"L-"

/$./3-(,+8".-,-3*/$-."L8!"lmno p qr"s"
rt
ru
"vlwxo"y"&0-3-".2"]"1$%&".-2,0"',"2%/$,=""1"]"

.-$1/,8"%4"1$%&"4%3"'$"'3-'="""&]".-$1/,8"%4"&',-3"="#DM2]"1$%&"(%G-3-."'3-'""'$."#5S2"]"

G%+)*-,3/("#5S"<@%+%,%(0"PQQbE9""K0/1"-J)',/%$"('$"L-"');*-$,-."L8"/$(3-'1/$;"#T"

*-'1)3-*-$,1"&/,0/$",0-"4/-+."'3-'"<.2E"'$."(3-',/$;"'$"'G-3';-".-2,0"4%3",0-"1/,-9"

5/3-+-11"1-$1%3"$-,&%3I1"(%)2+-."&/,0"-7/1,/$;"1$%&"1-$1/$;"/$43'1,3)(,)3-"(%)+."

;3-',+8"/$(3-'1-"'(()3'(8"%4"'3-'+"'$."2%/$,"L'1-."-1,/*',-1"%4"#5S"1/*2+8"L8"/$(3-'1/$;"

,0-"$)*L-3"%4"#T"*-'1)3-*-$,"2%/$,19"":)3,0-3*%3-="/4"*-,-%3%+%;/('+"1,',/%$1"&/,0%),"

1$%&"1-$1/$;"('2'L/+/,/-1"&-3-"');*-$,-."&/,0"&/3-+-11"1-$1%3"$-,&%3I1="#5S"-1,/*',-1"

(%)+."L-"L'1-."%$"#T"'$."2081/('+"1/,-"(0'3'(,-3/1,/(1",%"/$(3-'1-",0-"'(()3'(8"%4"&',-3"

1)22+8"4%3-('1,/$;"-G-$"/$"8-'31"&0-3-"23-(/2/,',/%$"4'++1"%),"%4",0-"0/1,%3/('+"*-'$9"

M"G'3/-,8"%4"*-,0%.1"'3-")1-."4%3"&',-3"1)22+8"4%3-('1,/$;9""K0-1-"/$(+).-"L%,0"

2081/('++8"'$."1,',/1,/('++8"L'1-."*%.-+19"""\081/('+"*%.-+1"3-23-1-$,"23%(-11-1",0',"'44-(,"

1$%&"*-+,"'$."'(()*)+',/%$"/$(+)./$;"*'11"'$."-$-3;8"L'+'$(-19""#,',/1,/('+"*%.-+1"3-+8"%$"

(%33-+',/%$1"'$."0/1,%3/('+",3-$.19""@'$8"&',-3"1)22+8"4%3-('1,1="1)(0"'1",0%1-"43%*",0-"

B',)3'+"C-1%)3(-1"D%$1-3G',/%$"#-3G/(-="'3-"1,',/1,/('+"*%.-+19""#,',/1,/('+"*%.-+1"1)(0"'1"

L/G'3/',-"3-;3-11/%$"*%.-+/$;"%$+8"3-J)/3-",&%"/$2),1="23-(/2/,',/%$"',"12-(/4/("2%/$,1"
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&/,0/$"'"L'1/$"</$",0/1"('1-="%L1-3G-."#5SE"'$."%),4+%&"/$"%3.-3",%";-$-3',-"'"23%L'L/+/,8"

./1,3/L),/%$"*%.-+"4%3"4),)3-"4+%&9"""

@%3-"(%*2+-7"*%.-+1"0'G-"L--$"(3-',-.",%"-1,/*',-"23-(/2/,',/%$"L'1-."%$"

,%2%;3'208"'$."&-',0-3"/$4%3*',/%$9""C-;3-11/%$"*%.-+1"1)(0"'1",0-"2'3'*-,-3"f"-+-G',/%$"

3-;3-11/%$1"%$"/$.-2-$.-$,"1+%2-1"*%.-+"<\CN#@E"%2-3',-."L8"`3-;%$"#,',-"6$/G-31/,8"

-1,/*',-1"23-(/2/,',/%$"%$"'$"ZQQ"*-,-3",%"X"I*";3/."1('+-"%$"PX"03"/$,-3G'+1"<\CN#@="

PQUQE9""K0-"1$%&".','"'11/*/+',/%$"181,-*"<#B`TM#E"%2-3',-."43%*",0-"B',/%$'+"#$%&"'$."

N(-"T','"D-$,-3"/1"'"2081/('++8"L'1-."-$-3;8"L'+'$(-"*%.-+",0',"-1,/*',-1"1$%&"&',-3"

-J)/G'+-$(-"G'+)-1"%$"'"U"I*";3/."',"PX"03"/$,-3G'+1"<B`cC#D="PQQXE9"""""

\CN#@"'$."#B`TM#"-1,/*',-1"('$"L-")1-."'1"23-(/2/,',/%$"/$2),1"4%3"2081/('+"&',-3"

3)$%44"*%.-+1",%"/$(3-'1-",0-"'(()3'(8"'$."3-1%+),/%$"%4",0-"-1,/*',-."1,3-'*"4+%&"

23-./(,/%$19""c%&-G-3="L%,0"*%.-+1"3-J)/3-"1)34'(-"23-(/2/,',/%$"/$4%3*',/%$"43%*"

*-,-%3%+%;/('+"1,',/%$1"1)(0"'1",0-"#$%,-+"%3"CM5#"1,',/%$19"""K0-"-72'$1/%$"%4"

*-,-%3%+%;/('+".','"(%++-(,/%$"$-,&%3I1"&%)+."'++%&"4%3";3-',-3"/$2),1"/$,%"$%,"%$+8"

1)34'(-"&',-3"3)$%44"*%.-+1"1)(0"'1",0-"c8.3%+%;/("-$;/$--3/$;"D-$,-3"c8.3%+%;/("@%.-+"

#81,-*"<cSDFc@#E"43%*",0-"6$/,-."#,',-1"M3*8"D%32"%4"S$;/$--31"'$.",0-"\3-(/2/,',/%$"

C)$%44"@%.-+/$;"#81,-*"<\C@#E"43%*",0-"6$/,-."#,',-1"A-%+%;/("#)3G-8"L),"'+1%",%"

/$./G/.)'+"2'3'*-,-3"-1,/*',/%$"*%.-+1"1)(0"'1",0-"#B`TM#"'$."\CN#@"*%.-+1"<cSDFc@#="

PQUQ="?-'G-1+-8"-,"'+9="URZVE9"

Thesis!overview!

5/,0",0-";%'+"%4"/*23%G/$;",0-"'(()3'(8"%4"#T"'$."#5S"-1,/*',/%$1="'"2/+%,"23%Y-(,"

/$G-1,/;',/$;",0-"'22+/('L/+/,8"%4"-7,-$./$;"*-,-%3%+%;/('+"1,',/%$1"&/,0"+%&"(%1,"0/;0+8"

2%3,'L+-"1-$1%3"$-,&%3I1"&'1"/$/,/',-."/$",0-":'++"%4"PQQR9""K0-"2/+%,"23%Y-(,"'..3-11-."

,03--";%'+1!""



11 
 

 

<UE"M11-11",0-"),/+/,8"%4"'"&/3-+-11"1-$1%3"$-,&%3I"<5#BE",%"-7,-$."#5S"*-'1)3-*-$,1"

43%*"'"4/7-."L'1-."#B`KS?"*-,-%3%+%;/('+"1,',/%$",%"'$8"2%/$,"&/,0/$",0-"4/-+."'3-'")1/$;"

1,',/1,/('+"'$."$)*-3/('+",-(0$/J)-19""

<PE"M11-11",0-"2%,-$,/'+"%4"'"&/3-+-11"1-$1%3"$-,&%3I"<5#BE",%"-1,/*',-"#5S"43%*"'"4/7-."

L'1-."CM5#"*-,-%3%+%;/('+"1,',/%$"&/,0"$%"1$%&"1-$1/$;"-J)/2*-$,",%"'$8"2%/$,"&/,0/$"

,0-"4/-+."'3-'")1/$;"1,',/1,/('+"'$."$)*-3/('+",-(0$/J)-19"

<VE"M11-11",0-"),/+/,8"%4",0-"23%,%,82-"5#B")1-.9"

"

K0-"5#B="#$%&(+%).=".-G-+%2-."L8"T39"j-44":3%+/I"'$."T39"D03/1,/'$"#I'+I'"43%*",0-"

6$/G-31/,8"%4"O-3*%$,="&'1".-2+%8-."/$",0-":'++"%4"PQQR9""N,"(%$1/1,-."%4"1/7"&/3-+-11"1%$'3"

$%.-1"1)33%)$./$;"'"*-,-%3%+%;/('+"1,',/%$"%$"'"Q9[["0'"1/,-"&/,0/$"#';-0-$"D3--I"

-72-3/*-$,'+":/-+."#,',/%$"$%3,0"%4"K3)(I--="DM9""K0-"*-,-%3%+%;/('+"1,',/%$"/1"4)3,0-3"

.-1(3/L-."/$"(0'2,-3"P9""@-,0%.1"4%3".-2+%8*-$,"&-3-".-1/;$-."L8"'"(%++'L%3',/G-",-'*"

43%*",0-"6$/G-31/,8"%4"B-G'.'FC-$%"'$.",0-"6$/G-31/,8"%4"O-3*%$,="/$(+)./$;"D9"T'G/."

@%-1-3="T39"D03/1,/'$"#I'+I'"'$."T39"@'3I"5'+I-39""#$%&(+%)."&'1"+-4,"/$"2+'(-")$,/+"@'8"

PQUQ9"

" @-,0%.1"4%3".','"'$'+81/1"%4"L%,0",0-"5#B"'$.",0-"*-,-%3%+%;/('+"1,',/%$".','"&-3-"

.-G-+%2-."'$."('33/-."%),"',",0-"6$/G-31/,8"%4"B-G'.'fC-$%9"""K0-"*-,-%3%+%;/('+"1,',/%$"

'(,-."'1"L%,0"'"CM5#"'$."'"#B`KS?"1,',/%$9""K0-".','"43%*",0-"*-,-%3%+%;/('+"1,',/%$"&-3-"

/$,-;3',-."&/,0",0-"5#B",%"-1,/*',-"#5S"',"-'(0"%4",0-"5#B"$%.-1"'$."&/,0/$"'"1'*2+/$;"

;3/."/$",0-"4/-+."'3-'9""K0-1-".','"&-3-",0-$";-%1,',/1,/('++8"'$'+8H-.",%",3'$14%3*",0-"5#B"

2%/$,".','"/$,%"'3-'+".','9"""
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:/-+.".','"*-'1)3-*-$,1="(%*23/1-."%4"&--I+8"*'$)'+"#T"'$."#5S"*-'1)3-*-$,1"

',"bZ"2%/$,1"&/,0/$",0-"4/-+."'3-'="&-3-")1-.",%"G-3/48"#$%&(+%)."#T"-1,/*',-1"'$.",%"

23%G/.-".','",%"G-3/48",0-"1,',/1,/('+"*%.-+"23-./(,/%$1"%4"#5S9"""

:/$'++8=",0-"#5S"2%/$,"*-'1)3-*-$,"43%*",0-"%$1/,-"1$%&"2/++%&"&'1"(%*2'3-."

';'/$1,",0-"/$,-32%+',-."'$."'G-3';-."'3-'+"#5S"4%3",0-"1/,-9"""

K0-"1,3)(,)3-"%4",0/1"2/+%,"23%Y-(,"/1".-2/(,-."'1",03--"20'1-1"/$"4/;)3-"X9"

"""

C-1)+,1"%4",0/1"2/+%,"23%Y-(,"'3-"'/*-."',"';-$(/-1"3-12%$1/L+-"4%3".','"(%++-(,/%$"

43%*"*-,-%3%+%;/('+"1,',/%$1="&',-3"L).;-,"'$'+81,1"'$.",0-".-G-+%2*-$,",-'*"%4",0-"

#$%&(+%)."&/3-+-11"1-$1%3"$-,&%3I9""N,"/1"0%2-.",0-"3-1)+,1"&/++"L-"'")1-4)+"1,-2"/$"'11-11/$;"

Figure!4:!!Flow!chart!of!the!three!phases!of!the!project.
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,0-"4-'1/L/+/,8"%4"/$,-;3',/$;",0-1-"+%&"(%1,"181,-*1"/$,%",0-"43'*-&%3I"%4"*-,-%3%+%;/('+"

1,',/%$1"&/,0/$",0-"5-1,-3$"6$/,-."#,',-19""N,"'/*1",%".-*%$1,3',-"'$"-44-(,/G-"'223%'(0"4%3"

#5S"-7,3'2%+',/%$"'$."'3-'+"-1,/*',/%$"%4"#5S",%"1)22+-*-$,"/$4%3*',/%$"43%*"

*-,-%3%+%;/('+"1,',/%$19""K0/1"1,).8"10%)+.";/G-",0-".-G-+%2-31"%4",0-"#$%&(+%)."23%,%,82-"

'$"'11-11*-$,"%4",0-"4)$(,/%$'+/,8"'$."),/+/,8"%4",0-"181,-*="&/,0"1);;-1,/%$1"4%3"/*23%G/$;"

,0-"()33-$,".-1/;$9"

" K03%);0%),",0-".%()*-$,="+'$;)';-"0'1"L--$"1/*2+/4/-.",%"3-.)(-"3-.)$.'$(8"'$."

/*23%G-";-$-3'+"3-'.'L/+/,89""K0-",-3*1"g#$%,-+=h"'$."gCM5#h"'3-"*-'$,",%"L-"/$(+)1/G-9""

g#$%,-+h".-$%,-1"$%,"%$+8"1$%&2'(I",-+-*-,38"1/,-1"L),"'$8"1/,-"&0/(0"/1"-J)/22-."/$"'"

1/*/+'3"$',)3-"1)(0"'1"1,',-"(%%2-3',/G-"1)3G-8"1/,-19""gCM5#h"/$(+).-1"$%,"%$+8"C-*%,-"

M),%*',-."5-',0-3"#,',/%$"1/,-1"L),"'$8"%,0-3"*-,-%3%+%;/('+"1,',/%$"1/*/+'3+8"-J)/22-.9""

K0-",-3*"gK3'$1-(,h"/1"-J)/G'+-$,",%"'"1$%&"(%)31-"%3"'$8"%,0-3"+/$-"%4"23-F-1,'L+/10-."

1$%&"1'*2+/$;"2%/$,1"4%3"-/,0-3"#5S"%3"#T"*-'1)3-*-$,9" "
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Methods!and!materials!

The!Snowcloud!system!

M"&/3-+-11"181,-*"$-,&%3I"/1"'"

1-,"%4"1*'++"'),%$%*%)1"1-$1%3"$%.-1="

,0',"(%%2-3',-"1/$;)+'3+8"'$."$-,&%3I"

/$./G/.)'++8"%3"/$",'$.-*"&/,0"'"L'1-"

1,',/%$",%"2-34%3*"',"+-'1,"%$-",'1I"

<c'-$1-+*'$$="PQQb="j/$.'+"-,"'+9="

PQQiE9" 

K0-"23%,%,82-"#$%&(+%)."

181,-*")1-."/$",0/1"3-1-'3(0"/1"'"

&/3-+-11"1-+4"'11-*L+/$;"$-,&%3I"%4"1/7"

1-$1%3"$%.-1"'$."%$-"L'1-"1,',/%$"

<:/;)3-"bE".-1/;$-."'$."(%$1,3)(,-."L8"

T39"j-44":3%+/I"'$."T39"D03/1,/'$"#I'+I'"

43%*",0-"6$/G-31/,8"%4"O-3*%$,9""K0-"1-$1%3"$%.-1"(%++-(,"'$."(%**)$/(',-"1$%&".-2,0"

'$.",-*2-3',)3-".','")1/$;"+%&"43-J)-$(8"3'./%"1/;$'+19""S'(0"$%.-"('$"(%$$-(,"./3-(,+8",%"

'"L'1-"1,',/%$"%3"('$".-+/G-3"/$4%3*',/%$"2'(I-,1"43%*"$%.-",%"$%.-"<*)+,/F0%2E",%",0-"L'1-"

1,',/%$9""K0/1"*)+,/F0%2"(%**)$/(',/%$"1,3)(,)3-"-7,-$.1",0-"2%,-$,/'+"3'$;-"%4",0-"

#$%&(+%)."$-,&%3I"'$."'++%&1",0-"181,-*",%"(%$,/$)-".','"(%++-(,/%$"'$.",3'$12%3,"/$",0-"

-G-$,"%4"2'3,/'+"$-,&%3I"4'/+)3-"%3"+%119 

Figure!5:!!A!Snowcloud!node!within!the!Sagehen!Creek!field!
area. 
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@%1,"'12-(,1"%4",0-"#$%&(+%)."1-$1%31"'3-"(%$,3%++'L+-"/$"3-'+",/*-="/$(+)./$;"

1'*2+/$;"/$,-3G'+"(0'$;-19""S'(0"$%.-"/1"(%$$-(,-.",%"'$"%*$/F./3-(,/%$'+"'$,-$$'"&/,0"

3'./%"3'$;-1"%4"bQFUQQ"*-,-319"

M++"$%.-1"/$(+).-"'",-*2-3',)3-"1-$1%3"'$."1%$'3"-*/,,-3"'$."3-(-/G-39""K0-"

,-*2-3',)3-"1-$1%3"'++%&1"4%3",-*2-3',)3-"(%*2-$1',-.".-2,0F,%F1$%&"*-'1)3-*-$,19""

K0/1"(%*2-$1',-."./1,'$(-"/1"2'/3-."&/,0",0-",%,'+"./1,'$(-"43%*",0-"1%$'3"-*/,,-3",%"1%/+"

1)34'(-"4%3"1$%&".-2,0"-1,/*',-19""K0-"()33-$,"(%$4/;)3',/%$"(%1,1"zdbQQ"2-3"$%.-9"""

Snowcloud!support!structure!

" K0-"#$%&(+%)."1)22%3,"1,3)(,)3-"/1"*'.-"%4"+/;0,&-/;0,"'+)*/$)*9""N,"(%$1/1,1"%4"'"

G-3,/('+"1)22%3,"10'4,",-3*/$',/$;"/$"'"1%+'3"2'$-+"'$."'$,-$$'"1)22%3,"43'*-="'$"-+-G',-."

0%3/H%$,'+"1-$1%3"'3*"'$."'"L)3/-."'$(0%3"181,-*9""K0-"G-3,/('+"1)22%3,"10'4,"/1"*%.)+'3",%"

'++%&"4%3"'../,/%$'+"1-(,/%$1",%"L-"'..-.".-2-$./$;"%$"1$%&".-2,0"',"'"4/-+."1/,-9""K0-"

G-3,/('+"10'4,")1-."&/,0/$"#';-0-$"(3--I"&'1"R"4--,9""K0-"./1,'$(-"L-,&--$",0-"1%$'3"'$."

,0-"'$(0%3"181,-*"&'1"Z"4--,="&0/(0"'++%&-."4%3"'(()3',-"1$%&".-2,0"3-'./$;1")2",%"["4--,9""

K0-"0%3/H%$,'+"'3*"&'1"'+1%"'.Y)1,'L+-9""M,"#';-0-$"D3--I"'++"1-$1%31"&-3-"1-,"',"P9[b"4--,"

43%*",0-"G-3,/('+"1)22%3,9""K0-"1%+'3"2'$-+"1)22%3,"('$"L-"'.Y)1,-."0%3/H%$,'++8"ViQ".-;3--1"

'$."G-3,/('++8"RQ".-;3--19""K0-"'$(0%3"181,-*"(%$1/1,-."%4"'$"'+)*/$)*"2+',-",0',"('$"L-"

.-,'(0-."43%*",0-"G-3,/('+"1)22%3,"4%3"1-,F)2"'$."3-*%G'+9"":%)3"3-*%G'L+-"U"4%%,"1,--+"

1,'I-1"&-3-")1-.",%"'$(0%3",0-"'+)*/$)*"2+',-",%",0-";3%)$.9""K0-"'+)*/$)*"2+',-"&'1"

'.Y)1,'L+-"4%3"+-G-+"&/,0"',,'(0-."$),1"%$",0-"3-*%G'L+-"1,--+"1,'I-19""K0-"0%)1/$;"4%3"L%,0"

,0-"&/3-+-11"1-$1%3"*%.)+-"'$.",0-"L',,-38"&-3-"*'.-"%4"3);;-./H-."'$."&',-323%%4"

2+'1,/("L%7-1"<\-+/('$"('1-"UQPQ"{UXbQ="

0,,2!ee&&&92-+/('$9(%*e('1-1|.-,'/+9202}D'1-]UXbQE9""K0-"&',-323%%4"L%7"0%)1/$;",0-"

1-$1%3"*%.)+-"'$.",0-"1%$'3"1-$1%3"&'1"+%(',-."%$",0-"-$."%4",0-"0%3/H%$,'+"1-$1%3"'3*9""
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K0-"&',-323%%4"L%7"0%)1/$;",0-"L',,-38"&'1"+%(',-."',";3%)$."+-G-+"'$."&'1"(%$$-(,-.",%"

,0-"1%+'3"2'$-+"G/'"&',-323%%4"2+'1,/("~"/$(0"(%$.)/,9""""

Snowcloud!power!and!electrical!system!

" K0-"2%&-3"181,-*"(%$1/1,-."%4"'"UPO="UP'0"+-'."'(/."L',,-38"&/,0"'"FXQkD"

%2-3',/%$'+"3',/$;="&0/(0"&'1"(%$$-(,-.",%"'"UP"5"1%+'3"2'$-+"4%3"3-(0'3;/$;9""K0-3-"&'1"'$"

-7,-3$'+"1&/,(0"%$",0-"1)22%3,"1,3)(,)3-",0',"'++%&-.",0-"181,-*",%"L-"*'$)'++8",)3$-."%$"

%3"%44"4%3"&/$,-3"*'/$,-$'$(-9"""

Snowcloud!sensors!and!data!transmission!

" K0-"gL3'/$L%7h"1/,)',-."%$",0-"-$."%4",0-"1-$1%3"'3*"0%)1-.",0-"1%$'3"1-$1%3"'$."

,0-"/$,-3$'+"*/(3%23%(-11%3="&0/(0"(%$,3%++-.",0-"1%$'3"-*/,,-3"'$.",3'$1*/,,-.".','9""K0-"

/$,-3$'+"&/3-+-11"1-$1%3"*%.)+-"<'+1%"('++-."'"*%,-E"&'1"'"D3%11L%&"K-+%>"<D3%11L%&"

K-(0$%+%;8"N$(9"&&&97L%&9(%*E="&/,0"'"K/$8"`#"%2-3',/$;"181,-*"'$."U"*L"%4"/$,-3$'+"

4+'10"1,%3';-9""K0-"U"*L"%4"4+'10"1,%3';-"3-,'/$-.".','"/$"('1-"%4",3'$1*/11/%$"%3"'$,-$$'"

4'/+)3-9""K0-"D3%11L%&"K-+%>"*%,-"&'1"./3-(,+8"(%$$-(,-.",%",0-"L',,-38"'$."'$"%*$/"

./3-(,/%$'+"3'./%"'$,-$$'"('2'L+-"%4".','",3'$1*/11/%$")2",%"UQQ"*-,-31"/$"'$8"./3-(,/%$9""

K0-"*%,-"*'$';-.",0-"1%$'3"-*/,,-3",%"*-'1)3-",0-"./1,'$(-"L-,&--$",0-"1%$'3"-*/,,-3"

'$."1$%&"%3";3%)$."1)34'(-9""

Sonar!!

" T)-",%",0-"(%*2'(,"1/H-"'$."+%&"(%1,=",0-"@'7"#%$'3�"f"5CU�"<@>[QiQE"43%*"

@'7>%,/7�"N$(9"<&&&9*'7L%,/79(%*E"&'1"),/+/H-."4%3"#$%&(+%).9""K0-"@>[QiQ"3-J)/3-1"

G-38"+%&"2%&-3"4%3"%2-3',/%$="L-,&--$"V9VO"'$."bO9""K0-"@>[QiQ"0'1"'"3'$;-"43%*"'"

*/$/*)*"%4"Pb"(*",%"'"*'7/*)*"%4"[ib"(*"<Q9ZV",%"Pb9U"4--,E="&/,0"U"(*"3-1%+),/%$9""
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T/1,'$(-1"+-11",0'$"Pb"(*"'3-"3-2%3,-."'1"Pb"(*9""\3%.)(,"12-(/4/(',/%$1"'+1%"1,',-.",0',",0-"

1%$'3"/1"4)$(,/%$'+"%G-3"'"3'$;-"%4",-*2-3',)3-1=",0%);0"$%"L%)$.1"&-3-"12-(/4/-.9""K0-"

*'$)4'(,)3-3"'+1%"1,',-.",0',",0-"1%$'3"-*/,,-3"/1".-1/;$-.",%"%2-3',-"/$",0-"23-1-$(-"%4"

%),1/.-"$%/1-1=",0%);0"L-1,"%2-3',/%$"/1"%L,'/$-."&0-$"$%/1-"+-G-+1"'3-"+%&9""N,"/1")$(+-'3"

&0',"$%/1-"1,3-$;,0"/1"(%$1/.-3-."+%&9""B%"4)3,0-3"2-34%3*'$(-"/$4%3*',/%$"3-;'3./$;"

$%/1-"'$.",-*2-3',)3-"-44-(,1"&'1"'G'/+'L+-"43%*",0-"23%.)(-39"""

" K0-"D3%11L%&"K-+%>"*%,-"3-'.1",0-"1%$'3".','"%),2),"'1"'"G%+,';-"1/;$'+9""M"1/;$'+"

*)1,"4/31,"L-",3'$14%3*-."/$,%"1%$'3",%"1)34'(-"./1,'$(-1"L8"('+/L3',/$;"-'(0"1%$'3"-*/,,-39""

#%$'3"-*/,,-3",%"1$%&"1)34'(-"./1,'$(-"('$",0-$"L-".-,-3*/$-."'1",0-"./44-3-$(-"L-,&--$"

,0-",%,'+"./1,'$(-"43%*",0-"1%$'3"-*/,,-3",%",0-"+'$."1)34'(-"'$.",0-"1%$'3",%"1$%&"1)34'(-"

.-2,0"<-J9"UE!""

#T]"<#F?1E"f"<#F#E"

/$"&0/(0"#T]"1$%&".-2,0"',",0-"+'$."1)34'(-="<#F?1E"]"1%$'3"-*/,,-3",%",0-"+'$."1)34'(-"

./1,'$(-"'$."<#F#E"]"1%$'3"-*/,,-3",%"1$%&"1)34'(-"./1,'$(-9"

Snowcloud!installation!and!calibration!

#$%&(+%)."&'1"/$1,'++-."Y%/$,+8="L8"*81-+4"'$."T39"D03/1,/'$"#I'+I'"43%*",0-"

6$/G-31/,8"%4"O-3*%$,"%G-3"'"%$-"*%$,0"2-3/%."/$",0-":'++"%4"PQQR9""#/7"$%.-1"&-3-"/$1,'++-."

&/,0/$"'"Q9[["0'"1/,-"&/,0/$"#';-0-$"D3--I":/-+."#,',/%$"/$"K3)(I--="D'9""62%$"/$1,'++',/%$="

-'(0"$%.-"&'1",-1,-."'$.",0-"$-,&%3I"&'1".--*-."4)++8"4)$(,/%$'+"%$",0-"U[,0"%4"j'$)'38"

PQUQ9""#$%&(+%).".','"(%++-(,/%$"L-;'$"j'$)'38"UZ,0"PQUQ="&0/(0"'+1%"*'3I-.",0-"4/31,".'8"

%4"*'$)'+"*-'1)3-*-$,1"%4"#T"'$."#5S"<.-1(3/L-."/$"4/-+."*-'1)3-*-$,"1-(,/%$E9""

K&%"1-2'3',-"1%$'3"-*/,,-3"('+/L3',/%$",3/'+1"&-3-"3)$",%".-,-3*/$-",0-"*%1,"

'(()3',-"*-,0%.",%"('+/L3',-",0-"1%$'3"-*/,,-319""N,"&'1"/$/,/'++8")$(+-'3"&0-,0-3"1/*/+'3"

3-1)+,1"(%)+."L-"%L,'/$-."),/+/H/$;"'"('+/L3',/%$"/$1/.-"G-31)1"'"('+/L3',/%$"%),1/.-9""K0-"4/31,"
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,3/'+"<('+/L3',/%$"%$-E"&'1"3)$"23/%3",%"/$1,'++',/%$"&/,0/$"'"+'L%3',%38"',",0-"6$/G-31/,8"%4"

B-G'.'="C-$%9""K0-"1-(%$.",3/'+"<('+/L3',/%$",&%E"&'1"3)$"'4,-3"'++".','"(%++-(,/%$"43%*",0-"

#$%&(+%)."181,-*"&'1"(%*2+-,-"&/,0/$",0-"4/-+."'3-'"/$"#';-0-$"D3--I9""K0-1-"'3-"

.-1(3/L-."L-+%&9"

Calibration!one!
 
" S'(0"1%$'3"-*/,,-3"&'1"('+/L3',-."%$"'"3%++/$;"2+',4%3*"4%)3"4--,"'L%G-"'"+'L"4+%%39""

K0-"1%$'3"&'1"+-G-+-."%$",0-"3%++/$;"2+',4%3*"'$."./3-(,-."',"'"(%$(3-,-"&'++")$/4%3*+8"

(%G-3-."L8"Q9b"**",0/(I"&0/,-"2'2-39""K0-"3%++/$;"2+',4%3*"&'1"*%G-."UQ",/*-1"',"%$-"4%%,"

/$(3-*-$,1="1,'3,/$;"',"%$-"4%%,"'$."-$./$;"',"UQ"4--,"43%*",0-"&0/,-"2'2-39""M,"-'(0"

/$(3-*-$,="UP"1%$'3"G%+,';-"%),2),1"&-3-"3-(%3.-."'+%$;"&/,0"UP"/$,-3$'+"$%.-"G%+,';-"

%),2),1"4%3",-*2-3',)3-9""S'(0"1-,"%4",-*2-3',)3-"3-'./$;1"&'1"'G-3';-."'$.",3'$14%3*-."

/$,%"D-+1/)1".-;3--1")1/$;",0-"-J)',/%$"12-(/4/-."L8",0-"*'$)4'(,)3-3"<-J9"PE!"

" " " K("]"<Q9QUO3"f"bV9ZVE"

/$"&0/(0"K(]",-*2-3',)3-"/$"D-+1/)1"'$."O3"]"G%+,';-"%),2),9"

M"1/*2+-"3-;3-11/%$"%4"1%$'3"G'+)-1"G19"./1,'$(-"43%*"

1%$'3",%"&'++"&'1"(3-',-."/$"%3.-3",%"'33/G-"',"'"+/$-'3"

3-+',/%$10/2"%4",0-"4%3*!"./1,'$(-"<4,E"]"*<G%+,';-"%),2),E"

^L="/$"&0/(0"*"/1"'"1+%2-"(%$1,'$,"'$."L"/1"'$"/$,-3(-2,"

<:/;)3-"iE9""K0-"1%$'3"3-'./$;1"&-3-"4)3,0-3"(%33-(,-."4%3"

,0-"'44-(,1"%4",-*2-3',)3-"%$"1%)$.",3'$1*/11/%$")1/$;"

-J)',/%$",03--"<C8'$="-,"'+9="PQQZE!"

"

/$"&0/(0"#T]"1$%&".-2,0"<4,E="T;1"]"./1,'$(-"43%*";3%)$."1)34'(-",%"1%$'3"-*/,,-3"<4,E="O]"

G%+,';-"%),2),="K]"'G-3';-",-*2-3',)3-"<kDE"',"1'*2+-",/*-"'$."*/7^L"]"('+/L3',/%$"4%3"

Figure!6:!Example!of!linear!
relationship!between!sonar!voltage!
output!and!distance.!
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$%.-"/9""K0-"./1,'$(-"43%*",0-";3%)$."1)34'(-",%",0-"1%$'3"-*/,,-3"<T;1E"&'1"*-'1)3-."&/,0"

'$"'G'+'$(0-"23%L-"&/,0"(*";3'.',/%$19"

!!!!!!!!!!!!!!!!!!!!!Calibration!two!
 
" K0-"1-(%$.",3/'+"&'1"3)$"/$"4/-+.9""

M$"'.Y)1,'L+-"L3'(I-,"&'1"',,'(0-.",0-"

1-$1%3"'3*",%",0-"G-3,/('+"1)22%3,"10'4,",%"

(3-',-"'"4+-7/L+-"(%$$-(,/%$"<:/;)3-"[E9""

K0/1"(+'*2"'++%&-.",0-"1-$1%3"'3*",%"+%(I"

%$"'$8"12%,"%$",0-"G-3,/('+"1)22%3,"10'4,"

'$."'+1%"2-3*/,,-.",0-"1-$1%3"'3*",%"L-"

+-G-+-.9""\3/%3",%"./1'11-*L+8"%4",0-"

#$%&(+%)."181,-*="-'(0"%4",0-"1/7"gL3'/$"

L%7-1h"&-3-"3-*%G-."43%*",0-"3-12-(,/G-"1)22%3,"1,3)(,)3-1="'44/7-.",%",0-"1)22%3,"

1,3)(,)3-"%4"$%.-"b="+-G-+-."%$",0-"1)22%3,"1,3)(,)3-"'$."('+/L3',-."<:/;)3-"ZE9""D'+/L3',/%$"

(%$1/1,-."%4"3-'./$;1"',"./44-3-$,"0-/;0,1"%$",0-"1)22%3,"10'4,9""M,"-'(0"0-/;0,"/$(3-*-$,="UP"

1%$'3"G%+,';-"%),2),1"'$."UP",-*2-3',)3-"G%+,';-"%),2),1"&-3-"3-(%3.-."'$.")1-.",%"

(3-',-"('+/L3',/%$"-J)',/%$1"'1"/$"('+/L3',/%$"%$-9"

" D'+/L3',/%$1"'$."-1,/*',-1"%4"1$%&".-2,0",03%);0%),",0-"4/-+.",3/'+1"&-3-"(%*2'3-."

4%3"'(()3'(8"';'/$1,"&--I+8"4/-+."*-'1)3-*-$,1"%4"#T"'$."./1,'$(-"43%*";3%)$.",%"1%$'3"'1"

.-1(3/L-."L-+%&"/$",0-"*'$)'+"#5S"'$."#T"1'*2+/$;"1-(,/%$9"

"

Figure!7:!The!adjustable!calibration!clamp!affixed!to!the!
vertical!support!shaft!of!the!Snowcloud!structure.!
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Snowcloud!use!and!data!output!

#$%&(+%).".','"&-3-"23%G/.-."L8",0-"6$/G-31/,8"%4"O-3*%$,"<T39"D03/1,/'$"#I'+I'E"

/$",0-"4%++%&/$;"(%**'".-+/*/,-."4%3*',!"

"U9"B%.-"NT" "

"P9"6$/7",/*-1,'*2"%4"1-$1%3"3-'./$;="/$./(',/$;",0-"3-'+",/*-"%4"-'(0"3-2%3,"

"V9"N$,-323-,',/%$"%4"<PE"/$"4%3*',"@@eTTeaa"cc!QQ"&/,0",/*-"3%)$.-.",%",0-"

""""",)3$"%4",0-"0%)3"

"X9"B%.-"+',/,).-"2%1/,/%$"<.-(/*'+"4%3*',E"

"b9"B%.-"+%$;/,).-"2%1/,/%$"<.-(/*'+"4%3*',E"

"i9"MG-3';-"3'&",-*2-3',)3-"3-'./$;"<G%+,1E"

"[9"K-*2-3',)3-"3-'./$;"(%$G-3,-.",%"kD"&/,0",-$,01"%4"'".-;3--"23-(/1/%$"

"Z9"MG-3';-"3'&"1%$'3"3-'./$;"<G%+,1E"

"R9"N$,-323-,-."1$%&".-2,0"3-'./$;"</$(0-1E""

"UQ9"N$,-323-,-."1%$'3F,%F1$%&"./1,'$(-"3-'./$;"</$(0-1E""
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The!field!site

 

Figure!8:!The!field!area!and!location!of!nodes!within!the!Sagehen!Creek!Experimental!Field!Station.!

 
K0-"1/7"$%.-"23%,%,82-"#$%&(+%)."181,-*"&'1".-2+%8-."/$",0-"D-$,3'+"#/-33'"

@%)$,'/$1"',"#';-0-$"D3--I":/-+."#,',/%$"<#';-0-$E"$-'3"K3)(I--="D'+/4%3$/'9""#';-0-$"/1"

/.-'+"4%3"&/$,-3"3-1-'3(0"L-(')1-"/,"/1"&/,0/$"'"1$%&F.%*/$',-."08.3%+%;/("181,-*"&/,0"

8-'3"'3%)$."3%'."'((-11"<:/;)3-"ZE9""K0-"3-1-'3(0"1,',/%$"0'1"'$"-7,-$1/G-"08.3%+%;/("

3-1-'3(0"/$43'1,3)(,)3-"/$"2+'(-="*%1,"$%,'L+8"'"*-,-%3%+%;/('+"1,',/%$"1/*/+'3",%",0%1-"/$"

,0-"#$%,-+"$-,&%3I="-J)/22-."&/,0"'"1$%&"2/++%&",0',"(%++-(,1"&-',0-3"/$4%3*',/%$"'$."

#5S".','"%$",-$"*/$),-",/*-"/$,-3G'+19""K0-".','"'3-"'G'/+'L+-",03%);0"'"&-L1/,-"'$."/$"3-'+"

,/*-9"""

Sagehen Creek Field Station 

0 

6

54 

3 

2
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K0-"1/7"#$%&(+%)."$%.-1"&-3-".-2+%8-."/$1/.-"'$."'3%)$."'"zQ9[["0'"*-'.%&"

$-'3",0-"1$%&"2/++%&"<-9;9"b"F"UVQ"*-,-3"./1,'$(-"43%*"$%.-",%"1$%&"2/++%&E9""K0-"$%.-1"

&-3-"1/,-.",%"(%*2'3-"#T"'$."#5S"/$"%22%1/$;",3--"('$%28"1,3)(,)3-1"'$."('$%28f%2-$"

'3-'"/$,-34'(-1"&/,0"G'38/$;"'12-(,19""K0-"$%.-1"('$"L-"1--$"/$";3--$"'$.",0-"1$%&"2/++%&"/1"

'"1--$"/$"3-."%$"4/;)3-"Z9""M++"$%.-1"&-3-"+%(',-."&/,0/$"'"./44-3-$,"'12-(,"<$%3,0="1%),0="

-'1,="&-1,E"3-+',/G-",%",0-"(-$,3%/."%4",0-"4/-+."'$."('$%28"(%G-3"3-;/*-19"

!Sagehen!Creek!meteorological!station!

"K0-"*-,-%3%+%;/('+"1,',/%$="3-4-33-.",%"'1"K%&-3"%$-="/1"'"%$-"0)$.3-."4%%,",%&-3"

,0',"*-'1)3-1"VP"G'3/'L+-1"',"./44-3-$,"0-/;0,1"'+%$;",0-",%&-3"<K'L+-"UE9"""M((-11"&'1"

Ground!Surface! 15!feet!! 25!feet 100!feet!
SWE!at!snow!
pillow!(in)!

average!air!
temperature!(°C) wind!speed!(m/s)! wind!speed!(m/s)!

snow!depth*!(in)
maximum!air!
temperature!(°C) resident!wind!speed!(m/s)! resident!wind!speed!

(m/s)!
minimum!air!
temperature!(°C) wind!direction! wind!direction!

average!air!
temperature!(°C)

standard!deviation!of!wind!
direction

standard!deviation!of!
wind!direction

!
maximum!wind!speed!(m/s)! maximum!wind!speed!

(m/s)!

!
average!air!temperature!(°C)! average!air!

temperature!(°C)
relative!humidity!(%) relative!humidity!(%)
maximum!relative!humidity!(%)
minimum!relative!humidity!(%)
average!relative!humidity!(%)
!average!barometric!pressure!
(millibars)
average!incoming!shortwave!
radiation!(kilowatts)
total!incoming!shortwave!
radiation!(mega!joules)
average!barometric!pressure!
(millibars)

Table!1:!Variables!measured!at!tower!one!at!different!heights!along!the!tower.!*!denotes!measurement!apparatus!
was!not!functioning!during!experimental!trials.!
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;3'$,-.",%")1-",0/1".','"L8"T39"T%);">%8+-"',",0-"T-1-3,"C-1-'3(0"N$1,/,),-="C-$%="BO9""M++"

*-'1)3-*-$,1"'3-"3-2%3,-."/$",-$"*/$),-"/$,-3G'+1="&/,0",0-"-7(-2,/%$"%4"1$%&".-2,09"""

"K%&-3"%$-".','"&-3-")2+%'.-."%$"'"&--I+8"L'1/1"'$.",3'$14%3*-."/$,%"'"1-3/-1"%4"

0%)3+8"'$.".'/+8"'G-3';-1="&/,0",0-"-7(-2,/%$"%4",%,'+"/$(%*/$;"10%3,&'G-"3'./',/%$9""":%3"

,0-1-"-72-3/*-$,1=".'/+8"'G-3';-1"&-3-"4)3,0-3"';;3-;',-."/$,%"1-2'3',-"&--I+8"'$."

*%$,0+8".','"1-3/-1"'+%$;"&/,0"'"1-'1%$'+"3)$$/$;"'G-3';-"1,'3,/$;"%$"T-(-*L-3"U1,9""K0-"

&--I+8"'$."*%$,0+8"'G-3';-1"),/+/H-.",0-"*%G/$;"&/$.%&"'223%'(0=";/G/$;"-'(0".'8")$/J)-"

.'/+8="&--I+8="*%$,0+8"'$."1-'1%$'+"3)$$/$;"'G-3';-19""K0-"&--I+8"'G-3';-"(%$1/1,-."%4",0-"

'G-3';-"%4",0-"23-G/%)1"1-G-$".'81".'/+8"'G-3';-1"'$.",0-"*%$,0+8"'G-3';-")1-.",0-"

23-G/%)1"VQ".'81".'/+8"'G-3';-19""K0-"1-'1%$'+"3)$$/$;"'G-3';-"(%$1/1,-."%4"'++".'/+8"

'G-3';-."G'+)-1"43%*"T-(-*L-3"U1,",%".'8"/="&/,0"/"3-23-1-$,/$;",0-"-$."%4"-'(0",/*-"

/$,-3G'+"/$",0-"1-3/-19""K0-",%,'+"/$(%*/$;"10%3,&'G-"3'./',/%$"/$"*-;'"Y%)+-1"&'1",3-',-."/$"

,0/1"*'$$-3"&/,0"G'+)-1",%,'+-."3',0-3",0'$"'G-3';-.9""

K0/1"'223%'(0",3'$14%3*-.",0-"UQ"*/$),-"/$,-3G'+".','"/$,%"b"1-2'3',-".','"1-3/-1�"

0%)3+8=".'/+8="&--I+8="*%$,0+8"'$."'"1-'1%$'+"3)$$/$;"'G-3';-"%3",%,'+9""K0-1-".','"1-,1"

/$(%32%3',-"./44-3-$,"+-G-+1"%4"*-*%38"'11%(/',-."&/,0"-'(0"4'(,%3"&0/(0"(%)+."0'G-"'"

1,3%$;"/$4+)-$(-"%$"#T"'$."#5S9"":%3"-7'*2+-=",0-"*%$,0+8"'G-3';-1"('2,)3-"'";3-',-3"

2%3,/%$"%4",0-"1-'1%$",0'$",0-"&--I+8"'G-3';-19""M+1%="'G-3';-",-*2-3',)3-1"%G-3"%$-"

*%$,0"/$,-3G'+1"(%$,'/$"/$4%3*',/%$"3-+-G'$,",%"1$%&"2'(I"'L+',/%$"<%3"%,0-3"+%$;-3",-3*"

-G-$,1"1)(0"'1"1$%&"3/2-$/$;"'$."1$%&"'(()*)+',/%$E"*%3-",0'$"1/$;+-".'8"*-'1)3-*-$,19""

K0-1-"1-3/-1"&-3-"),/+/H-.".)3/$;"(%33-12%$.-$(-"'$'+81/1"/$"%3.-3",%"'$'+8H-"(%33-+',/%$"

L-,&--$"G'3/'L+-1"4%3",0-"2)32%1-"%4"(3-',/$;"#5S"23-./(,/%$"-J)',/%$19"""

"
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Field!measurements!

S7,-$1/G-"4/-+."&%3I"&'1"3-J)/3-.",%"'11-11"'(()3'(8"'$."23-(/1/%$"%4",0-"1$%&"2/++%&"#5S"

.','"'$.",0-"#$%&(+%).";-$-3',-."#T".','9""K0-"4/-+.".','"&-3-"'+1%")1-.",%"G'+/.',-"'$."

G-3/48"#T"'$."#5S"*%.-+1"4%3"/$./G/.)'+"2%/$,1"&/,0/$",0-"4/-+."'3-'"'$.",0-"#T"'$."#5S"

'3-'+"/$,-32%+',/%$"*%.-+1"43%*"I3/;/$;9"""

S+-G',/%$"&'1"$%,"(%$1/.-3-."&/,0/$",0-"'$'+81-1"L-(')1-"%4",0-"+%&"-+-G',/%$"

G'3/',/%$"%4",0-"4/-+."1/,-"<�VQ4,"%4"3-+/-4"&/,0/$",0-"'3-'E9""`$+8"('$%28"1,3)(,)3-"'$."'12-(,"

/$"3-+',/%$",%",0-"('$%28"1,3)(,)3-"&-3-"'$'+8H-."',"-'(0"1'*2+/$;"2%/$,9""K0-"1/,-"

(0'3'(,-3/H',/%$"/$(+).-."*-'1)3-*-$,1"%4"('$%28"(+%1)3-"/$"3-+',/%$",%"'12-(,",03%);0%),"

,0-"4/-+."'3-'="&0/(0"&'1"(%$1/.-3-.",%"L-"'"2%,-$,/'+"23-./(,%3"%4"#5S9""

P1

Transect Three

Transect Four

Transect Two

Transect One

P2 
P3 

P4 P5
P6

P7
P8

P9
P10 

P11
P12

Sagehen Creek 
Transect and Sample 
Point Locations 

Figure!9:!Transect!and!sample!point!grid!within!the!field!area.
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Field!site!delineation!

:%)3",3'$1-(,1"&-3-"(3-',-.=",3'G-31/$;",0-"1/,-"'223%7/*',-+8"-'1,",%"&-1,"<KU",%"

KXE"&/,0",&-+G-"1'*2+/$;"2%/$,1"'+%$;"-'(0"<"\U",%"\UPE"(3-',/$;"'$"-J)/F12'(-."X"7"UP"

1'*2+/$;";3/."<:/;)3-"RE9""#/7"1-2'3',-"2%/$,1"&-3-"'+1%"1'*2+-."U9b"4--,"'&'8"43%*"-'(0"

$%.-9"":/$'++8="4%)3"1'*2+/$;"2%/$,1"&-3-"-1,'L+/10-."%$"-'(0"1/.-"%4",0-"1$%&"2/++%&"<$%3,0="

1%),0="-'1,"'$."&-1,"1/.-1E"4%3"'",%,'+"%4"bZ"1'*2+/$;"2%/$,19""#T"*-'1)3-*-$,1="#5S"

*-'1)3-*-$,1"'$.",0-"/$/,/'+"1/,-"(0'3'(,-3/H',/%$"&-3-"2-34%3*-."',"'++"2%/$,19""#T"'$."

#5S"&-3-"1'*2+-."&--I+8",03%);0%),",0-"1-'1%$9""K0-"/$/,/'+"1/,-"(0'3'(,-3/H',/%$"&'1"

2-34%3*-."',",0-"L-;/$$/$;"%4",0-"1-'1%$9"

S'(0",3'$1-(,"3-23-1-$,-.")$/J)-"(0'3'(,-3/1,/(1"%4",0-"4/-+."'3-'9"":%3"-7'*2+-=",0-"

2%/$,1"%$",3'$1-(,"%$-"0'G-"'"23-.%*/$'$,+8"$%3,0-3$"'12-(,"/$"3-+',/%$",%"('$%289"""

K3'$1-(,",&%"2%/$,1"'3-"+%(',-."/$",0-"('$%28"f"%2-$"'3-'"/$,-34'(-"'$."0'G-"'"1%),0-3$"

'12-(,"/$"3-+',/%$",%"1)33%)$./$;"('$%289""K3'$1-(,",03--"&'1"'"+'3;-+8"%2-$"'3-'"+%(',-."/$"

,0-"*/..+-"%4"'"+'3;-"*-'.%&9""K3'$1-(,"4%)3"&'1"23-.%*/$',-+8"%$",0-"1%),0-3$"-.;-"%4"

,0-"*-'.%&"'$."0'."'"1%),0-3$"'12-(,"/$"3-+',/%$",%"('$%289"

Site!characterization!!

""K0-"*'Y%3/,8"%4",0-"('$%28"(%G-3"&/,0/$",0-"4/-+."'3-'"/1"*/7-."(%$/4-39"">-(')1-"%4"

,0-"3-+',/G-+8"1+%&";3%&,0"3',-1"%4",0/1"4%3-1,",82-="-12-(/'++8"/$",0-"&/$,-3="'"1/$;+-"('$%28"

(+%1)3-"'$'+81/1"&'1"1)44/(/-$,",%"(0'3'(,-3/H-"'++",0-"1'*2+-"2%/$,1"4%3",0-"1-'1%$9"
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M"(%$G-7"120-3/('+".-$1/%*-,-3"

<@%.-+"M="&&&9,-33',-(09$-,"E"&'1")1-.",%"

*-'1)3-"('$%28"(+%1)3-"<:/;)3-"UPE9""D'$%28"

(+%1)3-"/1"'"*-'1)3-"%4"('$%28"(%G-3"43%*"'"

2%/$,",%"3-23-1-$,"'$"'3-'9""D'$%28"(+%1)3-"

*-'1)3-*-$,",-(0$/J)-1"'3-"'$"%G-30-'."

*-'1)3-"%4"'$"'3-'="3-.)(/$;"-33%3"/$G%+G-."

&/,0"L/'1"43%*"2%/$,1"<1--"4/;)3-"UQE9""K0/1"

'G%/.1",0-"L/'1"%4"*-'1)3/$;"('$%28"(%G-3"

&/,0",-(0$/J)-1"1)(0"'1"(3%&$"*'22/$;=",0-"

/$,-3(-2,",3'$1-(,"*-,0%.=",0-"AC#"

.-$1/%*-,-3="'$."$'33%&"'$;+-"./;/,'+"

20%,%;3'208"<:/'+'="-,"'+9="PQQiE9""":%3"

-7'*2+-="/4"%$-"*-'1)3-."('$%28"(%G-3")$.-3"

%$-",3--"L3'$(0="('$%28"(%G-3",-(0$/J)-1"

&%)+."/$./(',-"UQQW"('$%28"(%G-3="L),"Y)1,"

/$(0-1"'&'8"/$"'$"%2-$"'3-'"&/,0/$",0-"

('$%28=",0-"*-'1)3-*-$,"&%)+."L-"QW"

<:/;)3-"UUE9""N$"(%$,3'1,="('$%28"(+%1)3-"

*-'1)3-*-$,1"&%)+."3-'."$-/,0-3"Q"$%3"

UQQW="/$./(',/$;"'"('$%28".-$1/,8"*-'1)3-*-$,"&/,0%),"'"2%/$,"L'1-."L/'19""""

K0-3-"'3-"1-G-3'+"%,0-3"/$1,3)*-$,1",0',"'(()3',-+8"*-'1)3-"('$%28"(+%1)3-="1)(0"

'1"0-*/120-3/('+"20%,%;3'208="'$."'-3/'+"/*';-"23%(-11/$;9""c%&-G-3=",0-"120-3/('+"

.-$1/%*-,-3"/1",0-"%$+8"*-,0%.",0',"/$(%32%3',-1"'12-(,"/$,%",0-"*-'1)3-*-$,="&0/(0"

Figure!11:!Canopy!cover!is!measured!in!a!vertical!
direction.!!Adapted!from!Fiala!et!al!2006. 

Figure!10:!Canopy!closure!is!measured!in!an!angle!of!
view.!!Adapted!from!Fiala!et!al!2006. 
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'++%&1",0-"(%*L/$-."-44-(,1"%4"%G-30-'."('$%28"'$."'12-(,",%"L-"J)'$,/4/-."'$."),/+/H-."'1"

2%,-$,/'+"23-./(,%31"%4"#5S9"

Spherical!densiometer!use!

"K0-"(%$('G-".-$1/%*-,-3"*-'1)3-1"('$%28"(+%1)3-"/$"'"iQk"

3'./)1"3-+',/G-",%",0-"./3-(,/%$"%4",0-")1-3�1"-8-1"<:/;)3-"UPE9""K0-"

4'(-"2+',-"/1".-+/$-',-."/$,%"PX"1J)'3-1"'$."/1")1-.",%"J)'$,/48"

2-3(-$,';-1"%4"(+%1)3-"<:/;)3-"UVE9""""D'$%28"(+%1)3-"&'1"J)'$,/4/-."

',"-'(0"2%/$,"&/,0/$",0-"4/-+."1/,-";3/.9""M,"-'(0"2%/$,=",0-"

.-$1/%*-,-3="'44/7-.",%"'",3/2%.="&'1"+-G-+-."'$."2+'(-."',"X9b�"'L%G-"

,0-";3%)$."1)34'(-9""M"(%*2'11"&'1")1-.",%"'+/;$",0-".-$1/%*-,-3",%"

-'(0"%4",0-"('3./$'+"./3-(,/%$1"<$%3,0="1%),0="-'1,="&-1,E"'$."4%)3"

3-'./$;1"&-3-",'I-$"1,'$./$;"Ui"/$(0-1"'&'8"43%*",0-".-$1/%*-,-39""

K0-3-"'3-"1-G-3'+"*-,0%.1"4%3"3-'./$;",0-"*/33%3-."2+',-"%4",0-"

.-$1/%*-,-39""K0/1"1,).8"),/+/H-.",0-".%,"*-,0%."<_%30%$-$="-,"'+9="

PQQiE="&0/(0"L3-'I1"-'(0"%4",0-"PX"1J)'3-1"/$,%"X"1*'++-3"1J)'3-19"

S'(0"%4",0-"Ri"1)L";3/..-."1J)'3-1"/1";/G-$"'"('$%28"(%G-3"3',/$;"%4"

-/,0-3"U"4%3"('$%28"(%G-3"%3"Q"4%3"$%"('$%28"(%G-39"""K0/1"23%(-11"&'1")1-."4%3"-'(0"('3./$'+"

./3-(,/%$"'$.",0-"3',/$;1"&-3-"'..-."4%3"-'(0"./3-(,/%$"'$."'"2-3(-$,';-"%4"('$%28"(%G-3"

&'1",0-$"'11/;$-.",%"-'(0"./3-(,/%$9"""K0-"('$%28"(%G-3"2-3(-$,';-1"4%3"-'(0"./3-(,/%$"&-3-"

,0-$"'G-3';-.",%"(0'3'(,-3/H-",%,'+"('$%28"(%G-3"',"-'(0"1'*2+-"2%/$,"'$."#$%&(+%)."$%.-"

<K'L+-"PE9""

"

"

"

Figure!12:!Concave!
spherical!densiometer!

Figure!13:!gridded!face!
plate!of!the!above!
densiometer.!!!The!
depicted!canopy!
closure!is!~70%.!
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"

"

Table!2:!Estimated!canopy!cover!linked!to!aspect!from!the!concave!spherical!densiometer.!

!

Manual!SWE!and!SD!sampling!

M"@%)$,"C%1-"1$%&"1'*2+-3"&'1")1-.",%"*-'1)3-"

#T"'$."#5S"',"-'(0"1'*2+/$;"2%/$,"%$"'"&--I+8"L'1/19""

K0-1-"*-'1)3-*-$,1"&-3-"*'.-",%"(%*2'3-"&/,0"

23-./(,/%$1"%4"#5S"'(3%11",0-"1/,-="/$(+)./$;"-'(0"

#$%&(+%)."$%.-9""K0-"@%)$,"C%1-"%3":-.-3'+"1'*2+-3"/1"

)1-."L8",0-"BCD#"4%3"1$%&"1)3G-81"'$."/1",0-"1,'$.'3."4%3"

*%1,"1$%&"1,)./-19"""K0-"#5S"'$."#T"1'*2+/$;"(%**-$(-."

%$",0-"UZ,0"%4"j'$)'38"PQUQ"'$."-$.-."%$",0-"Pi,0"%4"M23/+"

PQUQ="&0-$",0-"1/,-"&'1"zZbW"43--"%4"1$%&"%$",0-";3%)$."

1)34'(-9""K0-"@%)$,"C%1-"1$%&"1'*2+-3"/1"(%*23/1-."%4"'"+%$;",)L-",0',"/1"/$1-3,-."/$,%",0-"

1$%&"2'(I"'$."'223%7/*',-+8"U"/$(0"%4",0-")$.-3+8/$;"1%/+9""K0-"1$%&"1'*2+-3"/1",0-$"

3-*%G-."43%*",0-"1$%&"2'(I=",0-")$.-3+8/$;"1%/+"/1"3-*%G-."'$.",0-",)L-"'$."/,1"(%$,-$,1"

'3-",0-$"&-/;0-.9""K0/1"&-/;0,"<,0-",%,'+"&-/;0,"f",0-",'3-"&-/;0,"%4",0-",)L-E"/1",0-$"

./G/.-."L8"'"(%$1,'$,",0',"3-23-1-$,1",0-"/$,-3$'+"(3%11"1-(,/%$'+"'3-'"%4",0-",)L-"'$.",0-"

%!canopy!
cover!

canopy!cover!
north!

canopy!
cover!south

canopy!
cover!east

canopy!
cover!west!

canopy!
cover!total

Node!1! bQ9Q Z9V bQ9Q [U9R" Xb9U
Node!2! i9V P9U Q9Q UP9b" b9P
Node!3! P9U V[9b bb9P Vi9b" VP9Z
Node!4! UP9b V9U Pi9Q XU9[" PQ9Z
Node!5!! iQ9X iX9i RP9[ Zb9X" [b9Z
Node!6! bi9V iZ9Z ZV9V [U9R" [Q9U

Figure!12:!Use!of!a!Mount!Rose!
snow!sampler!within!the!field!area.!
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.-$1/,8"%4"&',-3"<U";e(*VE9""50/+-",0-".-$1/,8"%4"&',-3"&0-$"/,"/1"L-+%&"43--H/$;"/1"L-+%&"U"

;e"(*V"<',"QkD",0-".-$1/,8"%4"&',-3"/1"Q9RRRZX";e(*V"'$."',"FPQkD",0-".-$1/,8"%4"&',-3"/1"

Q9RRVb";e(*VE="/,"/1"'$"/$1/;$/4/('$,"./44-3-$(-"/$"(%*2'3/1%$",%",0-"'(()3'(8"%4",0-"1'*2+-39""

K0-"@%)$,"C%1-"#'*2+-3"<C/(I+8"c8.3%+%;/('+"#)22+8"N$(="&&&93/(I+89(%*E"0'1"'$"/$,-3$'+"

1)34'(-"'3-'"%4"U9[PQV"/$P=",0-".-$1/,8"%4"&',-3"/$"S$;+/10")$/,1"/1"Q9QViUP["+Le/$V=";/G/$;"'"

(%$G-31/%$"(%$1,'$,"%4"Q9QiPUb"+Le/$9"

T)-",%",0-"2081/('+"3-*%G'+"%4"1$%&"(%3-1"',"-'(0"1'*2+-"2%/$,=",0-"+%(',/%$"%4"-'(0"

1'*2+-"2%/$,"G'3/-."1+/;0,+8"L-,&--$",0-"&--I19""c%&-G-3="-44%3,1"&-3-"*'.-",%"

(%$1/1,-$,+8"1'*2+-"&/,0/$"'"U9b"4%%,"3'./)1"%4"-'(0"2%/$,9"""

M"X"*-,-3"+%$;"'G'+'$(0-"23%L-"&'1")1-.",%"*-'1)3-",0-"./1,'$(-"43%*",0-"1%$'3"

-*/,,-3",%",0-"1$%&"1)34'(-"./3-(,+8")$.-3$-',0"-'(0"$%.-9""K0-1-"*-'1)3-*-$,1"&-3-"

,'I-$",%"G-3/48",0-"'(()3'(8"%4",0-"1%$'3",%"1$%&"1)34'(-"-1,/*',-19""K0-"'G'+'$(0-"23%L-"

0'1"'"1*'++"./'*-,-3"<Q9[Q"(*E"(3-',/$;"G-38"+/,,+-"./1,)3L'$(-"/$",0-"1$%&"1)34'(-"

)$.-3$-',0",0-"1%$'3"-*/,,-39""N4"'$8"./1,)3L'$(-"&'1"1--$"'4,-3"1$%&".-2,0"

*-'1)3-*-$,1="1$%&"&'1"'..-.",%"4/++"0%+-1",%"*'/$,'/$"'"3-+',/G-+8")$./1,)3L-."1%$'3"

-*/11/%$",'3;-,"1)34'(-9"""""

Snow!pillow!verification!

 K0-"@,9"C%1-"1'*2+-3"&'1")1-.",%"*-'1)3-"L%,0"#T"'$."#5S"%$"4%)3"2%/$,1"

1)33%)$./$;",0-"%),-3"*'3;/$"%4",0-"1$%&"2/++%&9""K0-"#5S"'$."#T"*-'1)3-*-$,1"&-3-"

*%G-."ih"(+%(I&/1-"43%*",0-"23-G/%)1"1'*2+/$;"2%/$,1",%"'G%/."2%,-$,/'+"/$4+)-$(-1"43%*"

2'1,"1'*2+/$;9""K0-"#T"'$."#5S"*-'1)3-*-$,1"&-3-"'G-3';-."'$."(%*2'3-.",%",0-"1$%&"

2/++%&"%),2),"4%3",0',",/*-"/$,-3G'+9"
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Data!analysis!

K03--"1-2'3',-"#5S"23-./(,/%$"*-,0%.1"<#5S�E"&-3-".-G-+%2-."4%3",0-"4/-+."1/,-"

)1/$;".','"(%++-(,-."',",0-"#$%&(+%)."$%.-19""S'(0"-J)',/%$"&'1")1-.",%"-1,/*',-"#5S"',"

,0-"1/7"#$%&(+%)."$%.-1"'$.",0-"1'*2+/$;"2%/$,1"%$"-'(0"%4",0-",3'$1-(,1"',"'++",/*-"

/$,-3G'+1"'$."'++"-1,/*',-1"&-3-"(%*2'3-."&/,0"%L1-3G-.".','9"K0-"4/31,"'223%'(0"<'E",-1,-."

,0-"4-'1/L/+/,8"%4"-7,-$./$;"&/3-+-11"1-$1%3"1$%&".-2,0".','",%"#$%,-+"1/,-1"'$."23-./(,-."

#5S�"43%*"1/,-"(0'3'(,-3/1,/(1=",%&-3"%$-".','"'$.",0-"#$%&(+%).";-$-3',-."#T9""K0-"

1-(%$."'223%'(0"<LE"'+1%",-1,-.",0-"4-'1/L/+/,8"%4"-7,-$./$;"&/3-+-11"1-$1%3"1$%&".-2,0"

.','",%"#$%,-+"1/,-1")1/$;"%$+8"1$%&".-$1/,8"/$4%3*',/%$"%L,'/$-."43%*",0-"1$%&"2/++%&"',"

,%&-3"%$-"&/,0",0-"#$%&(+%)."-1,/*',-."#T9""K0-",0/3."'223%'(0"<(E",-1,-.",0-"4-'1/L/+/,8"%4"

23-./(,/$;"#5S"43%*"1/,-"(0'3'(,-3/1,/(1"'$.",%&-3"%$-".','"&/,0%),"1$%&".-$1/,8"

/$4%3*',/%$"<$%"1$%&"2/++%&".','",%"*/*/("'"CM5#"1/,-E"'$.",0-"#$%&(+%)."-1,/*',-."#T9""

K&%".','L'1-1"&-3-"(3-',-."4%3".','"'$'+81/19"""

#$%&(+%).".','"&'1"$%,"8-,"'G'/+'L+-"',",0-"1,'3,"%4",0-".','"'$'+81/1="1%"*'$)'+"#T"

*-'1)3-*-$,1"',",0-"$%.-1"&-3-")1-."'1"'"1)33%;',-"4%3"#$%&(+%).9"K0-"*'$)'+"#T"

*-'1)3-*-$,1"'3%)$.",0-"1$%&"2/++%&"&-3-"'+1%")1-."/$1,-'."%4",0-"4')+,8"1%$'3"1-$1%3"%$"

,%&-3"%$-9"

Data!aggregation!

K0-"23/$(/2'+".','"1-,"/$(+).-.",%&-3"%$-".','"3-.)(-.",%"0%)3+8=".'/+8="&--I+8="

*%$,0+8"'$."1-'1%$'+"3)$$/$;"'G-3';-1"%3",%,'+1"4%3"'++"G'3/'L+-1=",0-"*'$)'+"#5S"'$."#T"

.','"',"-'(0"$%.-"2%/$,"'$."1$%&"2/++%&="'$.",0-"120-3/('+".-$1/%*-,-3".','"4%3"-'(0"

#$%&(+%)."$%.-=";/G/$;"PQP"%L1-3G',/%$1"-'(0"&--I"4%3"Ub"&--I19"""K0/1".','"1-,"&'1")1-."

4%3"'++"#5S"*%.-+/$;9"""
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K0-"1-(%$.".','"1-,"/$(+).-.",%&-3"%$-".','"3-.)(-."'1".-1(3/L-."'L%G-=",0-"

*'$)'+"#5S"'$."#T"*-'1)3-*-$,1"4%3"-'(0"1'*2+-"2%/$,"'+%$;"'++",3'$1-(,1=",0-"*'$)'+"

#5S"'$."#T".','"4%3"-'(0"#$%&(+%)."$%.-"'$."1$%&"2/++%&="'$.",0-"120-3/('+".-$1/%*-,-3"

.','"4%3"'++"1'*2+-"2%/$,1"'+%$;"-'(0",3'$1-(,"'$."$%.-"2%/$,1=";/G/$;"bVi"%L1-3G',/%$1"-'(0"

&--I"4%3"Ub"&--I19""K0/1".','L'1-"&'1")1-.",%"G-3/48="'$."'$'+8H-"#5S"-1,/*',-1";-$-3',-."

43%*",0-"#$%&(+%)."$%.-1",0',"&-3-"-7,-$.-.",%"'++"1'*2+/$;"2%/$,1"&/,0/$",0-"4/-+."'3-'9"

_3/;-."'3-'+"/$,-32%+',/%$1"&-3-"'+1%"G-3/4/-."'$."'$'+8H-.")1/$;",0/1";3/..-.".','"L'1-9"

Correspondence!and!regression!analysis!

#5S"23-./(,/%$")1/$;",%&-3"%$-".','"&/,0"'$."&/,0%),"1$%&"2/++%&".','"&-3-"

.-G-+%2-.")1/$;"*)+,/2+-"+/$-'3"3-;3-11/%$9""C-;3-11/%$"'$'+81/1"4%()1-1"%$"'11%(/',/%$1"

L-,&--$"'".-2-$.-$,"G'3/'L+-"'$."%$-"%3"*%3-"/$.-2-$.-$,"G'3/'L+-19""\3-G/%)1"1,)./-1"

0'G-")1-."3-;3-11/%$"'$'+81/1",%"'$'+8H-",0-"'11%(/',/%$1"L-,&--$"-$G/3%$*-$,'+"G'3/'L+-1"

'$."1$%&".-2,0"<S+.-3="-,"'+9="URRU="URRZ="j%$'1="-,"'+9="PQQR="@%+%,(0="-,"'+9="PQQbE9""K0-"

1/;$/4/('$(-"%4"/$.-2-$.-$,"G'3/'L+-1"%3"2%,-$,/'+"#5S"23-./(,%31"G'3/-1"'((%3./$;",%"1/,-="

1-'1%$="'$."'G'/+'L+-".','"<&0/(0"0'G-"+/*/,-."(%$()33-$(-"/$"23-G/%)1"#5S"'$."1$%&"

.-$1/,8"3-;3-11/%$"1,)./-1E9"""

@)+,/G'3/',-"+/$-'3"3-;3-11/%$"/1",0-"-7,-$1/%$"%4"'"+/$-'3"+-'1,"1J)'3-1"L/G'3/',-"

3-;3-11/%$"<D'33="PQQPE="'$.",'I-1",0-"4%++%&/$;"4%3*"<-;9"XE!"""""

""""""""""""""""""""""""""""""""""8�"]"'"^LU�U^"LP�P^�99^"L$�$""""

/$"&0/(0"'"]",0-"8"/$,-3(-2,="L$]",0-";-$-3',-."3-;3-11/%$"(%-44/(/-$,="'$."�$],0-"

/$.-2-$.-$,"G'3/'L+-9"

K0-"/$.-2-$.-$,"G'3/'L+-1"10%)+."L-"1,',/1,/('++8"/$.-2-$.-$,"%4"-'(0"%,0-39""K0-"

3-;3-11/%$"(%-44/(/-$,1"<L$E"J)'$,/48",0-"/$.-2-$.-$,"(%$,3/L),/%$1"'$."3-+',/%$10/21"%4"

-'(0"/$.-2-$.-$,"G'3/'L+-9""K0-"2'3,/'+"(%33-+',/%$1="%3".-;3--"%4"'11%(/',/%$"L-,&--$",0-"
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/$.-2-$.-$,"G'3/'L+-1="10%)+."L-"*/$/*/H-."'$.",0-"4/$'+"*%.-+"10%)+."/$(+).-"'"*/$/*)*"

$)*L-3"%4"/$.-2-$.-$,"G'3/'L+-19""

D%33-12%$.-$(-"'$'+81/1"<DME"&'1")1-.",%"/.-$,/48"'"1-3/-1"%4"2%,-$,/'+"23-./(,%31"

%3"/$.-2-$.-$,"G'3/'L+-1"4%3",0-"*)+,/G'3/',-"3-;3-11/%$"*%.-+/$;9""DM"/1"'"$%$"2'3'*-,3/("

23/$(/2+-"(%*2%$-$,"*-,0%."4%3"'$'+8H/$;"(%33-12%$.-$(-"%3"/$.-2-$.-$(-"'*%$;"

G'3/'L+-1",%"G/1)'++8".-2/(,",0-"

.-;3--"%4"'11%(/',/%$"L-,&--$"

,0-*9""K0-"1/;$/4/('$(-"%4",0-"

'11%(/',/%$1"/1"L'1-."%$",0-"

(0/F1J)'3-"./1,'$(-"L-,&--$"

-'(0".','"2%/$,"'$.",0-"

-72-(,-."G'+)-="&0-3-",0-"

-72-(,-."G'+)-"/1"-J)'+",%",0-"

G'+)-",0',"0'1",0-"0/;0-1,"

23%L'L/+/,8"%4"%(()33/$;"&/,0/$",0-".','"1-,"<D'33="PQQP="B';2')+="URRRE9""6$+/I-"%,0-3"

23/$(/2'+"(%*2%$-$,"*-,0%.1="DM"/1"'"1/*)+,'$-%)1"-7'*/$',/%$"%4"L%,0"3%&1"<�F"*%.-E"

'$."(%+)*$1"<CF"*%.-E"%4",0-".','"/$2),"*',3/7="&0/(0"'++%&1"4%3"'"*%3-"3%L)1,"'$'+81/1"

,0'$"1/$;+-"�F"*%.-"%3"CF"*%.-"'$'+81-19""S/;-$G-(,%31"<4'(,%31E"'11%(/',-."&/,0",0-"S/;-$"

.-(%*2%1/,/%$"%4",0-"*',3/7"%4",0-"(0/F1J)'3-"G'+)-1"43%*",0-"/$/,/'+".','"1-,"('$"L-"2+%,,-."

%$"/$.-2-$.-$,"'7-1"%4"'";3'209""K0-"G'+)-"%4",0-"4'(,%3"4%3",0-"'11%(/',-."1'*2+-"('$"L-"

23%Y-(,-."'1"'"(%%3./$',-="'++%&/$;"4%3"'"G/1)'+"3-23-1-$,',/%$"%4"/$.-2-$.-$(-9""K0-"4'(,%31"

<-/;-$G-(,%31E"'+1%"0'G-"',,'(0-."G'+)-1"%4"1/;$/4/('$(-"/$./(',/$;",0-"'*%)$,"%4"G'3/'L/+/,8"

('2,)3-."&/,0/$",0-"/$/,/'+".','"1-,9"":/;)3-"Ub!10%&1"'"(%33-12%$.-$(-"'$'+81/1"2+%,"/$"

,03--"./*-$1/%$19!!!K0-"(/3(+-.";3%)2/$;1"/$./(',-"(+-'3"/$.-2-$.-$(-"43%*"%,0-3"G'3/'L+-1="

Figure!13:!Example!of!a!3!dimensional!correspondence!analysis!plot,!the!
blue!circles!represents!independent!groupings!of!variables.!
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&0/+-"G'3/'L+-1",0',"2+%,"$-7,",%"%$-"'$%,0-3"3-23-1-$,"'11%(/',/%$19""N$",0/1"('1-="4'(,%3"%$-"

(%$,'/$1"[QW"%4",0-".','"1-,�1"G'3/'L/+/,8="4'(,%3"P"(%$,'/$1"U[W"'$."4'(,%3",03--"bW="&0/(0"

/++)1,3',-1",0-"/*2%3,'$(-"%4"G'3/'L+-"1-2'3',/%$"%$",0-"4'(,%3"%$-"'7/1"'$.=",%"'"+-11-3"

-7,-$,",0-"4'(,%3",&%"'7/1="&0/+-"3-.)(/$;",0-"/*2%3,'$(-"%4",0-"4'(,%3",03--"'7/19""

K03--"./*-$1/%$'+"L%7"2+%,1"&-3-"(3-',-."4%3"'++"'$'+81-1".)-",%",0-"+'3;-".','"1-,1"

'$'+8H-.9"":'(,%31"%$-"'$.",&%"'((%)$,-."4%3",0-"*'Y%3/,8"%4",0-"G'3/'L/+/,8"&/,0/$",0-".','"

1-,"/$"'++"'$'+81-19"""N$"'",&%"./*-$1/%$'+"'$'+81/1"&/,0"4'(,%3"%$-"'$.",&%"%$",0-"7"'$."8"

'7/1="*'$8"2+%,,-."G'3/'L+-1"(%)+."L-"$%,"L-"1--$"L-(')1-",0-8"2+%,,-."./3-(,+8"%$",%2"%4"%$-"

'$%,0-3"<%G-323/$,/$;E9"""SG-$",0%);0"4'(,%3",03--",82/('++8"'((%)$,-."4%3"G-38"+/,,+-"

G'3/'L/+/,8=",0/1"4'(,%3"&'1"/$(+).-."%$",0-"L%7"2+%,1",%";/G-",0-"G'3/'L+-1"'",0/3."./*-$1/%$="

-44-(,/G-+8"*/$/*/H/$;"%G-323/$,/$;"'$."-$0'$(/$;"G/1)'+/H',/%$"%4"G'3/'L+-1",0',"*/;0,"

0'G-";%$-")$1--$"&/,0/$",0-""PFT"2+%,19"""""

K0-",03--"./*-$1/%$'+"L%7"2+%,1"&-3-"3%,',-."/$"12'(-"%$",0-"7="8"'$."H"2+'$-",%"

');*-$,"G/1)'+/H',/%$9""M"1-3/-1"%4"2%,-$,/'+"23-./(,%31"4%3"#5S"&'1";-$-3',-."43%*",0-1-"

'$'+81-1"'$.")1-."4%3"*)+,/2+-"3-;3-11/%$"'$'+81/19"

M++"2%,-$,/'+"23-./(,%31"&-3-"/$/,/'++8")1-."4%3",0-"#5S"3-;3-11/%$"*%.-+19""\%,-$,/'+"

23-./(,%31"&-3-"1-J)-$,/'++8"-+/*/$',-."L'1-."%$"1/;$/4/('$(-"%4",0-"/$./G/.)'+"G'3/'L+-19""

C-1)+,1"43%*",0-"*)+,/2+-"3-;3-11/%$1"&-3-",0-$"(%*2'3-."&/,0"4/-+."*-'1)3-*-$,1",%"

-G'+)',-"23-(/1/%$"'$."'(()3'(8"%4",0-"3-;3-11/%$"*%.-+19"""

@)+,/G'3/',-"3-;3-11/%$"'$'+81/1"'11)*-1",0',",0-")$.-3+8/$;"./1,3/L),/%$"%4",0-"

3'$.%*"(%*2%$-$,"%4"*%.-+1"/1"$%3*'++8"./1,3/L),-.9"">-(')1-"%4",0/1"'11)*2,/%$=",0-"

1/;$/4/('$(-"%4"(%-44/(/-$,1"4%3",0-"/$.-2-$.-$,"G'3/'L+-1"('$"L-"'11-11-."&/,0",0-"\"G'+)-9""

K0-"\"G'+)-"/$./(',-1",0-"+/I-+/0%%.",0',"'"(%-44/(/-$,"/1"$%,"1/;$/4/('$,9""@'$8"1,',/1,/('+"

'$'+81-1"'.%2,"'",03-10%+."G'+)-"%4"\�Q9Qb="&0/(0"/$./(',-1",0',",0-"23%L'L/+/,8"%4"'"
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(%-44/(/-$,"$%,"L-/$;"1/;$/4/('$,"/1"+-11",0'$"%3"-J)'+",%"Q9Qb"%3",0',",0-3-"/1"+-11",0'$"%3"

-J)'+",%"'"bW"(0'$(-"%4"0'G/$;",0-"/$.-2-$.-$,"G'3/'L+-"L-")$3-+',-.",%",0-".-2-$.-$,"

G'3/'L+-9""M++"/$.-2-$.-$,"G'3/'L+-1"&/,0"\"G'+)-1";3-',-3",0'$"Q9PQ"&-3-"/$/,/'++8"

(%$1/.-3-."1,',/1,/('++8"/$1/;$/4/('$,"'$."%$+8"\"G'+)-1"&0/(0"&-3-"+-11",0'$"Q9Qb"&-3-"

3-,'/$-."&/,0/$",0-"#5S�"*%.-+1=")$+-11"-7(+)1/%$""3-.)(-."1/;$/4/('$(-"%4",0-"%G-3'++"

*%.-+="/$./(',-."L8",0-"/$/,/'+"(%33-12%$.-$(-"'$'+81/1=",0-"(%33-+',/%$"(%-44/(/-$,=",0-"4"

1,',/1,/(="'$.",0-","1,',/1,/("4%3",0-"3-;3-11/%$19"

N$"%3.-3",%"'11-11",0-"1/;$/4/('$(-"%4",0-"\"G'+)-=",0-"

3-1/.)'+1="&0/(0"3-23-1-$,",0-"3'$.%*"(%*2%$-$,"%4",0-"

*%.-+="*)1,"L-"$%3*'++8"./1,3/L),-.9""K0-"3-1/.)'+1"'3-"

(%*2),-."'1",0-"./44-3-$(-"L-,&--$",0-"%L1-3G-."'$."

23-./(,-."G'+)-1"%4",0-".-2-$.-$,"G'3/'L+-"<#5SE9""""K0-"

3-1/.)'+1"('$"L-"(%$1/.-3-.",%"L-"$%3*'++8"./1,3/L),-."/4",0-"

(%-44/(/-$,"%4"1I-&"/1"+-11",0'$"U9Q"<('+()+',-."'1" �����

���������
E9""N$"

1-G-3'+"('1-1"&/,0/$",0-1-"'$'+81-1=",0-"'11)*2,/%$"%4"

$%3*'+/,8"&'1"$%,"*-,".)-",%"%),+/-31"&/,0/$",0-"3-1/.)'+1="

&0/(0"/$(3-'1-.",0-"(%-44/(/-$,"%4"1I-&"'L%G-"'$"'((-2,'L+-"

+-G-+"<1--"4/;)3-"UiE9""T)-",%",0/1="23%L'L/+/,8"2+%,1"&-3-"

(3-',-.9""\3%L'L/+/,8"2+%,1";3'20",0-"HF"1(%3-1"%4",0-".','"

J)'$,/+-1"<43%*",0-"3-1/.)'+1E"';'/$1,",0-"HF1(%3-1"%4"'"

2-34-(,+8"$%3*'+"./1,3/L),/%$9""N4",0-"2+%,1"'3-"+/$-'3=",0-"

)$.-3+8/$;"-33%3"1,3)(,)3-"('$"L-"(%$1/.-3-.",%"L-"$%3*'+"

-G-$"/4",0-"(%-44/(/-$,"%4"1I-&"/1"'L%G-",0-",03-10%+."%4"U9Q"<:/;)3-"U[E9"" 

Figure!16:!Example!plot!of!
residuals.!!The!blue!circle!
highlights!an!outlier!within!the!
residuals. 

Figure!17:!Example!of!a!
probability!plot!using!the!same!
data!from!the!residuals!plotted!in!
figure!16. 
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K0-"#2-'3*'$"3'$I"(%-44/(/-$,="'"$%$"2'3'*-,3/("/$./(',%3"%4"(%33-+',/%$="&'1"'+1%"

;-$-3',-."4%3"'++"3-;3-11/%$1"'$."&'1"-*2+%8-."/$"('1-1"/$"&0/(0",0-"3-1/.)'+1"./."$%,"

'22-'3",%"L-"$%3*'++8"./1,3/L),-.9""K0/1"(%-44/(/-$,"'$'+8H-1",0-"./3-(,/%$"'$."1,3-$;,0"%4"

(%33-+',/%$"4%3",0-"/$.-2-$.-$,"G'3/'L+-1"'1"'"&0%+-",%"#5S9""""

Evaluation!of!accuracy!and!precision!of!SWE!estimates!

K0-"#5S"-1,/*',-1"&-3-"'+1%"2+%,,-."'$."

'$'+8H-.",%"-G'+)',-"(%33-12%$.-$(-",%",0-"*'$)'+"

*-'1)3-*-$,19""K0-"#5S"*-'1)3-*-$,1"&-3-"2+%,,-."

%$",0-"7"'7/1"G19",0-"#5S"-1,/*',-1"%$",0-"8"'7/1"'$."

(%*2'3-.")1/$;"3-;3-11/%$"<4/;)3-"UZE9""K0-"3-;3-11/%$1"

23%G/.-.",&%"2%/$,1"%4"(%*2'3/1%$",%"-G'+)',-"'(()3'(8"

'$."23-(/1/%$"%4",0-"*%.-+19""K0-1-"&-3-",0-"G'+)-"%4",0-"

1+%2-"(%-44/(/-$,"%4",0-"3-;3-11/%$"+/$-=",0-"/$,-3(-2,",-3*"

'$.",0-"RbW"(%$4/.-$(-"L%)$.1"4%3"L%,09""C'$.%*"

G'3/'L/+/,8"/$,3%.)(-1"-33%3"/$",0-"3-+',/%$10/2"L-,&--$"%L1-3G-."'$."-1,/*',-."#5S="

&0/(0"('$"L-"(0'3'(,-3/H-."/$",0-"(%$4/.-$(-"L%)$.1"4%3",0-"1+%2-"'$."/$,-3(-2,"

(%-44/(/-$,19""N.-'++8",0-1-"L%)$.1"&%)+."L-"1*'++"4%3"'$"'(()3',-"*%.-+="'$."/$(+).-"U"'$."Q"

4%3",0-"1+%2-"'$."8"/$,-3(-2,="3-12-(,/G-+89""c%&-G-3="/4",0-"(%$4/.-$(-"L%)$.1"&-3-"L3%'.="

,0-"*%.-+1",0-"*%.-+1"&%)+."$%,"L-"23-(/1-9"

K0-"1/;$/4/('$(-"%4",0-"%G-3'++"3-;3-11/%$"&'1"-G'+)',-.")1/$;",0-":"1,',/1,/(9""K0-"

(%33-+',/%$"(%-44/(/-$,"<&/,0"U9Q"L-/$;"'"2-34-(,"2%1/,/G-"(%33-+',/%$E"&'1"'+1%")1-.",%"

-G'+)',-",0-"23%2%3,/%$"%4"G'3/',/%$"'((%)$,-."4%3"L8",0-"3-;3-11/%$"(%*2'3/1%$"*%.-+19""

:/$'++8=",0-"K"1,',/1,/("&'1")1-.",%".-,-3*/$-",0-"1/;$/4/('$(-"%4",0-"-1,/*',-"%4",0-"1+%2-"%4"

,0-"3-;3-11/%$"+/$-9"""

Figure!14:!Example!regression!of!manual!
SWE!measurements!on!the!x!axis!vs.!
estimated!SWE!on!the!y!axis,!with!a!
regression!line!through!the!data!cloud.!!
The!blue!line!is!a!1:1!line!for!comparison.
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Validation!
 

#5S�"23-./(,/%$1"&-3-"-7,-$.-.",%"'++"1'*2+-"2%/$,1"%$"-'(0"%4",0-",3'$1-(,1",%!"<UE"

-G'+)',-",0-"1/;$/4/('$(-"%4",0-"#5S"*%.-+1="<PE"'11-11",0-"'(()3'(8"%4",0-"#5S"*%.-+1"

L-8%$.",0-"$%.-"2%/$,1"<VE"'$."'11-11",0-"/$/,/'+"1/,-"(0'3'(,-3/H',/%$"'$."$%.-"2+'(-*-$,9""

K0-"-1,/*',-1"43%*",0-"#5S"*%.-+1"&-3-"3-;3-11-."';'/$1,",0-"*'$)'+"#5S"G'+)-1"%$"'"

,3'$1-(,",%",3'$1-(,"L'1/19"""

S'(0",3'$1-(,"0'."G-38"./44-3-$,"2',,-3$1"%4"'(()*)+',/%$"'$."'L+',/%$"L-(')1-"%4"

,0-/3")$/J)-"1/,-"(0'3'(,-3/1,/(19""T)-",%",0/1=",0-"#5S"-1,/*',-1"'$."*-'1)3-*-$,1"&-3-"

(%*2'3-.",3'$1-(,"L8",3'$1-(,"<,3'$1-(,$E"3',0-3",0'$"'(3%11"'++"2%/$,1"',"%$(-9""K0-"

/$./G/.)'+",3'$1-(,"(%*2'3/1%$1"23%G/.-.";3-',-3"/$1/;0,"/$,%",0-"'(()3'(8"%4",0-"#5S"

-1,/*',-1"&/,0/$"12-(/4/("('$%28"'$."'12-(,"3-;/*-19"""K0-",3'$1-(,"L'1-."%L1-3G-."G19"

-1,/*',-."#5S"(%*2'3/1%$1"'+1%"23%G/.-."/$4%3*',/%$"'L%),",0-"/$/,/'+"#$%&(+%)."$%.-"

2+'(-*-$,="&0-,0-3"1%*-"%4",0-"$%.-1"10%)+."L-"2+'(-."/$"./44-3-$,"+%(',/%$1",%"L-,,-3"

('2,)3-"1$%&"2'(I"G'3/'L/+/,8"%4",0-"4/-+."'3-'="/4"1%*-"$%.-1"&-3-")$$-(-11'38="%3"/4",0-"1/,-"

10%)+."L-"');*-$,-."&/,0"*%3-"$%.-19""50/+-",0/1"&'1"'"%$-"8-'3"2/+%,"1,).8=",0-1-"

J)-1,/%$1"'3-"/$G'+)'L+-"4%3"4),)3-")1-"%4"181,-*1"+/I-"#$%&(+%)."<1--"4),)3-"1,).8"1-(,/%$E9"""

Snowcloud!and!regression!equation!data!pairing!
"
" #$%&(+%).".','"43%*"j'$)'38"UZ,0",%"@'3(0"VU1,"PQUQ"&-3-")1-."&/,0"-'(0"%4",0-"

3-;3-11/%$"*%.-+1"%$"'".'/+8",/*-"1,-2",%"(3-',-"'",/*-"1-3/-1"%4"-1,/*',-."#5S"',"'++"$%.-"

+%(',/%$19""#/$(-"*'$)'+"#T"&'1"/$/,/'++8")1-."'1"'"1)33%;',-"4%3",0-"#$%&(+%)."#T="-'(0"

#5S"*%.-+"',"-'(0"$%.-"4%3",0-"-$,/3-".'/+8",/*-"1-3/-1"&'1"(%*2'3-."';'/$1,",0-"&--I+8"

*'$)'+"#5S"*-'1)3-*-$,1"4%3"G-3/4/(',/%$9"""K0/1".'/+8",/*-"1-3/-1"&'1")1-."4%3"'++"'3-'+"

#5S"'$."#T"/$,-32%+',/%$19"
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Data!interpolation!
 
" #T"*-'1)3-*-$,"43%*",0-"#$%&(+%)."$-,&%3I"'$.",0-"-1,/*',-."#5S"',"-'(0"$%.-"

&-3-"/$,-32%+',-.",%"23%G/.-"'"12',/'+"-1,/*',-"%4"L%,0"#T"'$."#5S"4%3",0-"4/-+."'3-'")1/$;"

%3./$'38"I3/;/$;9""T'/+8"G'+)-1"%4"#5S"'$."#T"43%*"-'(0"$%.-"&-3-")1-.",%"2-34%3*"I3/;/$;"

&/,0",0-"-$,/3-",/*-"1-3/-1"%4"#$%&(+%).".','9""M++"I3/;-.",/*-"1,-21"&-3-",0-$"'$/*',-."

'$."3-(%3.-.",%"/++)1,3',-"#T"'$."#5S",3-$.1",03%);0",/*-9""\8,0%$"1(3/2,"&'1"/$,-;3',-."

&/,0"M3(AN#",%"'),%*',-",0-"I3/;/$;"'$."'$/*',/%$"23%(-11-19"""

Ordinary!Kriging!
 
" _3/;/$;"/1"'";-%1,',/1,/('+",-(0$/J)-")1-.",%"-1,/*',-"G'+)-1"',"+%(',/%$1",0',"0'G-"

$%,"L--$"1'*2+-.9""`3./$'38"I3/;/$;")1-1"'"&-/;0,-."'G-3';-"%4"$-/;0L%3/$;"1'*2+-1",%"

-1,/*',-"'"G'+)-"',"'"I$%&$"+%(',/%$9""K0-"&-/;0,1"'3-"%2,/*/H-."L8"'22+8/$;"'"

1-*/G'3/%;3'*"*%.-+=",0-"+%(',/%$1"%4",0-"1'*2+-1="'$."G'3/'$(-"L-,&--$"I$%&$"'$."

)$I$%&$"G'+)-1"<D+'3I="UR[RE9""_3/;/$;"*/$/*/H-1",0-"-33%3"%4"23-./(,-."G'+)-1"'$."/1"L'1-."

%$",0-"3-;/%$'+/H-."G'3/'L+-",0-%38="&0/(0"'11)*-1"12',/'+"G'3/'L/+/,8"/1"0%*%;-$%)1"'$."

('$"L-"3-23-1-$,-."L8",0-"1-*/G'3/%;3'*9""_3/;/$;"/1"1/*/+'3",%"/$G-31-"./1,'$(-"&-/;0,/$;"

<NT5E"/$",0',"/,"'11/;$1"&-/;0,1",%".','"43%*"1)33%)$./$;"*-'1)3-*-$,1",%".-3/G-"'"

23-./(,/%$9"K0-";-$-3'+"4%3*)+'"4%3"L%,0"/$,-32%+',/G-"23%(-11-1"/1"<-J9"bE!"

"""""""""""""""""""""""""""""""""""""""""""""""""""""""���l�� p � ����l���
��� "

/$"&0/(0"��<#%E"]",0-"-1,/*',-."G'+)-"',",0-"23-./(,/%$"+%(',/%$=" /]",0-"&-/;0,"4%3",0-"

*-'1)3-."G'+)-"',",0-"/,0"+%(',/%$"'$."�<#/E],0-"*-'1)3-."G'+)-"',",0-"/,0"+%(',/%$9"

"N$"NT5",0-"&-/;0,=" /=".-2-$.1"%$+8"%$",0-"./1,'$(-"L-,&--$",0-"I$%&$"+%(',/%$1"'$.",0-"

23-./(,/%$"+%(',/%$1="&0-3-'1"/$"I3/;/$;",0-"&-/;0,1"'3-"L'1-."%$",0-"./1,'$(-"L-,&--$",0-"

I$%&$"+%(',/%$1"'$.",0-"23-./(,/%$"+%(',/%$1"'$.",0-"%G-3'++"12',/'+"'33'$;-*-$,"/$",0-"
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&-/;0,1"<S#CN="PQUQE9""K0/1"12',/'+"'33'$;-*-$,"/1"J)'$,/4/-."L8"4/,,/$;"'"*%.-+",%",0-"

G'3/%;3'*"'++%&/$;"(%G'3/'$(-"<(%33-+',/%$E",%"L-"*%.-+-."L-,&--$"2%/$,19"""

The!variogram!
 
" K0-"G'3/%;3'*"3-23-1-$,1"(%33-+',/%$="1-2'3',-."L8"'$"-1,'L+/10-."./1,'$(-="0"<+';"

./1,'$(-E9""K0-"G'3/%;3'*"/1"'";3'20"%4"+';"./1,'$(-"G19"G'3/'$(-"<¡0E"-723-11-."'1"<-J9"iE!""

""""""""""""""""""""""""""""""""""""""""""""""""""""¢£ p �
¤�
� ¥��¦�� § ��¦�¨©�ª¤�
��� """

"
/$"&0/(0"¡0"]G'3/'$(-="�<�/E]G'+)-"',"

+%(',/%$"�/="'$."�<�/^0E]G'+)-"',"

+%(',/%$"�/"^"'"./1,'$(-"%4"0="

.-,-3*/$-."L8",0-"'$'+81,9"

N$",0/1"*%.-+="G'3/'$(-"('$"L-"

(%$1/.-3-."«",0-"'G-3';-"1J)'3-."

./44-3-$(-"%4".','"4%3"'++"2%/$,1"

1-2'3',-."L8"'"+';"./1,'$(-"%3"(+'11"

1/H-"%4"09""`$(-",0-"(+'11"1/H-="(0%1-$"

L8",0-"'$'+81,="8/-+.1"3-1)+,1"&/,0"'$"

'22'3-$,",3-$.="'"*%.-+"('$"L-"4/,,-."

,%",0-".','",%"'33/G-"',",0-"/$2),"G'+)-1"4%3"%3./$'38"I3/;/$;9""K0-"/$2),"G'+)-1")1-."'3-",0-"

1/++="$);;-,"'$."3'$;-"<:/;)3-"URE9""K0-"$);;-,"/1",0-"G'+)-"%$",0-"8"'7/1"&0-3-",0-".','"

L-;/$9""K0-"./1,'$(-"&0-3-",0-"*%.-+"4/31,"4+',,-$1"%),"<%$",0-"7"'7/1E"/1"I$%&$"'1",0-"3'$;-9""

K0-"G'+)-"',"&0/(0",0-"G'3/%;3'*"*%.-+"',,'/$1",0-"3'$;-"<%$",0-"8"'7/1E"/1"('++-.",0-"1/++9"""

50-$"2-34%3*/$;"I3/;/$;"&/,0/$"M3(;/1=",0-")1-3"0'1",0-"%2,/%$"%4"-/,0-3"*'$)'++8"

/$2),,/$;",0-"G'3/%;3'*"2'3'*-,-31"%3"0'G/$;",0-"1%4,&'3-"'),%*',/('++8"12-(/48",0-"G'+)-1"

Figure!15:!Example!of!a!variogram.!!The!blue!line!is!the!chosen,!
spherical!model!line!for!the!data.!!The!sill!is!~2500,!the!range!is!
~165!and!the!nugget!is!~0.!
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4%3",0-"G'3/%;3'*"2'3'*-,-31"43%*"'$"/$,-3$'+"'+;%3/,0*9""c%&-G-3="/4",0-"G'3/%;3'*"

2'3'*-,-31"'3-"(0%1-$"L8",0-"23%;3'*=",0-"2'3'*-,-3"-1,/*',-1"('$$%,"L-"%),2),"%3"1--$="

(3-',/$;"'"L+'(I"L%7"-44-(,="&0/(0"*'8"+-'.",%"'22+8/$;"I3/;/$;"/$'223%23/',-+89""T)-",%",0/1="

/,"&'1".-(/.-.",%"2-34%3*",0-"G'3/%;3'*"'$'+81/1"%),1/.-"%4"M3(AN#9"

_3/;/$;"&'1"2-34%3*-."%$+8"%$",0-"#T"'$."-1,/*',-."#5S"',"-'(0"$%.-9""61/$;"%$+8"

1/7"2%/$,1"%$"/$./G/.)'+",/*-"1,-21"+/*/,-.",0-"G'3/%;3'*"%),2),="L-(')1-"%4"*/$/*'+".','"

/$2),9""?%&"$)*L-31"%4"1'*2+-"1/,-1"',"-'(0",/*-"1,-2"('$"/$0/L/,"G/1)'+/H',/%$"%4"2%,-$,/'+"

12',/'+",3-$.1"'$."23%G/.-"/$'.-J)',-"/$4%3*',/%$"4%3"2'3'*-,-3"-1,/*',/%$"<$);;-,="3'$;-="

'$."1/++E9""T)-",%",0-"2%,-$,/'+"4%3"+%&"3-1%+),/%$"G'3/%;3'*1"%$"-'(0",/*-"1,-2=".','"43%*"'++"

,/*-"1,-21"&-3-")1-.",%"(3-',-"'"g;-$-3'+/H-.h"G'3/%;3'*"4%3"L%,0"#T"'$."#5S"4%3",0-"-$,/3-"

,/*-"1-3/-19""M"*%.-+")$/J)-",%"-'(0".','"1-,"<#T"'$."#5SE"&'1",0-$"4/,",%",0-";-$-3'+/H-."

G'3/%;3'*1="'$.",0-"(+'11"1/H-="$);;-,="3'$;-"'$."1/++"&-3-";-$-3',-."4%3"L%,09"

Automation!and!animation!of!kriging!

" M++"'12-(,1"%4"I3/;/$;"4%3"-'(0",/*-"1,-2"&-3-"'),%*',-.")1/$;"\8,0%$"1(3/2,"+/$I-."

,%"M3(AN#9""K0-"*'$)'+"/$2),1",%",0-"1(3/2,""/$(+).-",0-"1-'1%$'+"G'3/%;3'*"2'3'*-,-31"

<$);;-,="1/++="3'$;-E="L-1,"4/,"*%.-+"%4",0-"G'3/%;3'*="%),2),"(-++"1/H-="'".','L'1-"4/+-"4%3*',"

<9.L4E"%4""'++"G'+)-1"<#T"%3"#5SE="'11%(/',-.",/*-"1,'*21"'$."+%(',/%$".','9""M++"%),2),"3'1,-3"

4/+-1"4%3"-'(0",/*-"1,'*2"&-3-";3%)2-.="1%3,-."'$."1)2-3/*2%1-."'((%3./$;",%",/*-9""O/.-%"

3-(%3./$;1"&-3-",0-$"(3-',-."&/,0/$"M3(AN#"%4",0-".','";3%)2/$;1",%"3-23-1-$,"12',/'+"'$."

,-*2%3'+"#T"'$."#5S",3-$.1"&/,0/$",0-"4/-+."'3-'9"

"
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Validation!and!verification!

" S'(0"%4",0-"I3/;-.",/*-"1,-21"&'1"(%*2'3-.",%"#T"'$."#5S"*-'1)3-*-$,1"',"-'(0"

1'*2+-"2%/$,9""K0-"I3/;-."3'1,-3"%),2),1"0'."'"Q9U"*-,-3"3-1%+),/%$"'$."(3-',-."'",/*-"

23%0/L/,/G-"'$'+81/1"/4"-'(0"%4",0-"%),2),1"(-++1"<URZQ"3'1,-3"(-++1"2-3"+'8-3E"&-3-",%"L-"

'$'+8H-."4%3"'(()3'(8"',"-'(0"%4",0-"[P",/*-"1,-219""T)-",%",0-"+'3;-"1/H-"%4",0-"I3/;-.".','"

%),2),="'";-$-3'+/H-."'$'+81/1"&'1"2-34%3*-."'1"-72+'/$-."L-+%&9"""

" S'(0"I3/;-."3'1,-3"%),2),"',"-'(0",/*-"1,-2"&'1"<UE"'G-3';-.="<PE",0-"*'7/*)*"

G'+)-"&'1";-$-3',-."'$."<VE",0-"*/$/*)*"G'+)-"&'1";-$-3',-.9""K0/1"23%(-11"&'1"'+1%"

/*2+-*-$,-."4%3",0-"-$,/3-"*'$)'+"#T"'$."#5S".','"1-3/-19""M++"'G-3';-="*'7/*)*"'$."

*/$/*)*"I3/;-."#5S"'$."#T"-1,/*',-1"&-3-",0-$"(%*2'3-."&/,0",0-"'G-3';-="*'7/*)*"

'$."*/$/*)*"%L1-3G-."#5S"'$."#T9"":/$'++8="'++".','"43%*",0-"I3/;-."3'1,-3"%),2),1"&-3-"

(%*2'3-."&/,0"*-'1)3-*-$,1"43%*",0-"1$%&"2/++%&",%".-,-3*/$-"0%&"3-23-1-$,',/G-",0-"

2%/$,"L'1-."1$%&"2/++%&"*-'1)3-*-$,"&'1"4%3",0-"4/-+."1/,-9"

"

" "



41 
 

 

Results!

Snowcloud!calibration!trials!
 
" #$%&(+%)."('+/L3',/%$1"&-3-"'$'+8H-."4%3"'(()3'(8"43%*"'"(%*2'3/1%$"%4"

#$%&(+%)."#T"'$.";3%)$."1)34'(-",%"1%$'3"./1,'$(-1"<1F1E",%",0-"*'$)'+"#T"'$."1F1"

*-'1)3-*-$,19""S'(0"1%$'3"$%.-"0'.")$/J)-"('+/L3',/%$"(%$1,'$,1"/$(+).-."/$"'22-$./7"M9""

K0-"*'$)'+"*-'1)3-*-$,1")1-.",%".-G-+%2",0-"(%$1,'$,1"('$"'+1%"L-"4%)$."&/,0/$"

'22-$./7"M9"

K0-"4/31,"('+/L3',/%$",3/'+"3-1)+,1"8/-+.-."('+/L3',/%$"-J)',/%$1",0',"&-3-"/$'(()3',-="

1)(0",0',"#$%&(+%).".','"./."$%,"(%33-12%$."&/,0",0-"*'$)'+"#T"'$."#F#"*-'1)3-*-$,19"

" K0-"1-(%$."('+/L3',/%$",3/'+"8/-+.-."3-1)+,1",0',"&-3-"(%$;3)-$,"&/,0",0-"*'$)'+"

*-'1)3-*-$,19""61/$;",0-1-"('+/L3',/%$1=",0-"#$%&(+%).";-$-3',-.".','"(%*2'3-."&-++"&/,0"

,0-"*'$)'+"*-'1)3-*-$,1"43%*",0-"UeUZePQUQ",%"beQPePQUQ9""K0-1-"*-'1)3-*-$,1"'3-"

/$(+).-."/$"'22-$./7"M9"

Field!work!

! Site!characterization!
 

M++"G'+)-1"'$."L'3";3'201";-$-3',-."43%*",0-"4/-+.".','"('$"L-"4%)$."/$"'22-$./7">9""
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Figure!16:!!Canopy!closure!percentages!at!each!node!paired!with!aspect.
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D'$%28"(+%1)3-"G'+)-1"',",0-"$%.-1"'3-"23-1-$,-."L-+%&="/$"4/;)3-"PQ9 "

Manual!SWE!and!SD!sampling!
 
" K0-"#5S"'$."#T"*-'1)3-*-$,1"&-3-"(%++-(,-."&--I+8"43%*",0-"UZ,0"%4"j'$)'38",%"

,0-"PR,0"%4"M23/+"PQUQ"'$."'3-"/$(+).-."/$"'22-$./7"D9"

Snow!pillow!verification!
 
" K0-"1$%&"2/++%&"*-'1)3-*-$,1"%4"#5S"&-3-"(%*2'3-."&/,0"*'$)'+"*-'1)3-*-$,1"

'$."'3-"/$(+).-."/$"'22-$./7"D9""T)-",%"/$/,/'+"('+/L3',/%$"-33%31"&/,0",0-"1$%&"2/++%&=",0-3-"

&'1"'"181,-*',/("L/'1"%4"FQ9ZQ["/$(0-19""K0-3-4%3-"'++"1$%&"2/++%&".','"&'1"3-.)(-."L8"

Q9ZQ["/$(0-1"<:/;)3-"PUE9"""

!
 
 
 
 
 
 
 
 
 

Figure!17:!!Comparison!of!manual!SWE!measurements!to!snow!pillow!output
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Correspondence!analysis!
 

D%33-12%$.-$(-"'$'+81/1"<DME"&'1"2-34%3*-."%$"'++",%&-3"%$-".','=",0-"*'$)'+"

#5S"'$."#T"*-'1)3-*-$,1"',"-'(0"#$%&(+%)."$%.-="'$.",0-"1/,-"(0'3'(,-3/H',/%$"',"-'(0"

#$%&(+%)."$%.-",%"'33/G-"',"'"1-,"%4"2%,-$,/'+"23-./(,%31"%4"#5S9""K0-"&--I+8="*%$,0+8"'$."

1-'1%$'+"3)$$/$;"'G-3';-".','"1-3/-1"43%*",%&-3"%$-"&-3-"),/+/H-."4%3",0-"/$/,/'+"'$'+81/19""

c%&-G-3=",0-"+'3;-"'*%)$,"%4"/$2),"G'3/'L+-1"+/*/,-."G/1)'+/H',/%$"&/,0/$",0-"DM"(0'3,19""

T)-",%",0/1=",0-1-".','"1-3/-1"&-3-"./1';;3-;',-."'((%3./$;",%"-+-G',/%$"%4"1-$1%3"+%(',/%$"

%$",%&-3"%$-9""K0-",%&-3"0'1"/$1,3)*-$,"(+)1,-31"%4"Ub"4--,="Pb"4--,"'$."UQQ"4--,"'L%G-",0-"

;3%)$."1)34'(-9""`$+8".','"*-'1)3-."',"Pb"4--,"'$."+%&-3"&-3-")1-.",%"*/*/(".','"

(%++-(,/%$"',"#$%,-+"'$."CM5#"1/,-1="&0/(0";-$-3'++8"0'G-",%&-31"+-11",0'$"Pb"4--,"/$"0-/;0,9"""

T-12/,-"/$(3-'1-."3-1%+),/%$")1/$;"%$+8".','"(%++-(,-."',"Pb"4--,"'$."+%&-3="*'$8"%4"

,0-"2%,-$,/'+"23-./(,%31"(%$,/$)-.",%"2+%,"(+%1-+8"'$."/$0/L/,-."G/1)'+"'$'+81/1"<:/;)3-"PPE9""

Figure!18:!Correspondence!analysis!of!all!potential!predictors!collected!at!
tower!one!25!feet!and!lower!utilizing!the!weekly,!monthly!and!seasonal!
running!average!data!series.!!Limited!variable!separation!within!the!graphs!
necessitated!further!disaggregation!of!the!data!series.!
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T)-",%",0/1=",0-";3%)2-."&--I+8="*%$,0+8"'$."1-'1%$'+"3)$$/$;"'G-3';-".','"1-3/-1"',"Pb"

4--,"'$."+%&-3"&-3-"4)3,0-3"./1';;3-;',-.",%"/$./G/.)'+".','"'1!""<UE"&--I+8"'G-3';-.".','="

<PE"*%$,0+8"'G-3';-".','"'$."<VE"1-'1%$'+"3)$$/$;"'G-3';-".','9"""

M1"'"*'Y%3/,8=",0-"&--I+8"'G-3';-.".','"(%++-(,-."',"Pb"4--,"'$."+%&-3".-*%$1,3',-."

,0-";3-',-1,"1-2'3',/%$1"L-,&--$"2%,-$,/'+"23-./(,%31"&/,0/$",0-"(%33-12%$.-$(-"'$'+81/1"

;3'201"<:/;)3-1"PVFPbE9""K0-"*%$,0+8"'$."1-'1%$'+".','"1-3/-1"(%33-12%$.-$(-"'$'+81-1"('$"

L-"4%)$."&/,0/$"'22-$./7"T9""M"+/1,"%4"2%,-$,/'+"23-./(,%31"&'1"(3-',-."43%*",0/1".','"1-,"

'+%$;"&/,0",-*2-3',)3-".','"&/,0/$",0-"*%$,0+8"'G-3';-".','"1-,9"

Figure!19:!!All!weekly!averaged!data!collected!25!feet!and!lower.!!Blue!circles!denote!independent!groupings.!!
Factor!one!contains!82!percent!of!the!variability!within!the!data!set,!factor!two!contains!10%!and!factor!three!
contains!5%.!
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!

!

!

Figure!20:!All!weekly!averaged!data!collected!25!feet!and!lower!with!factor!2!rotated!
to!the!front.!!!Blue!circles!denote!independent!groupings.!!Factor!one!contains!82!
percent!of!the!variability!within!the!data!set,!factor!two!contains!10%!and!factor!three!
contains!5%.!

Figure!21:!All!weekly!averaged!data!collected!25!feet!and!lower!with!factor!3!rotated!
to!the!front.!!!Blue!circles!denote!independent!groupings.!!Factor!one!contains!82!
percent!of!the!variability!within!the!data!set,!factor!two!contains!10%!and!factor!three!
contains!5%.!



46 
 

 

#%*-"2%,-$,/'+"23-./(,%31"2+%,,-."/$";3%)2/$;1"&/,0/$")$/J)-";3/."12'(-1"%$",0-"

(0'3,19""N4",0-";3%)2/$;1"(%$,'/$-."1-2'3',-"1,',-"G'3/'L+-1="'../,/G-"(%*2%1/,-1"&-3-"

(3-',-.9"":%3"-7'*2+-="/4"'";3%)2/$;"(%$,'/$-."V",-*2-3',)3-"G'+)-1"<1)(0"'1"*'7/*)*"

,-*2-3',)3-="*/$/*)*",-*2-3',)3-="'G-3';-",-*2-3',)3-="-,(E="%$+8"%$-",-*2-3',)3-"&'1"

)1-."'1"'"2%,-$,/'+"23-./(,%3"43%*",0-";3%)2/$;9""c%&-G-3="/4"V"1-2'3',-"G'3/'L+-1"2+%,,-."

,%;-,0-3"1)(0"'1"&/$."12--.="3-+',/G-"0)*/./,8"'$."'G-3';-",-*2-3',)3-=",0-$"'"(%*2%1/,-"

&'1"(3-',-."L8"'../$;",0-"G'+)-1"%4",0-"G'3/'L+-1",%;-,0-39""K0-"/$./G/.)'+"G'+)-1"&/,0/$",0-"

(%*2%1/,-1"&-3-"'+1%"I-2,"'1"2%,-$,/'+"23-./(,%31"'$."(%*2'3-."';'/$1,"(%*2%1/,-"G'+)-1"

43%*",0-"3-;3-11/%$"3-1)+,19"

"

" K0-"2%,-$,/'+"23-./(,%31"/.-$,/4/-."43%*"(%33-12%$.-$(-"'$'+81/1"&-3-!"

"

U9 D'$%28"(%G-3"&/,0"'"$%3,0-3$"'12-(,"<WE"

P9 D'$%28"(%G-3"&/,0"'"1%),0-3$"'12-(,"<WE"

V9 #$%&".-2,0"<*'$)'+"1$%&".-2,0"%3"#$%&(+%).";-$-3',-."1$%&".-2,0="/$E""

X9 #$%&".-2,0"',",0-"1$%&"2/++%&"</$E"

b9 #5S"',",0-"1$%&"2/++%&"</$E"

i9 #$%&".-$1/,8"',",0-"1$%&"2/++%&"<+Le/$VE"

[9 5--I+8""/$(%*/$;"1%+'3"3'./',/%$"<*-;'Y%)+-1E""

Z9 @%$,0+8"'G-3';-",-*2-3',)3-"<kDE"

R9 M"(%*2%1/,-"%4"'G-3';-"&--I+8",-*2-3',)3-="3-+',/G-"0)*/./,8"'$."&/$."./3-(,/%$"

"

"
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Regression!analysis!
 

! SWE*!equation!1!(SWE*Snotel)!

" K0-"/$/,/'+"#5S"-J)',/%$",-1,-.",0-"4-'1/L/+/,8"%4"-1,/*',/$;"#5S"/$"'$"'3-'"

1)33%)$./$;"'"#$%,-+"1/,-"&/,0"#T"/$4%3*',/%$"43%*"&/3-+-11"1-$1%3"$-,&%3I1"'$."

-$G/3%$*-$,'+".','"*-'1)3-."',",%&-3"%$-="/$(+)./$;"1$%&".-$1/,8"43%*",0-"1$%&"2/++%&"

'$."1$%&".-2,09""K0-"3-;3-11/%$"'$'+81-1")1-."G'3/',/%$1"%4",0-"2%,-$,/'+"23-./(,%31"43%*"

,0-"(%33-12%$.-$(-"'$'+81/1"'$.",0-"L-1,"*%.-+"&'1"'$'+8H-."L8"3-;3-11/%$"%4",0-"'(,)'+"G19"

23-./(,-."#5S"G'+)-1"',",0-"$%.-"1/,-1"'$."',"'++",3'$1-(,1"<SJ)',/%$"[="4/;)3-1"PiFPR"'$."

,'L+-"VE9"""

:/;)3-"Pi"(%*2'3-1"%L1-3G-."'$."-1,/*',-."#5S"G'+)-1"',"-'(0"#$%&(+%)."$%.-9""

K0-"'G-3';-"./44-3-$(-"L-,&--$"%L1-3G-."'$."-1,/*',-."#5S"',",0-"#$%&(+%)."$%.-1"&'1"

U9i7UQFb"/$(0-1="&/,0"'"1,'$.'3.".-G/',/%$"%4"U9iiU9"K0-"./44-3-$(-1"&-3-"'223%7/*',-+8"

$%3*'++8"./1,3/L),-.="&/,0",0-"-7(-2,/%$"%4"%$-"%),+/-39""M"23%L'L/+/,8"2+%,"%4",0-"3-1/.)'+1"

'+%$;"&/,0"'"0/1,%;3'*"'$.";3'20"%4",0-"3-1/.)'+1"('$"L-"1--$"/$":/;)3-"P[9"">'1-."%$",0-"

'11)*2,/%$"%4"$%3*'+/,8",0-"1+%2-"%4",0-"3-;3-11/%$"+/$-"&'1"Q9ZR"<¬Q9Q[E"'$.",0-"/$,-3(-2,"

&'1"Q9ZZ"<¬Q9iQE="&/,0",0-"G'+)-1"/$"2'3-$,0-1-1"3-23-1-$,/$;",0-"L%)$.1"%4"'"RbW"

(%$4/.-$(-"/$,-3G'+"L'1-."%$",0-"K"1,',/1,/("4%3",0/1"3-;3-11/%$9"":/;)3-1"PZ"'$."PR"(%*2'3-"

%L1-3G-."'$."-1,/*',-."#5S"%$"-'(0",3'$1-(,9"

"

SJ9"[!""""""

lmn­��®�¯� p UiX9U[Zb ° P9PX[XQi¦� ± U9iXbQbV¦¤ ± Q9PiZUUZ¦² ± Q9[bQb[Pi¦³

° Q9QVVUbPVX¦´ ° Q9PU[QRVP¦µ ° Q9bRZbRRP¦¶"

"

(F!statistic!=!2571.2,!Correlation!coefficient!=!0.93,!P!statistic!=!0.000+)!
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Table!3:!P!values!of!independent!variables!within!the!SWE*Snotel!equation.

Variable Descriptor P value 
�U" D'$%28"(+%1)3-",%",0-"$%3,0 Q9QQQ"
�P" D'$%28"(+%1)3-",%",0-"1%),0 Q9UiZ"
�V" @'$)'+"%3"#$%&(+%).";-$-3',-."1$%&".-2,0 Q9QQQ"
�X" #5S"',",0-"1$%&"2/++%& Q9QQQ"
�b" 5--I+8",%,'+"/$(%*/$;"1%+'3"3'./',/%$ Q9QQUX"
�i" #$%&".-2,0"',",0-"1$%&"2/++%& Q9QQU"
�[" @%$,0+8"'G-3';-",-*2-3',)3- Q9QQU"

Figure!22:!!Regression!of!actual!vs.!predicted!values!from!use!of!SWE*Snotel!equation!which!tests!
the!applicability!of!extending!Snotel!sites!with!WSN!SD!data.!!The!slope!of!this!regression!was!
0.89!(±0.07)!and!the!intercept!was!0.88!(±0.60),!with!the!values!in!parentheses!representing!the!
bounds!of!a!95%!confidence!interval.!!The!correlation!coefficient!of!the!regression!was!0.94!with!
an!F!statistic!of!656.3,!a!T!statistic!of!25.62!and!a!Spearman!rank!coefficient!of!0.94.!

Figure!23:!Residuals!of!SWE*Snotel,!histogram!analysis!of!residuals!and!a!probability!plot!of!the!residuals.!!The!
outlier!within!the!residual!plot!can!be!seen!within!the!far!right!class!on!the!histogram!plot. 
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Figure!25:!Regression!of!actual!vs.!predicted!SWE!values!(in!inches)!from!SWE*SNOTEL!equation!along!sample!
points!on!transects!three!and!four. 

Figure!24:!Regression!of!actual!vs.!predicted!SWE!values!(in!inches)!from!SWE*SNOTEL!equation!along!sample!points!
on!transects!one!and!two. 

*denotes bounds of a 95% confidence interval 

*denotes bounds of a 95% confidence interval *denotes bounds of a 95% confidence interval 

       Transect Three 
• Slope: 0.92 (±0.05*) ,  Intercept: -0.08 (±0.35*) 
• Correlation coefficient: 0.94 
• F statistic: 1409.2 
• T statistic : 37.54 
• Spearman rank coefficient: 0.84 

Transect Four 
• Slope: 0.91(±0.09*),  Intercept: 0.57 (±1.14*) 
• Correlation coefficient: 0.81 
• F statistic: 331.75 
• T statistic : 18.1 
• Spearman rank coefficient: 0.74 

           Transect Two 
• Slope: 0.85 (±0.07*),   Intercept: 0.094 (±0.35*) 
• Correlation coefficient: 0.88 
• F statistic: 614.5 
• T statistic : 24.8 
• Spearman rank coefficient: 0.88 

 
*denotes bounds of a 95% confidence interval 

       Transect One 
• Slope: 0.92 (±0.08*) ,  Intercept: 0.37(±0.72*)   
• Correlation coefficient: 0.87 
• F statistic: 531.75 
• T statistic : 23.1 
• Spearman rank coefficient: 0.83 
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SWE*!equation!2!(SWE*general)!
 
 K0-"1-(%$."#5S"-J)',/%$",-1,-.",0-"'22+/('L/+/,8"%4"-7,-$./$;"&/3-+-11"1-$1%3"

$-,&%3I1",%"#$%,-+"1/,-1")1/$;"%$+8"#T"43%*"#$%&(+%)."'$."1$%&".-$1/,8"43%*",0-"%$1/,-"

1$%&"2/++%&"'$."$%"1,',-"G'3/'L+-1"43%*",%&-3"%$-9""K0-"#5S�;-$-3'+"-J)',/%$"&'1";-$-3',-."

,%"(%*2'3-"'";-$-3'+/H-."#5S"-7,3'2%+',/%$",-(0$/J)-",%",0-"*%3-",/*-"'$."3-1%)3(-"

/$,-$1/G-"#5S�#$%,-+"-J)',/%$9"

" #$%&".-$1/,8"',",0-"1$%&"2/++%&"&'1".-,-3*/$-."'1"#5S"./G/.-."L8"1$%&".-2,09""

K0-"j).."1%$'3"1-$1%3"',",%&-3"%$-"&'1"$%,"23%2-3+8"('+/L3',-.".)3/$;",0-"PQUQ"4/-+."

1-'1%$9""T)-",%",0/1="#T"',",0-"#$%&(+%)."$%.-"V"<Ub"*-,-31",%",0-"1%),0"%4",0-"1$%&"2/++%&E"

&'1")1-."'1"'"1)33%;',-"4%3",0/1"*-'1)3-*-$,9""#$%&".-2,01"',"$%.-"V"(%33-12%$.-."

3-'1%$'L+8"&-++"&/,0",0%1-"%L1-3G-."',",0-"1$%&"2/++%&"%$"-'(0"1'*2+/$;"&--I"&/,0",0-"

-7(-2,/%$"%4"1'*2+/$;"&--I"P"<j'$)'38"Pb="PQUQE9"#--"4/;)3-"VQ"L-+%&9"""K0-"'G-3';-"

./44-3-$(-"L-,&--$"#T"*-'1)3-*-$,1"',",0-"1$%&"2/++%&"'$.",0%1-"3-2%3,-."',"$%.-",03--"

43%*"'++"1'*2+/$;"&--I1"&'1"¬[9X9h"":)3,0-3"#$%&"2/++%&",%"$%.-"#T"(%*2'3/1%$1"('$"L-"

4%)$."&/,0/$"M22-$./7"D9""

" K0-"L-1,"*%.-+"&'1"'$'+8H-."L8"3-;3-11/%$"%4",0-"'(,)'+"G19"23-./(,-."#5S"G'+)-19""

#--"-J)',/%$"Z"'$."4/;)3-1"VUFVX9"

"
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Figure 31 compares observed and estimated SWE values at each Snowcloud node.  The 

comparison of the observed and estimated values by regression yielded a slope estimate of 1.01 

(±0.05), and an intercept value of 0.11(±0.45), with the values in parentheses representing the 

bounds of a 95% confidence interval based on the T statistic for this regression.  The regression 

comparison was highly significant with a P statistic of 0.000+ and an F statistic of the regression 

of 1582.13.  The average difference between observed and estimated SWE at the Snowcloud 

nodes was -1.20 x 10-8 inches, with a standard deviation of 1.16. The differences were 

approximately normally distributed.  A probability plot of the residuals along with a histogram 

and graph of the residuals can be seen in Figure 32.  Figures 33 and 34 compare observed and 

estimated SWE on all points on each transect. 

 
 
Eq. 8:                                          "lmn·�����¯� p ¸ � ¹q        

/$"&0/(0"º]";-$-3'+/H-."1$%&".-$1/,8="('+()+',-."43%*!"

"»¼ ­½¾"�®"����"o�¯¯��
­¿"�®"­����¯�ÀÁ"��Á�"²

Â � qÃÄ¹ÅÆÇ"ÈÉ"ÊËÆÃÌÍ""'$."1.]"1$%&".-2,0"43%*",0-"#$%&(+%)."$%.-19 
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Figure!26:!Comparison!of!manual!SD!measurements!around!the!snow!pillow!to!Snowcloud!node!
3!SD,!where!week!one!represents!18"Jan!2010!and!week!11!represents!29"Mar!2010. 
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Figure!27:!Regression!of!actual!vs.!predicted!values!from!use!of!SWE*general!equation!which!tests!
the!applicability!of!extending!Snotel!sites!with!WSN!SD!data!using!only!a!generalized!density!
multiplier!with!the!Snowcloud!estimated!depths.!!The!slope!of!this!regression!was!1.01!(±0.05)!
and!the!intercept!was!0.11!(±0.45),!with!the!values!in!parentheses!representing!the!bounds!of!a!
95%!confidence!interval.!!The!correlation!coefficient!of!the!regression!was!0.97!with!an!F!
statistic!of!1582.13,!a!T!statistic!of!39.87!and!a!Spearman!rank!coefficient!of!0.96.! 

Figure!28:!Residuals!of!SWE*general!equation,!histogram!analysis!of!residuals!and!a!probability!plot!of!the!
residuals.!! 
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Figure!29:!Regression!of!actual!vs.!predicted!SWE!values!(in!inches)!from!SWE*general!equation!along!sample!points!
on!transects!one!and!two. 

       Transect One 
• Slope: 0.98 (±0.04*),   Intercept: 0.69 (±0.43*) 
• Correlation coefficient: 0.95 
• F statistic: 1746.7 
• T statistic : 41.8 
• Spearman rank coefficient: 0.94 
 

           Transect Two 
• Slope: 0.96 (±0.04*) ,   Intercept: 0.37 (±0.43*) 
• Correlation coefficient: 0.97 
• F statistic: 2669.0 
• T statistic : 51.7 
• Spearman rank coefficient: 0.98 
 

Figure!30:!Regression!of!actual!vs.!predicted!SWE!values!(in!inches)!from!SWE*general!equation!along!sample!points!
on!transects!three!and!four. 

Transect Three 
• Slope: 1.00 (±0.02*),   Intercept: 0.17 (±0.24*) 
• Correlation coefficient: 0.99 
• F statistic: 7175.8 
• T statistic : 84.7 
• Spearman rank coefficient: 0.94 
 

Transect Four 
• Slope: 0.96 (±0.07*),   Intercept: 1.21 (±0.79*) 
• Correlation coefficient: 0.9 
• F statistic: 774.3 
• T statistic : 27.8 
• Spearman rank coefficient: 0.89 
 

*denotes bounds of a 95% confidence interval *denotes bounds of a 95% confidence interval 

*denotes bounds of a 95% confidence interval *denotes bounds of a 95% confidence interval 
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SWE*!Equation!3!(SWE*RAWS)!
 

K0-"4/$'+"#5S"-J)',/%$"<#5S�CM5#E"&'1";-$-3',-.",%",-1,",0-"'22+/('L/+/,8"%4"

-7,-$./$;"&/3-+-11"1-$1%3"$-,&%3I1",%"CM5#"1/,-1="&0/(0"'3-"$%,"-J)/22-."&/,0"1$%&"

2/++%&19""M++"1$%&"2/++%&".','"&-3-"3-*%G-."43%*",0-"/$/,/'+"#5S�#$%,-+"-J)',/%$9""The best 

model was analyzed by regression of the actual vs. predicted SWE values.  See equation 9, 

figures 35-38 and table 4.  

Figure 35 compares observed and estimated SWE values at each Snowcloud node.  The 

comparison of the observed and estimated values by regression yielded a slope estimate of 0.78 

(±0.09), and an intercept value of 1.63(±0.76), with the values in parentheses representing the 

bounds of a 95% confidence interval based on the T statistic for this regression.  The regression 

comparison was significant with an F statistic of the regression of 315.88.  The average difference 

between observed and estimated SWE at the Snowcloud nodes was 9.74 x 10-9 inches, with a 

standard deviation of 1.98. The differences were approximately normally distributed.  A 

probability plot of the residuals along with a histogram and graph of the residuals can be seen in 

Figure 36.   Figures 37 and 38 compare observed and estimated SWE on all points on each 

transect. 

 

SJ9"R!"""

lmnÎÏ½­� p XXV9VV § b9UPVRV¦� ± P9b[XUPU¦¤ ± Q9PQRZRX[¦² ± Q9QRPUZQiZ¦³

§ U9iVPQUR¦´ 

Table!4:!Variables!and!P!values!within!the!SWE*RAWS equation.

Variable Descriptor P value 
�U" D'$%28"(+%1)3-",%",0-"$%3,0 Q9QQQ"
�P" D'$%28"(+%1)3-",%",0-"1%),0 Q9UiZ"
�V" @'$)'+"%3"#$%&(+%).";-$-3',-."1$%&".-2,0 Q9QQQ"
�b" 5--I+8",%,'+"/$(%*/$;"1%+'3"3'./',/%$ Q9QQUX"
�[" @%$,0+8"'G-3';-",-*2-3',)3- Q9QQU"

(F!statistic!=!1252.2,!Correlation!coefficient!=!0.89,!P!statistic!=!0.000+) 
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Figure!31:!Regression!of!actual!vs.!predicted!values!using!SWE*RAWS!which!tests!the!applicability!
of!extending!RAWS!sites!with!WSN!data.!The!slope!of!this!regression!was!0.78!(±0.09)!and!the!
intercept!was!1.63!(±0.76),!with!the!values!in!parentheses!representing!the!bounds!of!a!95%!
confidence!interval.!!The!correlation!coefficient!of!the!regression!was!0.89!with!an!F!statistic!of!
315.88,!a!T!statistic!of!17.78!and!a!Spearman!rank!coefficient!of!0.90. 

Figure!32:!Residuals!of!SWE*RAWS!equation,!histogram!analysis!of!residuals!and!a!probability!plot!of!the!
residuals.!!!
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Transect Two 
• Slope: 0.77 (±0.06*),   Intercept: 0.44 (±0.24*) 
• Correlation coefficient: 0.88 
• F statistic: 607.53 
• T statistic : 24.65 
• Spearman rank coefficient: 0.92 
 

Transect Three 
• Slope: 0.83 (±0.04*),   Intercept: 0.62 (±0.51*) 
• Correlation coefficient: 0.93 
• F statistic: 1110.91 
• T statistic : 33.33 
• Spearman rank coefficient: 0.83 
 

Transect One 
• Slope: 0.78 (±0.08*),   Intercept: 1.34 (±0.70*) 
• Correlation coefficient: 0.83 
• F statistic: 395.26 
• T statistic : 19.88 
• Spearman rank coefficient: 0.84 
 

Figure!33:!Regression!of!actual!vs.!predicted!SWE!values!from!SWE*RAWS!!!along!sample!points!on!transects!one!and!
two.!

Transect Four 
• Slope: 0.72 (±0.10*),   Intercept: 2.56 (±1.19*) 
• Correlation coefficient: 0.72 
• F statistic: 188.98 
• T statistic : 13.75 
• Spearman rank coefficient: 0.69 
 

Figure!34:!Regression!of!actual!vs.!predicted!SWE!values!from!SWE*RAWS!along!sample!points!on!transects!three!
and!four.!

*denotes bounds of  a 95% confidence interval *denotes bounds of a 95% confidence interval 

*denotes bounds of a 95% confidence interval *denotes bounds of a 95% confidence interval 
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SWE!estimates!through!time!at!the!Snowcloud!nodes!
"

"@-'1)3-*-$,1"%4"#5S"',",0-"#$%&(+%)."$%.-1"43%*"j'$)'38"UZ,0",%"@'3(0"VU1,"

PQUQ"&-3-"(%*2'3-."&/,0"-1,/*',-1"43%*",0-"#5S"*%.-+1"<#5S�#$%,-+="#5S�;-$-3'+="#5S�"

CM5#E9"":/;)3-"VR"/$(+).-1"(%*2'3/1%$1"',"'++"#$%&(+%)."$%.-1"<$%.-U"f"$%.-"iE"/$"&0/(0"

,0-"L+)-"+/$-"3-23-1-$,1"*'$)'+"#5S"*-'1)3-*-$,1",'I-$")$.-3$-',0",0-"$%.-=",0-"3-."

+/$-"3-23-1-$,1",0-"#5S�;-$-3'+"-1,/*',-1")$.-3",0-"3-12-(,/G-"$%.-=",0-";3--$"+/$-"

3-23-1-$,1"#5S�#$%,-+"-1,/*',-1")$.-3",0-"3-12-(,/G-"$%.-"'$.",0-"2)32+-"+/$-"3-23-1-$,1"

,0-"#5S�"CM5#"-1,/*',-1")$.-3",0-"3-12-(,/G-"$%.-9"":/;)3-"XQ"(%*2'3-1"'G-3';-"#5S"43%*"

-'(0"%4",0-"-J)',/%$1"&/,0",0-"'G-3';-."*'$)'+"#5S"*-'1)3-*-$,1",'I-$")$.-3$-',0"-'(0"

$%.-")1/$;",0-"1'*-"(%+%3/$;1"'1",0%1-"/$"4/;)3-"VR9"""
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Figure!35:!Comparisons!of!SWE!estimates!at!Snowcloud!nodes!generated!from!the!application!of!the!SWE*general!
(red!line),!the!SWE*Snotel!(green!line)!and!the!SWE*RAWS!(purple!line)!equations!at!the!node!sites!to!manual!SWE!
measurements!taken!underneath!each!node!on!a!weekly!basis!(blue!line).!!!
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Figure!36:!!Comparisons!of!SWE!estimates!at!Snowcloud!nodes!(node!1"!6)!averaged!together!from!the!application!
of!the!SWE*general!(red!line),!the!SWE*Snotel!(green!line)!and!the!SWE*RAWS!(purple!line)!equations!at!the!node!sites!to!
manual!SWE!measurements!taken!underneath!each!node!on!a!weekly!basis!and!averaged!together!(blue!line).!! 
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Data!Interpolation!
 

Variogram!Analysis!
"

K&%"G'3/%;3'*1"&-3-"(3-',-."4%3"#T"'$."#5S")1/$;",0-"#$%&(+%).".','"1-3/-1"43%*"

j'$)'38"UZ,0",%"@'3(0"VU1,"PQUQ"2'/3-."&/,0",0-"#5S�;-$-3'+"-J)',/%$9""K0-"A')11/'$"*%.-+"

&'1"(0%1-$"4%3"L%,0"G'3/%;3'*1".)-",%",0-"(%$('G-")2&'3.",3-$."&/,0/$",0-".','"1-3/-1"

,3-$."1,'3,/$;"&0-$"0]Q9"K0-"A')11/'$"@%.-+"/1"<-J9"UQE!"""

""""""""""""""""""""""""""""""""""""""""""""""""""""""¢£ p nsÐ� Ñ©�

���·�
�"""

in which !h= variogram model, h= the lag distance and the range= the range of the 

variogram. 

K0-"#5S"G'3/%;3'*"('2,)3-.",0-"*%1,"G'3/'L/+/,8"%4"#5S"/$",0-"4/-+."'3-'"&/,0"'"

(+'11"1/H-"%4"b"7"UQFb".-(/*'+".-;3--1"<Z"*-,-31E9""K0-"3'$;-"(0%1-$"43%*")1-"%4",0-"A')11/'$"

*%.-+"&'1"X"7"UQFX".-(/*'+".-;3--1"<iV"*-,-31E"&/,0"'"1/++"%4"Ui"'$."'"$);;-,"%4"X9"

 
 

Gaussian model 

Figure!37:!!Seasonal!SWE!variogram!with!Gaussian!best!fit!model.
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K0-"#T"G'3/%;3'*"('2,)3-.",0-"*%1,"G'3/'L/+/,8"%4"#T"/$",0-"4/-+."'3-'"&/,0"'"(+'11"

1/H-"%4"b"7"UQFb".-(/*'+".-;3--1"<Z"*-,-31E9""K0-"3'$;-"(0%1-$"43%*")1-"%4",0-"A')11/'$"

*%.-+"&'1"X9V"7"UQFX".-(/*'+".-;3--1"<iR"*-,-31E"&/,0"'"1/++"%4"UUQ"'$."'"$);;-,"%4"XQ9"

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
"

Figure!38:!Seasonal!SD!variogram!with!Gaussian!best!fit!model.
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SD!and!SWE!Kriging!
"
" K0-"28,0%$"1(3/2,"(%**'$.1"4%3"(3-',/$;"'"I3/;-.",/*-"1-3/-1"('$"L-"4%)$."&/,0/$"

'22-$./7"T9""#(3--$"10%,1"%4",0-"#T"'$."#5S"I3/;/$;"'$/*',/%$1"43%*",0-"UZ,0"%4"j'$)'38",%"

,0-"VU1,"%4"@'3(0"PQUQ"'3-"/$(+).-."/$"4/;)3-1"XV!'$."XX9""K0-"+/$I1",%",0-"'$/*',/%$1"('$"L-"

4%)$."L-+%&"-'(0"1(3--$"10%,9"""

"
           http://www.youtube.com/watch?v=RBSD_6bN7Jc!

       http://www.youtube.com/watch?v=OoqvrqDobhM!!

Figure!39:!!Screen!shot!of!the!SWE!kriging!animation,!click!on!the!link!below!to!access!the!video!animation.!!
Higher!definition!animations!can!be!requested!via!email!at!cdmoeser@yahoo.com. 

Figure!40:!Screen!shot!of!the!SD!kriging!animation,!click!on!the!link!below!to!access!the!video!animation.!!Higher!
definition!animations!can!be!requested!via!email!at!cdmoeser@yahoo.com. 
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Kriging!verification!
 

:/;)3-"Xb"(%*2'3-1",0-"*-'1)3-."*'7/*'="*/$/*'"'$."*-'$"#5S"',"'++"1'*2+-"

2%/$,1"&/,0/$",0-"4/-+."'3-'",%",0-"I3/;-."*'7/*'="*/$/*'"'$."*-'$"-1,/*',-1"%4"#5S9"
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Figure!41:!Comparison!of!maximum,!minimum!and!averaged!raster!values!from!kriging!to!maximum,!minimum!and!
weekly!manual!SWE!measurements!for!the!field!area.!
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! Comparison!of!areal!interpolation!to!snow!pillow!measurements!
 

:/;)3-"Xi"(%*2'3-1",0-".'/+8"I3/;-."*'7/*'="*/$/*'"'$."*-'$"-1,/*',-1"%4"#5S"

4%3",0-"4/-+."'3-'",%".'/+8"*-'1)3-*-$,1"%4"#5S"43%*",0-"1$%&"2/++%&9"":/;)3-"X["(%*2'3-1"

,0-"&--I+8"*'$)'+"*'7/*'="*/$/*'"'$."*-'$"*-'1)3-*-$,1"%4"#5S"',"'++"1'*2+-"2%/$,1"

&/,0/$",0-"4/-+."'3-'",%",0-"1$%&"2/++%&"#5S"*-'1)3-*-$,19"
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Figure!43:!Comparison!of!maximum,!minimum!and!averaged!raster!values!from!kriging!to!snow!pillow!
measurements on a daily basis.
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Figure!42:!Comparison!of!maximum,!minimum!and!averaged!SWE!measurements!at!each!sample!point!along!each!
transect!to!snow!pillow!SWE!estimates!on!a!weekly!basis.
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Discussion!

Snowcloud!function!and!accuracy!

! Sonar!

N$4/-+."('+/L3',/%$"3-1)+,1"23%G/.-."*%3-"'(()3',-"-1,/*',-1"%4"1%$'3"-*/,,-3",%"

1$%&"'$."1)L1-J)-$,"#T"3-'./$;1",0'$",0-"/$/,/'+"('+/L3',/%$9""K0-"/$/,/'+"./1,'$(-1"43%*",0-"

;3%)$."1)34'(-",%",0-"1%$'3"-*/,,-3"*-'1)3-*-$,1"<T;1E")1-."/$"('+/L3',/%$"%$-"</$.%%31E"

&-3-"4%)$.",%"L-"/$'(()3',-"'4,-3"'"4/$'+"/$4/-+."G-3/4/(',/%$"*-'1)3-*-$,9""M+,0%);0",0-1-"

/$'(()3',-"*-'1)3-*-$,1"(%$,3/L),-.",%",0-"/$/,/'+"('+/L3',/%$"4'/+)3-"<('+/L3',/%$"%$-E="

,0-8".%"$%,"-72+'/$",0-"*'Y%3/,8"%4",0-"/$/,/'+"('+/L3',/%$",3/'+"./12'3/,89"

"D'+/L3',/%$"%$-",%%I"2+'(-"/$1/.-"'"(%$(3-,-"&'++-."3%%*"&/,0"'"('+/L3',/%$"0-/;0,"

%4"X"4--,9""@%1,"1%$'3"-*/,,-31"23%Y-(,"1%)$./$;1"/$"

'"PPk"(%$-"43%*",0-"-*/,,-3"<C8'$="-,"'+9="PQQZE"

<:/;)3-"XZE9""c%&-G-3",0-"'$;+-"%4"-*/11/%$"&'1"

$%,"4%)$."/$",0-"@'7>%,/(�"1)22+-*-$,'38"

12-(/4/(',/%$1"*',-3/'+9""N4",0-"-*/11/%$"(%$-"

23%Y-(,/%$"&-3-"PPk=",0-$",0-"*'7/*)*"'++%&'L+-"

23%Y-(,/%$"./1,'$(-"&%)+."0'G-"L--$"+-11",0'$"PU"

4--,"4%3"$%"/$,-34-3-$(-"43%*",0-"4+%%3="'.Y'(-$,"

&'++1"%3"/,-*1"&/,0/$",0-"-*/11/%$"2',09""T)3/$;"

('+/L3',/%$",3/'+"%$-="$%"23-('),/%$1"&-3-",'I-$",%"

'G%/."/$,-34-3-$(-"43%*"/,-*1"+%(',-."&/,0/$",0-"

(%$-"%4"/$4+)-$(-9""K0-"@'7>%,/(�"23%.)(,";)/.-"

22° 

Figure!48:!Schematic!of!a!sonar!node!with!a!
22°!emission!cone.!!
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1,',-1",0',"L-1,"%2-3',/%$"/1"%L,'/$-."&0-$"1)33%)$./$;"$%/1-"+-G-+1"'3-"+%&=",0%);0"$%"

12-(/4/(",03-10%+."&'1"23%G/.-."L8",0-"*'$)4'(,)3-39""N,"/1"2%11/L+-",0',"$%/1-"/$,-34-3-$(-"

&/,0/$",0-"(%$(3-,-"&'++-."3%%*"'44-(,-.",0-"/$/,/'+"1%$'3"-*/,,-3"('+/L3',/%$19""A/G-$",0-"

2%,-$,/'+"4%3"/$,-34-3-$(-="in!situ"('+/L3',/%$"/1"'"*%3-"3-+/'L+-"*-,0%."4%3"1%$'3"-*/,,-3"

('+/L3',/%$9"""

K0-"/$4/-+."('+/L3',/%$"<('+/L3',/%$",3/'+",&%E="&'1"2-34%3*-."%$",0-"#$%&(+%)."

181,-*",%&-39""K0/1"+/*/,-."$%/1-"/$,-34-3-$(-"'$."'++%&-."('+/L3',/%$"/$",0-"1'*2+/$;"

-$G/3%$*-$,"/$"&0/(0"*-'1)3-*-$,1",%%I"2+'(-9""""

S'(0"$%.-�1"#T"1-$1/$;"'(()3'(8"&'1")$/J)-9""B%"181,-*',/("

-33%31"&-3-"1--$",03%);0%),",0-"1-$1%3"1)/,-"%3"',"/$./G/.)'+",/*-1"

L-,&--$"$%.-19""B%.-"i"2-34%3*-.",0-"L-1,="&/,0"'$"'G-3';-"

./44-3-$(-"L-,&--$"%L1-3G-."'$."1-$1-."#T"%4"V9i"/$(0-1="'"1,'$.'3."

.-G/',/%$"%4"P9i"'$."'"3%%,"*-'$"1J)'3-."-33%3"<C@#SE"%4"X9UXW9""

B%.-"b"2-34%3*-.",0-"&%31,"&/,0"'$"'G-3';-"./44-3-$(-"%4"["/$(0-1="

'"1,'$.'3.".-G/',/%$"%4"UQ"'$."'"C@#S"%4"UP9RbW9""K0-"'G-3';-"

3'$;-"%4"./44-3-$(-"L-,&--$"*-'1)3-."'$."%L1-3G-."G'+)-1"4%3"'++"

#$%&(+%)."$%.-1"&'1"b9bX"/$(0-1"&/,0"'"1,'$.'3.".-G/',/%$"%4"V9R"

'$."'"C@#S"%4"[9QW9""<#--"'22-$./7"ME9""N,"/1"2%11/L+-",0',"1%*-"%4"

,0-"-33%3"&'1"43%*"*%G-*-$,"%4",0-"#$%&(+%)."2+',4%3*"/$.)(-."L8"

43%1,"0-'G/$;9"":3%1,"0-'G/$;"('$"2%,-$,/'++8"(0'$;-"L%,0",0-"1%$'3"

0-/;0,"'L%G-",0-";3%)$."1)34'(-"'$."'+,-3",0-"/$/,/'+"2-32-$./()+'3"

1-$1%3"2+'(-*-$,"3-+',/G-",%",0-";3%)$."1)34'(-="'+,-3/$;",0-"1-$1-."

#T"<j)..="PQUQ="C8'$="-,"'+9="PQQZE"<:/;)3-"XRE9"

Figure49:!Schematic!of!a!
wireless!sonar!node!with!a!
correct!position!(bottom)!
and!incorrect!position!
(top)!in!reference!to!the!
ground!surface!(Judd,!
2010).!
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" 6$4%3,)$',-+8=",0-"j).."L3'$."1%$'3"1-$1%3"%$",0-"4/7-."L'1-.",%&-3"&'1"

/$'(()3',-="23-(+)./$;",0-"2%,-$,/'+",%"(%*2'3-"'(()3'(8"%4",0-"@'7L%,/(�"'$.",0-"j).."

1-$1%319""c%&-G-3="/4"2-34%3*'$(-"%4",0-"1%$'3"/1"*-'1)3-."';'/$1,",0-"1$%&"2/++%&="%$-"('$"

;-,"'$"/.-'"%4",0-"),/+/,8"%4",0-"1-$1%39""M,",0-"1$%&"2/++%&="./44-3-$(-1"L-,&--$"3-2%3,-."

'$."*'$)'++8"*-'1)3-."#5S"3'$;-."43%*"Q9X[",%"U9PX"/$(0-19""N4",0/1"/1"./G/.-."L8",0-"

'G-3';-"1$%&".-$1/,8"',",0-"1$%&"2/++%&"<*-'1)3-."*'$)'++8"%$"'"&--I+8"L'1/1E",0-$",0-"

3'$;-"%4"'(()3'(8"/$"#T"1-$1/$;"43%*",0-"1$%&"2/++%&"&'1"43%*"U9i",%"X9b"/$(0-1"&/,0"'$"

'G-3';-"./44-3-$(-"%4"P9X"/$(0-19"

" D)33-$,"*-,-%3%+%;/('+"1/,-1"*'/$,'/$-."L8",0-"B',/%$'+"5-',0-3"#-3G/(-"<B5#E"

),/+/H-"-/,0-3"D'*2L-++"1(/-$,/4/(")+,3'1%$/("1$%&".-2,0"1-$1%31"%3"j).."D%**)$/(',/%$1"

.-2,0"1-$1%319""\3-+/*/$'38"1,)./-1"43%*",0-"B5#"1,',-"'G-3';-"-33%3"3'$;-1"%4"P"(*"<Q9Z"

/$E"&/,0"G'3/',/%$"L-/$;"'1"0/;0"'1"UQ"(*"<X"/$E"43%*"D'*2L-++"1-$1%31"'$."1+/;0,+8"0/;0-3"

G'3/',/%$1"43%*",0-"j).."L3'$."1-$1%31"<Q9P"(*"0/;0-3",0'$",0-"D'*2L-++"1-$1%31E"<C8'$="

T%-1I-$"'$.":'11$'(0,="PQQZ="C8'$="T%-1I-$"'$.":'11$'(0,="PQQZE9""K0-"+-11"-72-$1/G-"

#$%&(+%)."$%.-1"<'223%7/*',-+8"UeUQ,0",0-"(%1,"%4"'"D'*2L-++"1(/-$,/4/("1-$1%3"'$."Ue[,0"

,0-"(%1,"%4"'"j).."1-$1%3E"10%&-."'"3'$;-"%4"-33%3"(%*2'3'L+-",%",0-"1$%&"2/++%&"'$."

23%G/.-."/$4%3*',/%$"'L%),",0-"-$,/3-"4/-+."'3-'9"""

T','"%),2),"43%*",0-"@'7L%,/(�"1%$'3"-*/,,-3"2-34%3*-."'1"23%;3'**-."4%3",0-"

*'Y%3/,8"%4",0-"1'*2+/$;"1-'1%$9""c%&-G-3=",0-"@'7>%,/(�"1%$'3"./."$%,"%),2),"G%+,';-"

3-'./$;1"',"1%*-"/$,-3G'+19""K0-1-".','"2')1-1"&-3-"*%3-"(%**%$"L%,0"',"$/;0,"'$."',",0-"

L-;/$$/$;"%4",0-"1-'1%$9""N,"/1",82/('++8"*)(0"(%+.-3"&/,0/$",0-"4/-+."'3-'"',"$/;0,"'$.",0-"

,-*2-3',)3-1"&-3-"'+1%"*)(0"+%&-3"%$"'G-3';-"',",0-"L-;/$$/$;"%4",0-"1-'1%$9""K0/1"*'8"

*-'$",0',",0-"@'7>%,/(�"('$$%,"2-34%3*")$.-3"(-3,'/$",-*2-3',)3-"3-;/*-19""B%"

/$4%3*',/%$"3-;'3./$;",0-"/$4+)-$(-"%4",-*2-3',)3-"%$"1%$'3"2-34%3*'$(-"/1"'G'/+'L+-"43%*"
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,0-"*'$)4'(,)3-39""@%3-"3-1-'3(0"/1"$--.-.",%"J)'$,/48"&%3I/$;",-*2-3',)3-"3-;/*-1"4%3"

,0-"@'7>%,/(�"1%$'3"1-$1%39""""

! Structure!

\-3/%./("(%**)$/(',/%$"4'/+)3-"43%*"'++"$%.-1"%(()33-.".)3/$;",0-"1'*2+/$;"1-'1%$9""

K0-1-"%),';-1"%(()33-."23/*'3/+8".)3/$;"(%+.",-*2-3',)3-1"'$."0/;0"1$%&"'(()*)+',/%$"

,82/('+"%4",0-"(%+.-3"1,%3*"(8(+-1"1--$"/$",0-"-'3+8"2%3,/%$"%4",0-"#';-0-$"D3--I"4/-+."1-'1%$9""""

N,"/1"*%1,"+/I-+8",0',",0-1-"+'21-1"&-3-".)-",%"1$%&"L)/+.)2"%$",0-"1%+'3"2'$-+1".)3/$;"

23%+%$;-."2-3/%.1"%4",/*-"&0/(0"+-.",%"2%&-3"4'/+)3-9""K0-"(%+.",-*2-3',)3-1"(3-',-."/(-"

+'8-31"%$",0-"2'$-+1"',"$/;0,="&0/(0"'++%&-."1$%&",%"'(()*)+',-"'$."23-G-$,-."L',,-38"

3-(0'3;-"43%*",0-"L+%(I';-"%4"1)$+/;0,9"""

Field!work!

" S'(0",3'$1-(,"'$.",0-"UP"(%33-12%$./$;"1'*2+-"2%/$,1"&-3-"(3-',-.",%"-1,'L+/10"'"

1'*2+/$;";3/."&/,0/$",0-"4/-+."'3-'"'$.",%"*/*/("1$%&"(%)31-1"4%)$.",03%);0%),",0-"

5-1,-3$"6$/,-."#,',-19""S'(0"1$%&"(%)31-"0'."(%*2+-,-+8"./44-3-$,"'G-3';-="*'7/*)*="'$."

*/$/*)*"'(()*)+',/%$1"'$."./44-3-$,"'L+',/%$"3',-19""B%"1/$;+-",3'$1-(,"&'1"3-23-1-$,',/G-"

%4",0-"12',/'+"*-'$"%4",0-"4/-+."1/,-9""K3'$1-(,"%$-"0'."(%*2'3',/G-+8"+'3;-"*-'1)3-."('$%28"

(+%1)3-"G'+)-1"%$"-'(0"'12-(,"<$%3,0="1%),0"-'1,"'$."&-1,E"'$."0'.",0-"+%&-1,"'(()*)+',/%$"

G'+)-1"'$."1+%&"'L+',/%$"3',-19""K3'$1-(,",&%="&/,0"0/;0"('$%28"(+%1)3-"G'+)-1",%",0-"$%3,0"

'$."+%&"('$%28"(+%1)3-",%",0-"1%),0"<$%3,0"-.;-"%4",0-"('$%28F"%2-$"'3-'"/$,-34'(-E="

*'/$,'/$-."*%.-3',-"'(()*)+',/%$"3',-1"&/,0",0-"4'1,-1,"'L+',/%$"3',-"&/,0/$",0-"4/-+."'3-'"

<:/;)3-"bQE9"
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"K3'$1-(,",03--"0'."+%&"('$%28"(+%1)3-"G'+)-1"%$"'++"'12-(,1"'$."0'.",0-"0/;0-1,"

'(()*)+',/%$"*/."&/$,-3"'$."*%.-3',-"'L+',/%$9""K3'$1-(,"4%)3"0'."+%&"('$%28"(+%1)3-"

G'+)-1",%",0-"$%3,0"'$."0/;0"('$%28"(+%1)3-"G'+)-1",%",0-"1%),0"<1%),0-3$"-.;-"%4",0-"

('$%28"%2-$"'3-'"/$,-34'(-E"'$."*'/$,'/$-."G-38"0/;0"'(()*)+',/%$"'+%$;"&/,0"G-38"1+%&"

'L+',/%$"3',-1=";/G/$;"*'$8"2%/$,1"'+%$;",0/1",3'$1-(,",0-"0/;0-1,"#T"G'+)-1".)3/$;",0-"

'L+',/%$"20'1-9""""

"

Figure!50:!!Looking!east!along!transect!two!at!the!canopy!open!area!interface.!!Transect!three!is!located!within!the!
visible!large!open!field!to!the!south!(right).!!Transect!one!is!located!within!the!thick!canopy!cover!to!the!north!
(left).!
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Regression!analysis!

Site!characterization!techniques!

 \-3(-$,"('$%28"(+%1)3-"&/,0"'12-(,"23%G-.",%"0'G-"'"1/;$/4/('$,"'11%(/',/%$"&/,0"

#5S9""@)(0"+%&-3"1/;$/4/('$(-"&'1"4%)$.")1/$;",%,'+"('$%28"(+%1)3-9""D'$%28"(+%1)3-",%",0-"

$%3,0"&'1",0-"*%1,"1/;$/4/('$,"23-./(,%3"%4"#5S"&/,0/$",0-"3-;3-11/%$"-J)',/%$1"/$"'../,/%$"

,%"#T"'$.";-$-3'+/H-."1$%&".-$1/,8="&/,0"'"\"G'+)-"%4"Q9QQQ^9""D%33-12%$.-$(-"'$'+81/1"'+1%"

10%&-."(+-'3"/$.-2-$.-$(-"L-,&--$"'++"%,0-3"2%,-$,/'+"23-./(,%31="/$(+)./$;",0-"3-*'/$/$;"

('$%28"(+%1)3-"J)'+/4/-319"""D'$%28"(+%1)3-",%",0-"1%),0"0'."3-.)(-."1/;$/4/('$(-"&/,0/$",0-"

3-;3-11/%$"-J)',/%$19"""D'$%28"(+%1)3-",%",0-"1%),0"J)'+/4/-3"*'/$,'/$-."'$"ZV9P"2-3(-$,';-"

%4"1/;$/4/('$(-"&/,0/$",0-"-J)',/%$19""50/+-",0/1"/1"L-+%&",0-"\$Q9Qb"1,'$.'3.",03-10%+."4%3"

1/;$/4/('$(-=",0/1"J)'+/4/-3"&'1"3-,'/$-.".)-",%"'"3-.)(,/%$"%4"PZP"43%*",0-":"1,',/1,/("<&0-$"

(%*2'3-.",%"'"3-;3-11/%$"%4"-1,/*',-."G19"%L1-3G-."#5S"&/,0%),",0/1"J)'+/4/-3E"'+%$;"&/,0"

(+-'3+8".-*%$1,3',-."/$.-2-$.-$(-"&/,0/$",0-"/$/,/'+"(%33-12%$.-$(-"'$'+81/19"

"

! !SWE!equations!for!augmentation!of!Snotel!sites!

K0-"3-;3-11/%$"*%.-+1"L'1-."%$",0-")1-"%4"#$%,-+".','"<#5S�#$%,-+="#5S�;-$-3'+E"&-3-"

'L+-",%"'(()3',-+8"-1,/*',-"#5S"',",0-"$%.-1"'$."',"'++"1'*2+/$;"2%/$,1"&/,0/$"-'(0"

,3'$1-(,9""c%&-G-3",0-"#5S�";-$-3'+"0'."/$(3-'1-."'(()3'(8"%4"23-./(,/%$"',"L%,0",0-"$%.-"

2%/$,1"'$."',"'++",3'$1-(,"2%/$,19""K0-"1+%2-"%4",0-"#5S�";-$-3'+"3-;3-11/%$"%4"'(,)'+"G19"

23-./(,-."G'+)-1"',",0-"$%.-"1/,-1"&'1"U9QU"<¬Q9Qb"L%)$.1"4%3"'"RbW"(%$4/.-$(-"/$,-3G'+E"

&/,0"'"(%33-+',/%$"(%-44/(/-$,"%4"Q9R[="'$":"1,',/1,/("%4"UbZP9UV"'"K"1,',/1,/("%4"VR9[Z"'$."'"

3%%,"*-'$"1J)'3-."G'+)-"<C@#SE"%4"U9PW9""#5S�";-$-3'+"'+1%"'(()3',-+8"23-./(,-."#5S"%$"

-'(0",3'$1-(,="&/,0",0-"*%1,"'(()3',-"23-./(,/%$1"'+%$;",3'$1-(,",03--9"""K0/1"/1"*%1,"+/I-+8"
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.)-",%"0%*%;-$%)1"#T"%$",3'$1-(,",03--="/$"2'3,"L-(')1-",0-"1/,-"'$."('$%28""

(0'3'(,-3/1,/(1"&-3-"G-38"1/*/+'3",%",0%1-"1)33%)$./$;",0-"1$%&"2/++%&9""K0-"3-;3-11/%$"%4"

23-./(,-."G19"'(,)'+"G'+)-1"',",3'$1-(,",03--";/G-"'"1+%2-"%4"U9QQ"<¬Q9QP"L%)$.1"4%3"'"RbW"

(%$4/.-$(-"/$,-3G'+E="'"(%33-+',/%$"(%-44/(/-$,"%4"Q9RR"'$."C@#S"%4"U9P[W9""K3'$1-(,"%$-"'$."

,3'$1-(,",&%"(%*2'3/1%$1"%4"'(,)'+"G19"23-./(,-."G'+)-1"'+1%";-$-3',-."1/*/+'3"3-1)+,1"&/,0"'"

1+%2-"3'$;/$;"43%*"Q9RiFQ9RZ"3-12-(,/G-+8"<¬Q9QX"L%)$.1"4%3"'"RbW"(%$4/.-$(-"/$,-3G'+"4%3"

L%,0",3'$1-(,1E="'"(%33-+',/%$"(%-44/(/-$,"3'$;-"%4"Q9Rb",%"Q9R["3-12-(,/G-+8"'$."'"C@#S"%4"

Q9RFU9VW"3-12-(,/G-+89"":/$'++8=",0-"(%*2'3/1%$1"%4"'(,)'+"G19"23-./(,-."G'+)-1"',",3'$1-(,"

4%)3"0'.",0-"+%&-1,"'(()3'(8"&/,0"'"1+%2-"%4"Q9Ri"<¬Q9Q["L%)$.1"4%3"'"RbW"(%$4/.-$(-"

/$,-3G'+E="'"(%33-+',/%$"(%-44/(/-$,"%4"Q9R"'$."'"C@#S"%4"U9ZW9""50/+-"+%&-3",0'$",0-"%,0-31="

,0-1-"G'+)-1"(%)2+-."&/,0"'$":"1,',/1,/("%4"[[X9V"'$."'"K"1,',/1,/("%4"P[9Z"/$./(',-",0',"'"

;-$-3'+/H-."#5S�"-J)',/%$"(%)+."L-")1-."&/,0/$",0-"-$,/3-"#';-0-$"D3--I"4/-+."'3-'9""K0-"

./44-3-$(-1"/$"#5S"G'3/'$(-"L-,&--$"'(,)'+",3'$1-(,"*-'1)3-*-$,1"G19"23-./(,-."G'+)-1"

/.-$,/4/-."'3-'1"%4"+%&-3"(%33-+',/%$"L-,&--$"'";-$-3'+/H-.".-$1/,8"*)+,/2+/-3"'$."#T9""

K0-1-"3-1)+,1"1);;-1,"'"+%&-3"(%33-+',/%$"L-,&--$";-$-3'+/H-.".-$1/,8"'$."#T"&/,0/$",0-"

1%),0-3$"('$%28F%2-$"'3-'"/$,-34'(-"1'*2+-"2%/$,19""c%&-G-3="(%33-+',/%$"L-,&--$"

%L1-3G-."'$."23-./(,-."#T"'$."#5S"%$"'++",3'$1-(,1"/$./(',-1",0',"1/7"#$%&(+%)."$%.-1"/$"

,'$.-*"&/,0"1$%&".-$1/,8"/$4%3*',/%$"43%*"'$"%$1/,-"1$%&"2/++%&"&'1"1)44/(/-$,",%"

'(()3',-+8"-1,/*',-"#5S"/$",0-"4/-+."'3-'=".-12/,-"+'3;-"#T"G'3/'$(-19"

K03%);0%),",0/1"1/,-=",0-1-"4/$./$;1".-*%$1,3',-",0-"),/+/,8"%4"'"5#B",0',"*-'1)3-1"

#T",%"-44-(,/G-+8"-7,-$."#5S"/$4%3*',/%$")1/$;"#T"',"*)+,/2+-"+%(',/%$1"'3%)$."4/7-."L'1-."

1$%&"1-$1/$;"-J)/2*-$,9""K0-"4/-+."&/.-"G'3/'L/+/,8"'+1%"1);;-1,1",0',"'"1/$;+-"2%/$,"

*-'1)3-*-$,"1)(0"'1",0-"%$1/,-"1$%&"2/++%&"%3"'$"/$./G/.)'+"#$%&(+%)."$%.-".%-1"$%,"

3-23-1-$,"#5S"4%3"'$"'3-'="-12-(/'++8"%$-"/$"&0/(0"('$%28"(%G-3"G'3/-1"1/;$/4/('$,+89""A/G-$"
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,0',"*%1,"#$%,-+"1/,-1"'3-"+%(',-."/$"%2-$"'3-'1�",0/1"1);;-1,1",0',",0-"/$4%3*',/%$"43%*"'"

5#B"(%)+."L-"G-38"L-$-4/(/'+="-12-(/'++8"/4")1-."'1"'$"/$2),",%"12',/'++8"./1,3/L),-."

1/*)+',/%$1"%4"#5S"'$."'$$)'+"1,3-'*"%),4+%&9"

SWE!equation!for!augmentation!of!RAWS!sites!

" K0-"4/$'+"#5S�"-J)',/%$"<#5S�CM5#E"&'1"'L+-",%"23-./(,"#5S"',",0-"$%.-"2%/$,1"'$."

'+%$;"'++",3'$1-(,"2%/$,1"&/,0/$",0-"4/-+."'3-'="L),"&/,0"3-.)(-."'(()3'(8"(%*2'3-.",%",0-"

#5S�"-J)',/%$1"./1()11-."'L%G-9""K0-"1+%2-"%4",0-"#5S�CM5#"3-;3-11/%$"%4"'(,)'+"G19"

23-./(,-."G'+)-1"',",0-"i"$%.-1"&'1"Q9[Z"<¬Q9QR"L%)$.1"4%3"'"RbW"(%$4/.-$(-"/$,-3G'+E"&/,0"

'"(%33-+',/%$"(%-44/(/-$,"%4"Q9ZR="'"C@#S"%4"P9PbW="'"K"1,',/1,/("%4"U[9[Z"'$."'$":"1,',/1,/("%4"

VUb9ZZ9""?/I-",0-"#5S�";-$-3'+=",0/1"-J)',/%$"0'.",0-";3-',-1,"23-./(,/G-"2%&-3"'+%$;",3'$1-(,"

,03--=",0-"+%&-1,"%$",3'$1-(,"4%)3"'$."2-34%3*-."3-'1%$'L+8"&-++"'+%$;",3'$1-(,1"%$-"'$."

,&%9""K3'$1-(,",03--"(%*2'3/1%$1"%4"'(,)'+"G19"23-./(,-."#5S";'G-"'"1+%2-"%4"Q9ZV"<¬Q9QX"

L%)$.1"4%3"'"RbW"(%$4/.-$(-"/$,-3G'+E="'"(%33-+',/%$"(%-44/(/-$,"%4"Q9RV"'$."'"C@#S"%4"P9bW9""

K3'$1-(,"%$-"'$.",&%"3'$;-."/$"1+%2-="(%33-+',/%$"(%-44/(/-$,"'$."C@#S"G'+)-1"43%*"Q9[["

<¬Q9Qi"L%)$.1"4%3"'"RbW"(%$4/.-$(-"/$,-3G'+E"f"Q9[Z"<¬Q9QZ"L%)$.1"4%3"'"RbW"(%$4/.-$(-"

/$,-3G'+E="Q9ZVF"Q9ZZ"'$."U9RFP9PW"3-12-(,/G-+89""K3'$1-(,"4%)3"0'."'"1+%2-"%4"Q9[P"<¬Q9UQ"

L%)$.1"4%3"'"RbW"(%$4/.-$(-"/$,-3G'+E="'"(%33-+',/%$"(%-44/(/-$,"%4"Q9[P"'$."'"C@#S"%4"P9[W9"

T-12/,-",0-"+%&-3"'(()3'(8"%4",0-"#5S�CM5#"-J)',/%$"(%*2'3-."&/,0",0-"#5S�;-$-3'+"

-J)',/%$="#5S"(%)+."L-"-1,/*',-."&/,0%),"%$1/,-"1$%&"1-$1/$;"-J)/2*-$,"&/,0/$",0-"

#';-0-$"D3--I"4/-+."'3-'"&/,0"'"*'3I-.+8"0/;0"'(()3'(8="L'1-."%$+8"%$"#T"'$."1/,-"4'(,%319""

K0/1"1);;-1,1",0-"2%,-$,/'+"4%3"#5S"-1,/*',/%$1"&/,0/$"'3-'1"&0-3-"#5S"0'1"$%,"L--$"

*-'1)3-."%$",0-";3%)$.9""K0-"'L/+/,8",%"-1,/*',-"#5S"'3%)$."*-,-%3%+%;/('+"1,',/%$1"

&/,0%),"1$%&"1-$1/$;"-J)/2*-$,="-G-$"&/,0"'"./*/$/10-."'(()3'(8="(%)+.";3-',+8"-$0'$(-"

'3-'+"-1,/*',/%$1"%4"#5S"4%3"&',-3"L).;-,"'$'+81-19""B%"23-G/%)1"3-1-'3(0"0'1"-G'+)',-."
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,0-"2%,-$,/'+"4%3"/$,-;3',/$;"5#B�1"&/,0"-1,'L+/10-."*-,-%3%+%;/('+"1/,-1"&/,0%),"1$%&"

1-$1/$;"-J)/2*-$,"4%3",0-"2)32%1-"%4"-7,3'2%+',/$;"#5S9""K0-3-"'3-"()33-$,+8"U=[QQ"#5S"

*-'1)3-*-$,"+%(',/%$1"&/,0/$",0-"5-1,-3$"6$/,-."#,',-1"'$.",0-3-"'3-"'L%),"P=PQQ"CM5#"

1/,-1"&/,0/$",0-"6$/,-."#,',-1"<6#:#="PQUQE9""M../$;"#5S"-1,/*',-1",%",0-"1)/,-"%4"

*-'1)3-*-$,1"%L,'/$-."43%*"CM5#"1/,-1"(%)+."*%3-",0'$".%)L+-",0-"/$4%3*',/%$"'L%),"

#5S"&/,0/$",0-"6$/,-."#,',-1="'$."/$(3-'1-",0-"12',/'+"3-23-1-$,',/G-$-11"%4"#5S"4%3"'$"

'3-'"'$."3-.)(-"3-+/'$(-"%$"2%/$,"L'1-."-1,/*',/%$1"4%3"'"43'(,/%$"%4",0-"23/(-"%4"1$%&"

2/++%&1"'$."$-&"#$%,-+"1/,-19""S7(+)./$;"*'/$,-$'$(-"(%1,1=",0-"/$,3%.)(,/%$"%4"'"V",%"Z"$%.-"

#$%&(+%)."181,-*"&%)+."3'$;-"43%*"URF"bQW",0-"(%1,"%4"'"1/$;+-"1$%&"2/++%&="&/,0%),",0-"

1)22%3,/$;"#$%,-+"/$43'1,3)(,)3-9"

K0-1-"3-1)+,1"1);;-1,",0',"/,"/1"4-'1/L+-",%"*%.-+"#5S�"%$"'"1*'++"1('+-="'$.",0',"

'(()3'(8"%4"#5S�"-1,/*',-1"(%)+."L-"/*23%G-.9""K0-",3'$1-(,"L'1-."(%*2'3/1%$1"+-$."

/$1/;0,"/$,%"&0/(0"'3-'1"&/,0/$",0-"#';-0-$"D3--I"4/-+."1/,-"*'8"0'G-"L--$")$.-31'*2+-."

L8",0-"&/3-+-11"1-$1%3"$-,&%3I9""N$",0/1"('1-"'$."1/*/+'3",%",0-"3-1)+,1"%4",0-"#5S�;-$-3'+"

23-./(,/%$1=",3'$1-(,"4%)3"<,3'$1-(,"4%)3"/1"+%(',-."23-.%*/$'$,+8"%$",0-"1%),0-3$"-.;-"%4"

,0-"('$%28F"%2-$"'3-'"/$,-34'(-E"23%G/.-.",0-"+%&-1,"'(()3'(8"%4"-1,/*',/%$9""K0-"'../,/%$"

%4"1-$1%3"$%.-1"&/,0/$",0/1"H%$-"%4",0-"4/-+."'3-'"(%)+.";3-',+8"/$(3-'1-",0-"3-1%+),/%$"%4",0-"

#5S�CM5#"%),2),"-1,/*',/%$19""

Data!interpolation!

" N,"&'1"/$/,/'++8")$(+-'3"&0-,0-3"I3/;/$;"&'1"'223%23/',-"4%3"12',/'+"'$'+81/1"%4"#T"

'$."#5S"43%*"%$+8"i"2%/$,1"<,0-"#$%&(+%)."$%.-1E9""c%&-G-3=",0-";-$-3'+/H-."#T"'$."#5S"

G'3/%;3'*1"23%G/.-."'$"'(()3',-"3-23-1-$,',/%$"%4",0-"4/-+.F&/.-"G'3/'L/+/,8"'$.";'G-"

'(()3',-"I3/;-."*%.-+"%),2),1"%4"#5S"'$."#T9""_3/;/$;"'$/*',/%$1"'++%&-."4%3"G/1)'+/H',/%$"

%4"12',/'+"'$.",-*2%3'+",3-$.19""K0-8"-44-(,/G-+8".-*%$1,3',-.",0-"1$%&"'(()*)+',/%$"'$."
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'L+',/%$".8$'*/(1"%4",0-"#';-0-$"D3--I"4/-+."1/,-9"""\8,0%$"1(3/2,/$;"3-.)(-.",0-",/*-"

/$G%+G-."4%3"*'$)'+"I3/;/$;"',"-'(0",/*-"1,-29"

K0-";-$-3'+/H-."#T"'$."#5S"G'3/%;3'*1"&-3-"1)44/(/-$,",%"1)22+8";-$-3'+"$);;-,="

3'$;-="'$."1/++"G'+)-1"4%3",0-"I3/;-.".','"1-,19""K0-"*'7/*)*"'$."'G-3';-."I3/;-."#5S"

G'+)-1"&-3-"1/*/+'3",%",0-"%L1-3G-."*'7/*)*"'$."'G-3';-"G'+)-1"43%*",0-"*'$)'+"#5S"

1'*2+/$;".','"1-,9""c%&-G-3=",0-"*/$/*)*"I3/;-."G'+)-1"&-3-"0/;0-3",0'$",0-"*/$/*)*"

%L1-3G-."G'+)-19"""

K0-"'G-3';-"./44-3-$(-"L-,&--$"*'7/*)*"I3/;-."#5S"-1,/*',-1"'$."*'7/*)*"

%L1-3G-."#5S"*-'1)3-*-$,1"',"'++"1'*2+-"2%/$,"+%(',/%$1"&'1"U9Pb"/$(0-1"<1,'$.'3."

.-G/',/%$"%4"Q9ZRE"&/,0"'"*/$/*)*"%4"Q9U["/$(0-1"<1,'$.'3.".-G/',/%$"%4"Q9UPE",%"'"

*'7/*)*"%4"P9["/$(0-1"%4"#5S"<1,'$.'3.".-G/',/%$"%4"U9RE9""K0-"'G-3';-"./44-3-$(-"L-,&--$"

,0-"*-'$"I3/;-."#5S"-1,/*',-1"'$."%L1-3G-."#5S"*-'1)3-*-$,1"',",0-"1'*2+-"2%/$,"

+%(',/%$1"3'$;-."'$"'G-3';-"%4"U9Rb"/$(0-1"<1,'$.'3.".-G/',/%$"%4"U9VZE"&/,0"'"*/$/*)*"%4"

Q9UR"/$(0-1"<1,'$.'3.".-G/',/%$"%4"Q9UVE"'$."'"*'7/*)*"%4"V9Qi"/$(0-1"<"1,'$.'3.".-G/',/%$"

%4"P9UiE9""#--"4/;)3-"Xi9"

50/+-",0-1-"I3/;/$;"-1,/*',-1"'3-"$%,"-7'(,=",0/1",-(0$/J)-"'++%&-."3-'1%$'L+-"

'223%7/*',/%$1"',"'++"'3-'1"&/,0/$",0-"4/-+."'3-'9""K0-"I3/;/$;"23%(-11"&'1"2-34%3*-.")1/$;"

%$+8",0-"1/7"$%.-"#$%&(+%).";-$-3',-."4/-+.".','9""N,"/1"2%11/L+-",0',"&/,0",0-"'../,/%$"%4"

*%3-"$%.-1",0-"/$(3-'1-."3-1%+),/%$"%4",0-"/$/,/'+"G'3/%;3'*"'$'+81/1"&%)+."/$(3-'1-",0-"

I3/;-."3'1,-3"%),2),"'(()3'(89""""

K0-"G/1)'+/H',/%$"%4"1$%&".8$'*/(1"&/,0/$"'"4/-+."1/,-"'+1%"+-$.1"/$1/;0,"/$,%"

/.-$,/48/$;")$.-3F"'$."%G-3F1'*2+-."'3-'19""K0-1-"'$/*',/%$1"('$"'+1%"L-")1-."4%3"'$"

'$'+81/1"%4"L%,0"$%.-"2+'(-*-$,"'$."$)*L-3"%4"$%.-1"$--.-."2-3"1/,-"/$"%3.-3",%"/$(3-'1-"

,0-"12',/'+"3-23-1-$,',/G-$-11"%4"#5S"4%3"'$"'3-'9"
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Data!comparison!
 
" "K0-"1$%&"2/++%&"&/,0/$",0-"4/-+."'3-'"&'1"$%,"3-23-1-$,',/G-"%4"'G-3';-"'3-'+"#5S"

G'+)-1"<'G-3';-"I3/;-."#5S"G'+)-1E9""N4",0-".','"'3-"(%*2'3-.",%",0-"I3/;/$;"/$,-32%+',/%$"

,0-"1$%&"2/++%&"23%G/.-1"'$"%G-3-1,/*',-"%4"#5S"&/,0/$",0-"4/-+."'3-'"L8"'$"'G-3';-"%4"P9bZ"

/$(0-1"<UZ9X"W"%G-3-1,/*',-E"&/,0"'"*'7/*)*"%4"b9U"/$(0-1"<V[W"%G-3-1,/*',-E"%4"#5S"

43%*",0-"UZ,0"%4"j'$)'38",%"@'3(0"VU1,"PQUQ9""

"N$"4'(,=",0/1"-1,/*',/%$"/1"*%1,"+/I-+8"(%$1-3G',/G-"4%3",0-"1-'1%$9"""N4",0-"1$%&"2/++%&"

/1"(%*2'3-.",%",0-"'G-3';-"*'$)'+",3'$1-(,"#5S"G'+)-1=",0-"1$%&"2/++%&"%G-3-1,/*',-."

#5S"&/,0/$",0-"4/-+."'3-'"'$"'G-3';-"%4"X9UP"/$(0-1"<VQW"%G-3-1,/*',-E"&/,0"'"*'7/*)*"

%G-3-1,/*',/%$"%4"b9Z"/$(0-1"<XQW"%G-3-1,/*',-E9""K0-"*'7/*)*"%G-3-1,/*',/%$"%4",0/1"

4/-+."1/,-"'+%$-"&%)+."'((%)$,"4%3"'$"%G-3-1,/*',/%$"%4"XVbQQ"4,V"%3"zU"'(3-"4%%,"%4"&',-39"

K0-"1$%&"2/++%&"*-'1)3-*-$,1"(%33-12%$.-."*%1,"(+%1-+8",%"L%,0",0-"*'7/*)*"

%L1-3G-."#5S"*-'1)3-*-$,1"'$.",0-"*'7/*)*"I3/;-."#5S"-1,/*',-1=".-*%$1,3',/$;",0',"

,0-"1$%&"2/++%&"2+'(-*-$,"/1"/$"'$"'3-'"3-23-1-$,',/G-"%4"*'7/*)*"#5S="$%,"'G-3';-"#5S9"""

K0-"1$%&"2/++%&"*-'1)3-*-$,1"./44-3-."43%*"*'7/*)*"I3/;/$;"/$,-32%+',/%$"0'1"'$"

'G-3';-"'L1%+),-"-33%3"%4"Q9Vb"%3"UW"-33%3"<1,'$.'3.".-G/',/%$"%4"Q9PXE"&/,0"'"*'7/*)*"%4"

Q9RZ"%3"UP"W"-33%3"'$."'"*/$/*)*"'L1%+),-"-33%3"%4"Q"/$(0-19"
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T-12/,-"'(()3',-"#5S�"-1,/*',/%$1"&/,0/$",0-"4/-+."'3-'=",0-"3-;3-11/%$"'$."I3/;/$;"

'$'+81/1"(%)+."0'G-"L--$"/*23%G-."L8"-/,0-3"/$(3-'1/$;",0-"$)*L-3"%4"#$%&(+%)."$%.-1="%3"

(0'$;/$;",0-"+%(',/%$"%4"$%.-19""#2-(/4/('++8=",0-"#5S�"3-;3-11/%$"-J)',/%$1".-*%$1,3',-."

,0',",3'$1-(,"4%)3"&'1")$.-31'*2+-.=".)-",%"3-.)(-."'(()3'(8"%4",0-"#5S�"-J)',/%$1"

<#5S�CM5#="#5S�#$%,-+="#5S�A-$-3'+E"%$",0/1",3'$1-(,9""K3'$1-(,"4%)3"&'1"+%(',-."/$"'$"'3-'"

23-.%*/$'$,+8"%$",0-"1%),0-3$"-.;-"%4",0-"('$%28F%2-$"'3-'"/$,-34'(-"<4/;)3-"RE9""N$"

(%*2'3/1%$=",3'$1-(,",03--"23%G/.-."#5S�"-1,/*',-1"*%1,"1/*/+'3",%"%L1-3G-."#5S9""K0/1"
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Figure!51:!The!field!area!and!location!of!nodes!within!the!Sagehen!Creek!Experimental!Field!Station.!!The!red!
dotted!line!shows!the!preferred!placement!of!Snowcloud!node!2!for!increased!SWE*!estimation!potential.!
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,0-"('$%28"%2-$"'3-'"/$,-34'(-"3-;/*-"1--$"%$",0-"*'Y%3/,8"%4",3'$1-(,"4%)3"(%)+."/$(3-'1-"

'3-'+"'$."2%/$,FL'1-."#5S�"-1,/*',/%$1"&0/+-"*'/$,'/$/$;"'"0/;0"+-G-+"%4"#5S�"-1,/*',/%$"

'(()3'(8"%$",3'$1-(,",03--9"":/;)3-"bU"10%&1",0-"23-G/%)1"#$%&(+%)."$%.-"2+'(-*-$,="'$."

10%&1",0-"3-(%*-$.-."*%G-*-$,"%4"B%.-"P"1%),0"43%*",3'$1-(,",03--",%",0-"1%),0-3$"-.;-"

%4",0-"%2-$"'3-'"('$%28"/$,-34'(-"%$",3'$1-(,"4%)39"

Future!study!

K0/1"2/+%,"1,).8"'22+/-."1,',/1,/('+",-(0$/J)-1",%"-G'+)',-",0-"),/+/,8"%4"5#B�1"4%3"

*-,-%3%+%;/('+"1,',/%$"');*-$,',/%$19""K0/1"'223%'(0"(%)+."L-"-72'$.-.")2%$",%".-G-+%2"

;)/.-+/$-1"4%3"5#B".-2+%8*-$,9"""K0/1"1,).8"&'1"+/*/,-."/$"1(%2-"L8",0-"$)*L-3"%4"

'G'/+'L+-"#$%&(+%)."$%.-1=",0-"4/-+."'3-'"'$.".)3',/%$9""M$"-7,-$1/%$",%"1-G-3'+"1-'1%$1"%4"

1,).8"'$."+'3;-3"4/-+."'3-'1"&%)+."'++%&"4%3".-G-+%2*-$,"%4"'"23%,%(%+"'$.",%"'$1&-3"

1-G-3'+"I-8"J)-1,/%$1"'L%),"4'(,%31"/*2%3,'$,"4%3"-1,'L+/10/$;"5#B�1"'3%)$."

*-,-%3%+%;/('+"1,',/%$1="&/,0"'$."&/,0%),"1$%&"1-$1/$;"-J)/2*-$,9""K0-1-"/$(+).-=",0-"

*'7/*)*"'++%&'L+-"$%.-"2+'(-*-$,"./1,'$(-"43%*"*-,-%3%+%;/('+"1,',/%$1"&0/(0"&%)+."

.-,-3*/$-",0-"*'7/*)*"'3-'"#5S"('$"'(()3',-+8"L-"-7,3'2%+',-."43%*"5#B�1"'$."'"+%('+"

*-,-%3%+%;/('+"1,',/%$=",0-"'223%23/',-"2+'(-*-$,"%4"$%.-1"'3%)$."*-,-%3%+%;/('+"1,',/%$1"

'$.",0-"*/$/*)*"$)*L-3"%4"$%.-1"$--.-.",%"L-1,"-1,/*',-"#5S"%$"'$"'3-'+"L'1/19"

M+1%="*)+,/8-'3".','"1-,1"(%)+."/$(3-'1-"'(()3'(8"%4"#5S"-1,/*',-19"""#/;$/4/('$,"

23-./(,%31"%4"#5S�"*'8"$%,"L-"23%2-3+8"(0'3'(,-3/H-."%3"4%)$."43%*",0-"'$'+81/1"%4"'"1/$;+-"

8-'3".','"1-,"<S3/(I1%$="-,'+9="PQQbE9""@)+,/8-'3"#5S"G'3/',/%$"10%)+."L-"'((%)$,-."4%3",%"

'22+8"#5S�"-J)',/%$1"&/,0"5#B"2+',4%3*1"&/,0/$"'$8"4/-+."'3-'9"

" K0-"1*'++"4/-+."'3-'"&/,0/$"#';-0-$"D3--I"./."$%,"'++%&"4%3"'++",%2%;3'20/("G'3/'L+-1"

,%"L-"23%2-3+8"(0'3'(,-3/H-."&/,0"3-12-(,",%"#T"'$."#5S9""K0-"*'Y%3/,8"%4",0-"4/-+."&'1"

-/,0-3"4+',"%3"+-11",0'$"UQW"/$"1+%2-9""#+%2-"'$."1+%2-"&/,0"3-12-(,",%"'12-(,"0'G-"23-G/%)1+8"
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.-./(',-.",%"'$'+81/1"%4"#5S"-7,3'2%+',/%$")$.-3"'++",%2%;3'20/("(%$./,/%$19"
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Conclusion!

 M,",0-"#';-0-$"D3--I"4/-+."1/,-="$-/,0-3",0-"%$1/,-"1$%&"2/++%&"$%3",0-"*'$)'+"1$%&"

(%)31-",3'$1-(,1"3-23-1-$,-.",0-"12',/'+"*-'$"%4"#5S"/$",0-"4/-+."'3-'9""K0-"1$%&"2/++%&"

%G-3-1,/*',-."#5S"G'+)-1"'$"'G-3';-"%4"VQW"&/,0"'"*'7/*)*"%G-3-1,/*',/%$"%4"XQW9"

" T','"43%*"1/7"#$%&(+%)."#T"*-'1)3-*-$,"$%.-1"/$"(%$Y)$(,/%$"&/,0"3-;3-11/%$"'$."

I3/;/$;"-44-(,/G-+8"('2,)3-.",0-"12',/'+"'$.",-*2%3'+"G'3/'L/+/,8"%4"#5S"&/,0/$",0-"4/-+."1/,-9""

K0-"#$%&(+%)."$%.-1"&-3-",-1,-.",%"-7,3'2%+',-"#5S"43%*"#T"'3%)$."'"*-,-%3%+%;/('+"

1,',/%$"<UE"&/,0"1$%&"1-$1/$;"-J)/2*-$,"'$."<PE"&/,0%),"1$%&"1-$1/$;"-J)/2*-$,9"">%,0"

,-(0$/J)-1"'(()3',-+8"-1,/*',-."#5S"',",0-"$%.-"1/,-1"'$."',"'++"2%/$,1"'+%$;"'"X"L8"UP"

1'*2+/$;";3/."&0/(0")$/4%3*+8"(%G-3-.",0-"Q9[["0'"1/,-="&/,0"'"*'7/*)*"C@#S"%4"P9[W9""""M"

;-$-3'+".-$1/,8"*)+,/2+/-3"&'1")1-."1%+-+8"&/,0"#T"4%3"#5S�"23-./(,/%$"'3%)$."

*-,-%3%+%;/('+"1,',/%$1"&/,0"1$%&"1-$1/$;"-J)/2*-$,"'$."23-./(,-."#5S�"&/,0";3-',-3"

'(()3'(8",0'$")1/$;"1,',-"G'3/'L+-1"43%*",%&-3"%$-"'$."1/,-"(0'3'(,-3/H',/%$1"<C@#S"%4"

U9PWE9""

M12-(,"&/,0"2-3(-$,"('$%28"(+%1)3-"2'/3/$;1"&'1"'$"/*2%3,'$,"23-./(,%3"%4"#5S�"',"

*-,-%3%+%;/('+"1,',/%$1"&/,0%),"1$%&"1-$1/$;"-J)/2*-$,="*)(0"*%3-"1%",0'$";-$-3'+/H-."

('$%28"(+%1)3-9"""K0-"23-./(,/%$"'(()3'(8"%4",0-"L-1,"*%.-+"&'1"$%,"/$(3-'1-."L8",0-"

'../,/%$"%4"'";-$-3'+/H-."('$%28"(+%1)3-"J)'+/4/-39"5/,0/$",0-"23-./(,/%$"-J)',/%$"

<#5S�CM5#E="2-3(-$,"('$%28"(+%1)3-",%",0-"$%3,0"0-+."-J)'+"/*2%3,'$(-"&/,0"#T"4%3"

#5S�23-./(,/%$9""">%,0"J)'+/4/-31"*'/$,'/$-."'$"-J)/G'+-$,"\"G'+)-"%4"Q9QQQ^"&/,0/$",0-"

#5S�CM5#"-J)',/%$9"

K0-"'L/+/,8",%"1-$1-"#T")$.-3"('$%28"'$."',",0-"('$%28"f"%2-$"'3-'"/$,-34'(-"(%)+."

1)22+-*-$,".','"'(J)/3-."L8"1',-++/,-"'$."'-3/'+"/*';-38"1-$1/$;"2+',4%3*19""K0-1-"3-*%,-"
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1-$1/$;",-(0$/J)-1"'++%&"4%3"#T"1-$1/$;"%$+8"/$"('$%28F43--"'3-'19""50/+-",0-"),/+/,8"%4"

1',-++/,-"'$."'3-'+"1-$1/$;"%G-3"+'3;-"'3-'1"',"0/;0"3-1%+),/%$1"/1"(+-'3+8"G'+)'L+-=",0-1-"

*-,0%.1"('$$%,"('2,)3-"*)(0"%4",0-"1$%&"G'3/'L/+/,8"/$",-33-1,3/'+"181,-*1"&/,0"*/7-."
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,0-"('$%28F%2-$"'3-'"/$,-34'(-"&0-3-",0-"L%,0",0-"*/$/*'"'$."*'7/*'"%4"1$%&".-2,0"&-3-"

1-$1-.="'+%$;"&/,0",0-"1+%&-1,"'$."4'1,-1,"'L+',/%$"3',-19"

5/3-+-11"1$%&".-2,0"1-$1%31"10%)+."L-")1-.",%"');*-$,"-7/1,/$;"*-,-%3%+%;/('+"

1,',/%$1"&/,0"'$."&/,0%),"1$%&"1-$1/$;"-J)/2*-$,",%"/$(3-'1-"2%,-$,/'+"#T"'$."#5S"

*-'1)3-*-$,"2%/$,1"'$."3-.)(-",0-"/$4+)-$(-"%4"2%/$,FL'1-."L/'1-1"%$"'"&',-310-."1('+-9""

K0-"/$(%32%3',/%$"%4",0-1-".-G/(-1"0'1",0-"'L/+/,8",%"3-G%+),/%$/H-"()33-$,"#5S"-1,/*',/%$"

,-(0$/J)-1"&/,0"1,'3,")2"(%1,1"(%$1/.-3'L+8"+%&-3",0'$"()33-$,",-(0$%+%;8"<M",03--",%"-/;0,"

$%.-"#$%&(+%)."181,-*"&%)+."3'$;-"43%*"URF"bQW",0-"(%1,"%4"'"1/$;+-"1$%&"2/++%&E9""

#',-++/,-"'$."%,0-3"3-*%,-+8"1-$1-.".','"2'/3-."&/,0"5#B�1"(%)+."3-.)(-"*'Y%3"1-$1/$;"

.-4/(/-$(/-1")$.-3"('$%28"'$."',",0-"%2-$"'3-'F"('$%28"/$,-34'(-9"":)3,0-3*%3-="'(()3',-"

-1,/*',/%$1"%4"#5S"'3%)$."*-,-%3%+%;/('+"1,',/%$1"&/,0%),"1$%&"1-$1/$;"-J)/2*-$,"&%)+."

/$(3-'1-"2%,-$,/'+"#5S"-1,/*',/%$"3-1%+),/%$"&/,0/$"3)$%44"*%.-+1"'$."(%)+."*%3-",0'$"

.%)L+-",0-"$)*L-3"%4"1/,-1",0',"23%G/.-"#5S"/$4%3*',/%$"/$",0-"5-1,-3$"6$/,-."#,',-19""

N$(3-'1-."'3-'+"'$."2%/$,"#5S"-1,/*',/%$1"'3-"/$,-;3'+"4%3"/$(3-'1-."&',-3"3)$%44"

4%3-('1,/$;""3-1%+),/%$"/$"L%,0"$%3*'+"23-(/2/,',/%$"8-'31"'$."/$"8-'31",0',".-G/',-"43%*",0-"

0/1,%3/('+"*-'$"4%3"23-(/2/,',/%$9"

"

"
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Appendix!A:!!Snowcloud!calibration!data!
 

Snowcloud!calibration!constants!for!calibration!trials!
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Figure!52:!Regression!of!sonar!mean!values!vs.!distance!of!sonar!emitter!for!calibration!equation!
input.!



86 
 

 

 

Node!2!
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
!
!
!
!
!
!
!
!
!
!
!

lÓ��¯"®���¯"��� p P9PRR §

Ô
Õ
Ö

Õ
×

Ø
Ù
Ù
Ù
Ù
Ú

O3

O3 � ÛU ± ÜÝ
P[Z9Ub

Q9QQQRO3 ± Q9UUbXÞ
ß
ß
ß
ß
à

áVVU9VâU ±
ÜÝ

P[Z9Ubã

ä
Õ
å

Õ
æ

"

!

lÓ��¯"®���¯"®�� p P9P[U §

Ô
Õ
Ö

Õ
×

Ø
Ù
Ù
Ù
Ù
Ú

O3

O3 � ÛU ± ÜÝ
P[Z9Ub

Q9QQQQRO3 ± Q9QR[[Þ
ß
ß
ß
ß
à

áVVU9VâU ±
ÜÝ

P[Z9Ubã

ä
Õ
å

Õ
æ

!

y!=!0.0009x!+!0.1154
R²!=!0.9999

0

0.5

1

1.5

2

2.5

3

3.5

0 1000 2000 3000 4000

di
st
an

ce
!in
!m

et
er
s

mean!of!sonar!values

Calibration!Trial!1

mean!of!voltage!
output
Linear!(mean!of!
voltage!output)

Average 
calibration 
temp:!
26.70°C!

y!=!0.0009x!+!0.0977
R²!=!1

0

0.5

1

1.5

2

2.5

0 500 1000 1500 2000 2500

di
st
an

ce
!in
!m

et
er
s

mean!of!sonar!values

Calibration!Trial!2

mean!of!voltage!
output

Linear!(mean!of!
voltage!output)

Average 
calibration 
temp:!
26.70°C!

Figure!53:!Regression!of!sonar!mean!values!vs.!distance!of!sonar!emitter!for!calibration!
equation!input. 
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Figure!54:!Regression!of!sonar!mean!values!vs.!distance!of!sonar!emitter!for!calibration!
equation!input. 
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Figure!55:!Regression!of!sonar!mean!values!vs.!distance!of!sonar!emitter!for!calibration!equation!
input. 
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Figure!56:!Regression!of!sonar!mean!values!vs.!distance!of!sonar!emitter!for!calibration!
equation!input. 
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Figure!57:!Regression!of!sonar!mean!values!vs.!distance!of!sonar!emitter!for!calibration!
equation!input. 
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Manual!SD!and!snow!surface!to!sonar!measurements!
 
 Manual snow depth measurements in inches 
nodes!! 18"Jan! 26"Jan! 2"Feb 9"Feb 18"Feb 23"Feb 3"Mar 9"Mar!

1! 17.32! 35.82! 29.52 28.74 20.07 19.68 30.70 22.44!
2! 24.40! 46.85! 39.37 35.43 35.43 35.43 39.76 39.76!
3! 28.74! 35.82! 39.37 42.51 35.43 39.37 51.96 42.91!
4! 18.89! 25.19! 31.10 33.07 25.98 26.77 41.33 31.49!
5! 4.72! 12.40! 11.81 9.84 5.11 3.14 8.66 4.52!
6! 13.38! 26.77! 23.22 16.53 24.40 21.25 32.67 25.59!

 
nodes!! 16"Mar! 23"Mar! 29"Mar 6"Apr 13"Apr 19"Apr 26"Apr!

1! 22.44! 9.44! 0 5.12 0 0 0!
2! 39.76! 31.49! 26.37 39.37 26.37 11.02 0!
3! 45.27! 40.55! 24.40 41.33 44.09 36.22 27.55!
4! 28.74! 20.27! 3.93 20.07 0 0 0!
5! 7.08! 0! 0 11.81 0 0 0!
6! 28.34! 21.25! 16.53 14.17 18.89 12.20 2.75!

Table!5:!Manual!measurements!of!snow!depth!underneath!each!sonar!emitter.!

 Manual snow surface to sonar measurements in inches 
nodes!! 18"Jan! 26"Jan! 2"Feb 9"Feb 18"Feb 23"Feb 3"Mar 9"Mar!

1! 70.47! 51.97! 58.66 59.06 67.32 68.11 61.02 65.35!
2! 57.87! 40.94! 47.64 44.49 52.36 52.36 47.64 46.85!
3! 60.63! 44.49! 50.39 46.85 51.97 50.79 37.01 42.91!
4! 60.63! 47.24! 54.33 52.36 59.06 61.02 48.03 55.12!
5! 81.89! 74.80! 76.77 76.77 82.68 82.68 78.74 81.89!
6! 74.02! 58.66! 62.20 60.63 65.75 66.14 59.06 62.20!

 
nodes!! 16"Mar! 23"Mar! 29"Mar 6"Apr 13"Apr 19"Apr 26"Apr!

1! 66.14! 78.74! 88.19 74.41 88.19 88.19 88.19!
2! 44.09! 56.30! 64.96 48.03 61.81 76.38 87.40!
3! 39.37! 47.24! 51.18 34.25 44.09 54.72 62.60!
4! 56.30! 68.90! 80.31 66.14 85.04 85.04 85.04!
5! 81.50! 86.61! 87.40 75.20 87.40 87.40 87.40!
6! 62.20! 70.47! 75.59 62.20 71.65 78.35 86.61!

Table!6:!Manual!measurements!of!ground!surface!to!sonar!measurements!underneath!each!sonar!emitter.!

 



92 
 

 

Comparison!of!generated!and!manual!SD!and!S"S!values!!

Node!1!

 

Table!7:!!Descriptive!statistics!comparing!observed!SD!vs.!Snowcloud!generated!SD!(in)!node!1.!

Statistics!
comparing!
manual!to!
sonar!snow!
depth!(inch)!

18"
Jan!

26"
Jan!

2"
Feb!

9"
Feb!

18"
Feb!

23"
Feb!

3"
Mar!

9"
Mar!

16"
Mar!

23"
Mar!

29"
Mar!

6"
Apr!

13"
Apr!

26"
Apr!

Mean! 17.9! 33.5! 31.0! 30.5! 25.5! 24.8! 30.0! 23.9! 24.6! 12.7! 5.8! 8.5! 2.7! 2.7!

Standard!Error! 0.55! 2.29! 1.46! 1.71! 5.46! 5.07! 0.73! 1.41! 2.20! 3.27! 5.81! 3.35! 2.71! 2.73!
Standard!
Deviation! 0.78! 3.24! 2.06! 2.43! 7.72! 7.17! 1.03! 2.00! 3.11! 4.62! 8.22! 4.74! 3.83! 3.85!
Sample!
Variance! 0.60! 10.4! 4.24! 5.88! 59.5! 51.3! 1.06! 4.00! 9.68! 21.3! 67.5! 22.4! 14.6! 14.8!

Range! 1.10! 4.58! 2.91! 3.43!
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Figure!58:!Comparison!of!manual!vs.!Snowcloud!generated!snow!depth!and!s"s!for!node!1.!
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Node!2!
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

statistics!
comparing!
manual!to!
sonar!snow!
depth!(inch)!

18"
Jan!

26"
Jan!

2"
Feb!

9"
Feb!

18"
Feb!

23"
Feb!

3"
Mar!

9"
Mar!

16"
Mar!

23"
Mar!

29"
Mar!

6"
Apr!

13"
Apr!

26"
Apr!

Mean! 25.4! 43.9! 40.6! 38.8! 38.6! 38.2! 40.5! 40.8! 41.7! 33.2! 29.4! 36.3! 27.6! 4.54!

Standard!Error! 1.09! 2.94! 1.27! 3.36! 3.13! 2.79! 0.69! 1.08! 1.93! 1.70! 2.99! 3.08! 1.27! 4.54!
Standard!
Deviation! 1.53! 4.16! 1.80! 4.75! 4.43! 3.95! 0.98! 1.52! 2.73! 2.41! 4.23! 4.35! 1.79! 6.42!
Sample!
Variance! 2.36! 17.3! 3.25! 22.6! 19.6! 15.6! 0.96! 2.32! 7.44! 5.79! 17.9! 18.9! 3.21! 41.2!

Range! 2.17! 5.88! 2.55! 6.72! 6.27! 5.59! 1.39! 2.16! 3.86! 3.40! 5.98! 6.15! 2.53! 9.08!
Table!8:!Descriptive!statistics!comparing!observed!SD!vs.!Snowcloud!generated!SD!(in)!node!2.!
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Figure59:!Comparison!of!manual!vs.!Snowcloud!generated!snow!depth!and!s"s!for!node!2.
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Node!3!

 

statistics!
comparing!
manual!to!
sonar!snow!
depth!(inch)!

18"
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26"
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23"
Feb!

3"
Mar!

9"
Mar!

16"
Mar!

23"
Mar!

29"
Mar!

6"
Apr!

13"
Apr!

26"
Apr!

Mean! 24.3! 34.8! 37.8! 39.8! 36.4! 38.2! 44.9! 42.7! 46.4! 40.8! 32.0! 41.9! 43.8! 28.0!

Standard!Error! 4.43! 1.06! 1.59! 2.70! 0.93! 1.22! 7.09! 0.23! 1.13! 0.22! 7.60! 0.60! 0.29! 0.46!
Standard!
Deviation! 6.26! 1.50! 2.25! 3.82! 1.31! 1.72! 10.0! 0.33! 1.59! 0.32! 10.7! 0.84! 0.41! 0.64!
Sample!
Variance! 39.2! 2.24! 5.06! 14.6! 1.72! 2.95! 100.! 0.11! 2.54! 0.10! 115.! 0.71! 0.17! 0.41!

Range! 8.85! 2.12! 3.18! 5.40! 1.86! 2.43! 14.2! 0.46! 2.25! 0.45! 15.2! 1.19! 0.58! 0.91!
Table!9:!Descriptive!statistics!comparing!observed!SD!vs.!Snowcloud!generated!SD!(in)!node!3.!
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Figure!60:!Comparison!of!manual!vs.!Snowcloud!generated!snow!depth!and!s"s!for!node!3.!
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!

Node!4!

 

statistics!
comparing!
manual!to!
sonar!snow!
depth!
(inch)!

18"
Jan!

26"
Jan!

2"
Feb!

9"
Feb!

18"
Feb!

23"
Feb!

3"
Mar!

9"
Mar!

16"
Mar!

23"
Mar!

29"
Mar!

6"
Apr!

13"
Apr!

26"
Apr!

Mean! 19.0! 28.7! 32.4! 33.5! 29.7! 29.7! 36.9! 30.6! 30.6! 22.2! 11.7! 19.1! 5.01! 2.89!
Standard!
Error! 0.06! 3.50! 1.30! 0.43! 3.69! 2.89! 4.48! 0.90! 1.83! 1.93! 7.76! 0.96! 5.01! 2.89!
Standard!
Deviation! 0.09! 4.95! 1.84! 0.61! 5.22! 4.09! 6.33! 1.27! 2.59! 2.73! 11.0! 1.36! 7.08! 4.09!
Sample!
Variance! 0.01! 24.5! 3.40! 0.38! 27.2! 16.7! 40.1! 1.61! 6.73! 7.47! 120.! 1.84! 50.1! 16.7!

Range! 0.12! 7.00! 2.61! 0.87! 7.39! 5.78! 8.96! 1.80! 3.67! 3.86! 15.5! 1.92! 10.0! 5.78!
Table!10:!Descriptive!statistics!comparing!observed!SD!vs.!Snowcloud!generated!SD!(in)!for!node!4.!
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Figure!61:!Comparison!of!manual!vs.!Snowcloud!generated!snow!depth!and!s"s!for!node!4. 
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Node!5!

 

statistics!
comparing!
manual!to!
sonar!snow!
depth!(inch)!

18"
Jan!

26"
Jan! 2"Feb! 9"Feb!

18"
Feb!

23"
Feb! 3"Mar! 9"Mar!

16"
Mar!

23"
Mar!

29"
Mar! 6"Apr!

Mean! 5.69! 11.92! 12.71! 11.83! 9.18! 7.84! 10.34! 9.88! 22.28! 8.39! 8.98! 21.17!
Standard!
Error! 0.96! 0.48! 0.89! 1.98! 4.06! 4.69! 1.67! 5.35! 15.19! 8.39! 8.98! 9.35!
Standard!
Deviation! 1.36! 0.68! 1.26! 2.81! 5.74! 6.63! 2.37! 7.57! 21.48! 11.86! 12.70! 13.23!
Sample!
Variance! 1.85! 0.46! 1.60! 7.87! 32.98! 44.00! 5.61! 57.27! 461.5! 140.6! 161.2! 175.0!

Range! 1.93! 0.96! 1.79! 3.97! 8.12! 9.38! 3.35! 10.70! 30.38! 16.77! 17.96! 18.71!
Table!11:!Descriptive!statistics!comparing!observed!SD!vs.!Snowcloud!generated!SD!(in)!for!node!5.!
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Figure!62:!Comparison!of!manual!vs.!Snowcloud!generated!snow!depth!and!s"s!for!node!5.!
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of!Snow!Depth!
(inches)

sonar!depth

range

Node!6!

 

statistics!
comparing!
manual!to!
sonar!snow!
depth!(inch)!

18"
Jan!

26"
Jan! 2"Feb! 9"Feb!

18"
Feb!

23"
Feb! 3"Mar! 9"Mar!

16"
Mar!

23"
Mar!

29"
Mar!

26"
Apr!

Mean! 14.08! 25.01! 24.48! 21.52! 25.59! 23.90! 29.65! 26.28! 28.60! 22.10! 18.75! 5.24!
Standard!
Error! 0.69! 1.77! 1.25! 4.98! 1.19! 2.65! 3.03! 0.68! 0.25! 0.85! 2.21! 2.48!

Median! 14.08! 25.01! 24.48! 21.52! 25.59! 23.90! 29.65! 26.28! 28.60! 22.10! 18.75! 5.24!
Standard!
Deviation! 0.98! 2.50! 1.77! 7.05! 1.68! 3.74! 4.28! 0.97! 0.36! 1.20! 3.13! 3.51!
Sample!
Variance! 0.96! 6.24! 3.13! 49.65! 2.81! 13.99! 18.34! 0.94! 0.13! 1.43! 9.79! 12.32!

Range! 1.38! 3.53! 2.50! 9.96! 2.37! 5.29! 6.06! 1.37! 0.50! 1.69! 4.42! 4.96!
Table!12:!Descriptive!statistics!comparing!observed!SD!vs.!Snowcloud!generated!SD!(in)!for!node!6.!
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Figure!63:!Comparison!of!manual!vs.!Snowcloud!generated!snow!depth!and!s"s!for!node!6.!
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Appendix!B:!Site!characterization!
 
 
Transect!1! p1t1! p2t1! p3t1! p4t1! p5t1! p6t1! p7t1! p8t1! p9t1! P10t1! P11t1! P12t1!
Canopy!cover!
while!looking!
north! 77.08! 58.3! 59.3! 48.9! 47.9! 60.4! 58.3! 26.0! 31.2! 22.92! 14.58! 29.17!
Canopy!cover!
while!looking!
south! 33.33! 76.0! 58.3! 51.0! 52.0! 48.9! 44.7! 73.9! 40.6! 50.00! 35.42! 35.42!
Canopy!cover!
while!looking!
east! 69.79! 23.9! 41.6! 55.2! 66.6! 60.4! 71.8! 54.1! 68.7! 62.50! 36.46! 36.46!
Canopy!cover!
while!looking!
west! 59.38! 54.1! 70.8! 68.7! 56.2! 37.5! 53.1! 36.4! 38.5! 10.42! 41.67! 41.67!

total! 59.90! 53.1! 57.5! 55.9! 55.7! 51.8! 57.0! 47.6! 44.7! 36.46! 32.03! 32.03!
Table!13:!!Percentages!of!canopy!closure!in!relation!to!aspect!at!each!sampling!point!along!transect!1!where!p1t1!is!
the!western!most!point!on!transect!one!and!p12t1!is!the!eastern!most!point!on!transect!one.!

 

 
 
Transect!2! p1t2! p2t2! p3t2! p4t2! p5t2! p6t2! p7t2! p8t2! p9t2! p10t2! p11t2! p12t2!
Canopy!cover!
while!looking!
north! 64.58! 65.6! 63.5! 78.1! 84.3! 72.9! 56.2! 64.5! 94.7! 45.83! 35.41! 44.79!
Canopy!cover!
while!looking!
south! 5.20! 3.12! 1.04! 0! 0! 4.16! 0! 36.4! 12.5! 18.75! 23.95! 23.95!
Canopy!cover!
while!looking!
east! 9.37! 23.9! 50! 0! 0! 14.5! 3.12! 45.8! 3.12! 0! 0! 0!
Canopy!cover!
while!looking!
west! 73.95! 79.1! 50! 58.3! 76.0! 78.1! 40.6! 61.4! 62.5! 76.04! 0! 0!

total! 38.28! 42.9! 41.1! 34.1! 40.1! 42.4! 25! 52.0! 43.2! 35.15! 14.84! 14.84!
Table!14:!Percentages!of!canopy!closure!in!relation!to!aspect!at!each!sampling!point!along!transect!2!where!p1t2!is!
the!western!most!point!on!transect!two!and!p12t2!is!the!eastern!most!point!on!transect!two.!
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Figure!64:!Bar!graph!comparing!canopy!closure!on!each!cardinal!direction!at!each!point!along!transect!one.
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Transect!3! p1t3! p2t3! p3t3! p4t3! p5t3! p6t3! p7t3! p8t3! p9t3! p10t3! p11t3!! p12t3!!
Canopy!cover!
while!looking!
north! 54.16! 13.5! 53.1! 0! 13.5! 10.4! 4.16! 7.29! 19.7! 8.333! 11.4! 3.125!
Canopy!cover!
while!looking!
south! 52.08! 30.2! 12.5! 21.8! 4.16! 6.25! 0! 8.33! 0! 6.25! 3.125! 3.125!
Canopy!cover!
while!looking!
east! 65.62! 72.9! 47.9! 8.33! 5.20! 0! 0! 0! 0! 0! 0! 0!
Canopy!cover!
while!looking!
west! 72.91! 18.7! 0! 0! 0! 0! 0! 10.4!

3.12
5! 4.166! 18.75! 18.75!

total! 61.19! 33.8! 28.3! 7.55! 5.72! 4.16! 1.04! 6.51! 5.72! 4.687! 8.333! 8.333!
Table!15:!Percentages!of!canopy!closure!in!relation!to!aspect!at!each!sampling!point!along!transect!3!where!p1t3!is!
the!western!most!point!on!transect!three!and!p12t3!is!the!eastern!most!point!on!transect!three.!
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Figure!65:!Bar!graph!comparing!canopy!closure!on!each!cardinal!direction!at!each!point!along!transect!two.

Figure!66:!Bar!graph!comparing!canopy!closure!on!each!cardinal!direction!at!each!point!along!transect!three.
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Transect!4! p1t4! p2t4! p3t4! p4t4! p5t4! p6t4! p7t4! p8t4! p9t4! p10t2! p11t4! p12t4!
Canopy!cover!
while!looking!
north! 1.041! 13.5! 55.2! 6.25! 0! 0! 50! 2.08! 14.5! 25! 58.33! 63.54!
Canopy!cover!
while!looking!
south! 27.08! 5.20! 0! 20.8! 41.6! 26.0! 50! 83.3! 65.6! 9.375! 45.83! 45.83!
Canopy!cover!
while!looking!
east! 0! 1.04! 80.2! 33.3! 7.29! 35.4! 45.8! 20.8! 63.5! 9.375! 76.04! 76.04!
Canopy!cover!
while!looking!
west! 0! 1.04! 5.20! 81.2! 6.25! 0! 4.16! 64.5! 9.37! 3.125! 25! 25!

total! 7.031! 5.20! 35.1! 35.4! 13.8! 15.3! 37.5! 42.7! 38.2! 11.71! 51.30! 51.30!
Table!16:!Percentages!of!canopy!closure!in!relation!to!aspect!at!each!sampling!point!along!transect!4!where!p1t4!is!
the!western!most!point!on!transect!four!and!p12t4!is!the!eastern!most!point!on!transect!four.!

 
Sensor!Nodes! Node!1! Node!2! Node!3! node!4! node!5! node!6!

Canopy!cover!while!looking!north! 50.00! 6.25! 2.08! 12.50! 60.42! 56.25!

Canopy!cover!while!looking!south! 8.33! 2.08! 37.50! 3.13! 64.58! 68.75!

Canopy!cover!while!looking!east! 50.00! 0.00! 55.21! 26.04! 92.71! 83.33!

Canopy!cover!while!looking!west! 71.88! 12.50! 36.46! 41.67! 85.42! 71.88!

total! 45.05! 5.21! 32.81! 20.83! 75.78! 70.05!
Table!17:!Percentages!of!canopy!closure!in!relation!to!aspect!at!each!sensor!node.!
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Figure!67:!Bar!graph!comparing!canopy!closure!on!each!cardinal!direction!at!each!point!along!transect!four.

Figure!68:!Bar!graph!comparing!canopy!closure!on!each!cardinal!direction!at!each!sensor!node.!
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Appendix!C:!Manual!SD!and!SWE!measurements!
 
All manual SD and SWE measurements from January 18th 2010 to April 26th 2010 are presented 
below.  The columns represent transects one through four, where transect one is the northern most 
transect and four is the southernmost transect.  The rows represent the sampling points 1 to 12 
along each transect where point one is the western most point and point 12 is the eastern most 
point.  The manual SD and SWE data at each node are included after transect and sample point 
data. 
 

January!18th!2010!Manual!SWE!Measurements!!

SWE!in!
inches! P1! P2! P3! P4! P5! P6! P7! P8! P9! P10! P11! P12!

Transect!
one! 6.11! 7.40! 6.44! 5.79! 3.86! 4.83! 3.22! 2.57! 4.18! 6.11! 4.83! 4.02!

Transect!
two! 3.86! 4.51! 4.18! 2.41! 4.83! 4.51! 3.22! 3.22! 2.90! 2.25! 7.08! 6.11!

Transect!
Three! 7.08! 7.40! 7.08! 7.08! 7.40! 7.40! 6.44! 8.04! 7.40! 6.11! 6.60! 2.57!

Transect!
Four! 6.76! 5.47! 5.79! 6.11! 7.08! 8.04! 4.18! 6.44! 8.69! 8.37! 6.76! 3.22!

January!18th!2010!Manual!SD!Measurements!

Transect!
one! 6.11! 7.40! 6.44! 5.79! 3.86! 4.83! 3.22! 2.57! 4.18! 6.11! 4.83! 4.02!

Transect!
two! 3.86! 4.51! 4.18! 2.41! 4.83! 4.51! 3.22! 3.22! 2.90! 2.25! 7.08! 6.11!

Transect!
Three! 7.08! 7.40! 7.08! 7.08! 7.40! 7.40! 6.44! 8.04! 7.40! 6.11! 6.60! 2.57!

Transect!
Four! 6.76! 5.47! 5.79! 6.11! 7.08! 8.04! 4.18! 6.44! 8.69! 8.37! 6.76! 3.22!

January!26th!2010!Manual!SWE!Measurements!!

SWE!in!
inches! P1! P2! P3! P4! P5! P6! P7! P8! P9! P10! P11! P12!

Transect!
one! 9.01! 9.65! 11.58! 10.30! 10.30! 8.69! 5.15! 4.83! 8.37! 6.76! 8.53! 9.01!

Transect!
two! 3.86! 6.76! 7.40! 7.40! 6.60! 6.44! 6.76! 5.47! 5.15! 6.44! 8.69! 8.69!

Transect!
Three! 11.91! 11.58! 11.26! 12.55! 11.91! 9.65! 11.26! 12.23! 12.23! 5.79! 10.30! 3.86!

Transect!
Four! 11.91! 11.58! 10.30! 11.58! 10.46! 11.26! 8.04! 9.65! 11.26! 10.62! 6.92! 6.76!

January!26th!2010!Manual!SD!Measurements!

Transect!
one! 73.00! 68.00! 74.50! 71.00! 67.00! 64.50! 24.50! 23.00! 61.50! 64.50! 66.50! 68.00!

Transect!
two! 18.50! 27.50! 61.00! 63.00! 61.00! 29.00! 29.00! 24.00! 23.00! 26.00! 70.00! 64.00!

Transect!
Three! 79.00! 76.00! 74.50! 77.00! 75.00! 70.00! 75.50! 77.50! 77.00! 30.00! 65.00! 15.00!

Transect!
Four! 76.00! 77.00! 70.00! 66.50! 71.00! 78.00! 68.00! 68.00! 74.00! 76.00! 62.50! 25.50!
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February!2nd!!2010!Manual!SWE!Measurements!!

SWE!in!
inches! P1! P2! P3! P4! P5! P6! P7! P8! P9! P10! P11! P12!

Transect!
one! 9.65! 8.04! 6.11! 8.69! 8.04! 9.65! 5.79! 6.11! 5.47! 7.40! 6.11! 9.98!

Transect!
two! 3.22! 5.79! 6.44! 6.11! 6.44! 6.11! 6.11! 4.83! 4.18! 6.76! 11.91! 8.69!

Transect!
Three! 12.23! 11.26! 10.62! 11.58! 11.26! 11.26! 9.98! 11.26! 11.91! 9.01! 12.23! 3.86!

Transect!
Four! 12.23! 11.91! 10.62! 9.98! 8.04! 11.26! 9.65! 9.65! 12.23! 9.98! 7.08! 7.08!

February!2nd!!2010!Manual!SD!Measurements!

Transect!
one! 32.00! 34.00! 32.50! 34.50! 30.00! 32.00! 27.00! 20.00! 20.50! 27.00! 25.00! 25.00!

Transect!
two! 12.00! 21.00! 23.00! 26.00! 23.00! 22.00! 22.00! 18.00! 17.00! 18.50! 37.00! 30.00!

Transect!
Three! 42.00! 39.00! 38.00! 42.00! 39.00! 39.00! 40.00! 41.00! 40.00! 34.00! 34.50! 15.00!

Transect!
Four! 39.50! 39.50! 36.00! 34.00! 37.00! 42.00! 34.00! 31.00! 40.00! 37.00! 30.00! 22.50!

February!9th!!2010!Manual!SWE!Measurements!!

SWE!in!
inches! P1! P2! P3! P4! P5! P6! P7! P8! P9! P10! P11! P12!

Transect!
one! 8.69! 9.98! 9.65! 9.01! 6.11! 5.47! 5.79! 6.11! 8.69! 9.65! 7.08! 8.04!

Transect!
two! 2.57! 6.44! 6.44! 7.08! 6.44! 7.08! 7.40! 5.79! 5.47! 5.47! 9.98! 9.01!

Transect!
Three! 12.55! 10.30! 12.23! 12.55! 12.55! 11.58! 11.26! 12.55! 11.26! 10.62! 10.30! 3.54!

Transect!
Four! 10.94! 12.55! 10.30! 10.30! 11.58! 10.94! 9.98! 7.40! 12.23! 9.65! 10.62! 6.76!

February!9th!!2010!Manual!SD!Measurements!

Transect!
one! 38.00! 38.00! 39.00! 38.00! 34.00! 22.50! 20.00! 22.00! 28.00! 35.00! 28.00! 31.00!

Transect!
two! 12.00! 22.50! 24.00! 28.00! 23.00! 24.00! 27.00! 19.00! 18.00! 20.00! 36.00! 32.50!

Transect!
Three! 45.00! 38.00! 39.00! 42.00! 41.00! 40.00! 41.00! 43.00! 42.50! 37.00! 38.00! 15.00!

Transect!
Four! 40.00! 42.00! 37.00! 39.00! 44.00! 44.00! 37.00! 32.50! 45.00! 43.00! 38.00! 23.00!

February!18th!!2010!Manual!SWE!Measurements!!

SWE!in!
inches! P1! P2! P3! P4! P5! P6! P7! P8! P9! P10! P11! P12!

Transect!
one! 10.30! 11.26! 10.94! 10.94! 9.65! 6.44! 4.83! 4.83! 4.83! 7.72! 9.65! 8.37!

Transect!
two! 0.00! 1.93! 4.83! 4.83! 4.83! 4.83! 5.79! 2.25! 2.90! 4.51! 9.98! 9.01!

Transect!
Three! 12.23! 12.23! 10.94! 11.58! 12.23! 11.91! 11.58! 13.84! 12.87! 11.58! 9.65! 2.90!

Transect!
Four! 11.58! 11.58! 9.65! 9.98! 12.87! 12.87! 9.01! 9.01! 12.23! 10.62! 10.94! 7.72!
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February!23!!2010!Manual!SWE!Measurements!!

SWE!in!
inches! P1! P2! P3! P4! P5! P6! P7! P8! P9! P10! P11! P12!

Transect!
one! 10.62! 10.94! 10.94! 9.65! 10.94! 4.83! 4.83! 6.76! 9.98! 8.37! 9.33! 7.40!

Transect!
two! 0.00! 4.83! 3.22! 6.11! 0.00! 3.54! 7.72! 2.90! 1.29! 2.90! 9.65! 7.40!

Transect!
Three! 11.58! 12.23! 11.91! 11.91! 10.94! 12.23! 11.58! 11.58! 12.23! 10.94! 12.23! 2.57!

Transect!
Four! 11.58! 10.62! 9.01! 10.62! 12.87! 11.91! 9.33! 8.04! 12.55! 10.62! 11.58! 6.44!

February!23!!2010!Manual!SD!Measurements!

Transect!
one! 31.50! 33.00! 34.50! 32.00! 32.00! 16.50! 17.00! 19.00! 25.00! 29.00! 27.00! 22.50!

Transect!
two! 0.00! 16.00! 11.00! 19.00! 0.00! 11.00! 23.00! 11.00! 6.00! 11.00! 28.00! 26.00!

Transect!
Three! 39.00! 37.50! 36.00! 38.00! 30.00! 36.50! 37.00! 38.00! 41.00! 32.00! 34.00! 10.50!

Transect!
Four! 35.00! 34.50! 28.00! 33.00! 40.00! 42.00! 31.00! 29.50! 39.00! 38.00! 37.50! 19.00!

March!3rd!2010!Manual!SWE!Measurements!!

SWE!in!
inches! P1! P2! P3! P4! P5! P6! P7! P8! P9! P10! P11! P12!

Transect!
one! 15.93! 11.91! 11.58! 12.23! 12.23! 6.11! 4.83! 7.40! 10.30! 9.98! 13.19! 9.98!

Transect!
two! 0.60! 4.83! 4.51! 8.04! 1.29! 1.93! 8.69! 1.93! 1.29! 3.86! 11.26! 9.98!

Transect!
Three! 15.12! 14.48! 13.52! 12.87! 10.94! 12.87! 11.26! 11.91! 13.84! 12.23! 11.58! 2.25!

Transect!
Four! 14.48! 14.48! 11.26! 11.26! 14.48! 13.19! 9.98! 7.72! 14.80! 9.33! 16.09! 7.40!

March!3rd!!2010!Manual!SD!Measurements!

Transect!
one! 47.50! 44.00! 37.00! 44.00! 47.00! 27.50! 23.00! 23.00! 30.00! 37.00! 42.00! 34.00!

Transect!
two! 6.00! 22.00! 21.50! 29.00! 9.00! 13.00! 33.00! 12.00! 10.00! 12.00! 43.50! 38.00!

Transect!
Three! 54.00! 50.50! 48.00! 48.50! 46.00! 47.50! 49.00! 51.00! 54.00! 45.00! 47.00! 12.00!

Transect!
Four! 50.00! 48.00! 37.00! 33.50! 54.00! 56.00! 30.00! 41.00! 52.00! 52.00! 60.00! 45.00!

February!18th!!2010!Manual!SWE!Measurements!!

SD!in!
inches! P1! P2! P3! P4! P5! P6! P7! P8! P9! P10! P11! P12!

Transect!
one! 32.00! 32.50! 34.00! 32.00! 31.00! 24.50! 17.00! 16.00! 17.50! 22.50! 28.00! 26.00!

Transect!
two! 0.00! 9.00! 15.00! 21.00! 13.00! 14.00! 21.50! 11.50! 9.00! 12.00! 29.00! 26.50!

Transect!
Three! 37.00! 38.50! 33.50! 36.00! 35.00! 35.00! 35.00! 38.50! 39.00! 31.50! 34.50! 11.00!

Transect!
Four! 34.00! 34.00! 28.00! 29.00! 37.00! 41.00! 29.50! 29.00! 39.50! 34.00! 33.00! 20.00!
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March!9th!!2010!Manual!SWE!Measurements!!

SWE!in!
inches! P1! P2! P3! P4! P5! P6! P7! P8! P9! P10! P11! P12!

Transect!
one! 12.87! 12.87! 13.52! 12.87! 12.23! 6.76! 8.37! 6.44! 6.76! 9.33! 9.33! 8.37!

Transect!
two! 0.00! 5.47! 4.51! 7.40! 0.00! 4.83! 8.37! 0.97! 1.61! 4.83! 12.87! 14.16!

Transect!
Three! 15.45! 14.80! 13.84! 13.84! 12.87! 14.16! 13.19! 12.87! 15.45! 11.58! 14.80! 4.18!

Transect!
Four! 15.12! 13.84! 9.65! 12.55! 15.12! 15.45! 8.04! 12.55! 14.80! 13.19! 15.45! 5.79!

March!9th!!!2010!Manual!SD!Measurements!

Transect!
one! 40.00! 40.00! 43.00! 41.00! 40.00! 27.50! 21.00! 20.00! 28.00! 32.00! 26.50! 23.50!

Transect!
two! 0.00! 16.00! 15.00! 21.50! 0.00! 15.00! 25.00! 5.00! 10.00! 15.00! 33.00! 34.00!

Transect!
Three! 45.00! 43.00! 42.00! 42.00! 39.00! 42.00! 41.00! 41.00! 47.00! 41.00! 46.00! 14.00!

Transect!
Four! 43.00! 43.50! 28.00! 40.00! 46.00! 49.00! 41.00! 39.50! 43.00! 42.00! 50.00! 17.00!

March!16th!!2010!Manual!SWE!Measurements!!

SWE!in!
inches! P1! P2! P3! P4! P5! P6! P7! P8! P9! P10! P11! P12!

Transect!
one! 16.41! 14.48! 16.41! 13.68! 15.45! 8.04! 8.69! 6.11! 9.33! 9.98! 11.26! 9.01!

Transect!
two! 0.00! 0.00! 2.90! 7.40! 0.00! 2.57! 5.15! 0.48! 1.93! 1.61! 12.23! 11.26!

Transect!
Three! 16.09! 16.09! 15.45! 14.80! 15.45! 16.41! 15.12! 15.77! 16.09! 12.87! 17.38! 3.86!

Transect!
Four! 16.09! 15.45! 10.94! 11.26! 16.73! 17.38! 14.16! 15.12! 15.77! 16.09! 21.56! 8.04!

March!16th!!!!2010!Manual!SD!Measurements!

Transect!
one! 45.00! 41.00! 48.00! 45.00! 44.00! 20.00! 26.00! 32.00! 33.00! 34.00! 33.50! 27.00!

Transect!
two! 0.00! 0.00! 11.00! 19.50! 0.00! 10.00! 18.00! 2.00! 9.50! 7.00! 35.00! 34.00!

Transect!
Three! 48.50! 42.50! 42.00! 43.50! 41.50! 42.00! 41.50! 43.00! 49.00! 37.50! 51.00! 13.00!

Transect!
Four! 46.50! 42.50! 29.50! 41.00! 50.00! 54.50! 46.00! 45.50! 43.50! 50.00! 63.00! 24.00!

March!23rd!!!2010!Manual!SWE!Measurements!!

SWE!in!
inches! P1! P2! P3! P4! P5! P6! P7! P8! P9! P10! P11! P12!

Transect!
one! 13.52! 12.23! 10.62! 12.23! 11.91! 5.15! 2.90! 4.83! 8.37! 8.69! 12.23! 7.40!

Transect!
two! 0.00! 0.00! 0.00! 2.57! 0.00! 0.00! 3.86! 0.00! 0.00! 0.00! 9.98! 10.94!

Transect!
Three! 15.12! 12.23! 12.55! 11.91! 11.26! 12.23! 12.87! 14.80! 15.45! 13.52! 13.52! 0.32!

Transect!
Four! 14.16! 12.55! 9.65! 13.19! 15.45! 14.80! 11.58! 10.62! 12.23! 13.19! 12.87! 3.86!
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March!23rd!!!2010!Manual!SWE!Measurements!!

SD!in!
inches! P1! P2! P3! P4! P5! P6! P7! P8! P9! P10! P11! P12!

Transect!
one! 38.00! 34.00! 34.00! 36.00! 36.50! 19.00! 15.00! 14.50! 24.00! 26.50! 26.00! 18.00!

Transect!
two! 0.00! 0.00! 0.00! 8.00! 0.00! 0.00! 14.00! 0.00! 0.00! 0.00! 26.00! 29.00!

Transect!
Three! 39.00! 33.00! 35.50! 34.50! 30.00! 32.50! 32.50! 34.00! 42.00! 33.50! 42.50! 2.00!

Transect!
Four! 39.50! 36.00! 22.00! 35.00! 42.50! 44.00! 36.00! 38.00! 35.50! 41.50! 40.50! 19.00!

March!29th!!!2010!Manual!SWE!Measurements!!

SWE!in!
inches! P1! P2! P3! P4! P5! P6! P7! P8! P9! P10! P11! P12!

Transect!
one! 14.16! 10.62! 12.87! 12.55! 10.62! 5.47! 3.86! 3.86! 8.37! 9.33! 8.37! 3.22!

Transect!
two! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 8.37! 11.26!

Transect!
Three! 12.39! 9.98! 12.55! 11.58! 10.30! 10.62! 12.87! 12.23! 12.23! 11.91! 15.12! 0.00!

Transect!
Four! 12.55! 11.26! 6.11! 12.23! 14.48! 14.80! 11.26! 10.62! 10.94! 11.91! 15.12! 5.15!

March!29th!!!!2010!Manual!SD!Measurements!

Transect!
one! 33.50! 27.50! 32.00! 31.50! 30.00! 15.00! 9.00! 10.00! 20.00! 21.50! 17.00! 8.50!

Transect!
two! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 19.00! 26.00!

Transect!
Three! 31.00! 27.00! 30.00! 27.00! 27.00! 25.00! 28.00! 28.50! 36.00! 30.50! 39.00! 0.00!

Transect!
Four! 32.00! 30.50! 16.00! 31.50! 38.00! 41.00! 33.00! 33.00! 33.00! 37.50! 38.50! 14.00!

April!6th!!!!2010!Manual!SWE!Measurements!!

SWE!in!
inches! P1! P2! P3! P4! P5! P6! P7! P8! P9! P10! P11! P12!

Transect!
one! 14.16! 12.55! 15.77! 16.09! 15.12! 7.24! 5.15! 4.51! 9.01! 9.98! 8.69! 5.15!

Transect!
two! 1.29! 1.61! 1.61! 1.61! 0.00! 1.61! 4.18! 2.90! 1.93! 1.61! 8.04! 6.11!

Transect!
Three! 16.09! 13.84! 15.12! 13.52! 11.91! 13.19! 13.84! 13.84! 16.73! 15.45! 17.70! 2.57!

Transect!
Four! 15.77! 13.84! 8.69! 12.23! 17.38! 19.63! 14.80! 13.52! 16.09! 16.41! 15.45! 10.94!

April!6th!!!!!2010!Manual!SD!Measurements!

Transect!
one! 49.00! 37.00! 46.00! 49.00! 46.00! 28.00! 23.50! 22.00! 35.00! 31.00! 32.00! 25.00!

Transect!
two! 5.00! 9.00! 10.00! 11.00! 0.00! 9.00! 20.00! 15.00! 10.00! 10.00! 34.00! 27.00!

Transect!
Three! 50.00! 43.50! 45.00! 45.00! 39.00! 43.50! 43.00! 44.00! 56.00! 45.00! 58.00! 13.00!

Transect!
Four! 49.50! 49.00! 32.50! 43.00! 55.00! 56.50! 50.00! 44.00! 53.00! 56.00! 55.00! 30.00!
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April!13th!!!!2010!Manual!SWE!Measurements!!

SWE!in!
inches! P1! P2! P3! P4! P5! P6! P7! P8! P9! P10! P11! P12!

Transect!
one! 12.55! 15.12! 17.38! 15.12! 11.91! 6.76! 4.83! 3.54! 7.72! 6.44! 7.40! 4.51!

Transect!
two! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 1.29! 0.00! 0.00! 0.00! 10.30! 6.76!

Transect!
Three! 14.48! 11.58! 12.87! 13.84! 10.30! 12.87! 12.23! 13.19! 17.70! 13.84! 17.38! 2.25!

Transect!
Four! 15.12! 13.19! 7.72! 14.48! 16.09! 15.45! 12.87! 11.91! 13.84! 14.16! 13.52! 9.65!

April!13th!!!!!2010!Manual!SD!Measurements!

Transect!
one! 34.00! 38.50! 48.00! 38.00! 30.00! 18.00! 14.00! 11.00! 25.00! 18.00! 19.00! 12.00!

Transect!
two! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 5.00! 0.00! 0.00! 0.00! 24.00! 18.50!

Transect!
Three! 38.00! 29.00! 34.00! 32.00! 24.50! 31.00! 28.00! 30.50! 43.00! 34.00! 45.00! 3.00!

Transect!
Four! 39.00! 34.50! 20.00! 38.50! 40.50! 13.00! 38.50! 34.00! 41.00! 43.00! 42.50! 23.00!

April!19th!!!!2010!Manual!SWE!Measurements!!

SWE!in!
inches! P1! P2! P3! P4! P5! P6! P7! P8! P9! P10! P11! P12!

Transect!
one! 9.65! 11.58! 13.52! 9.98! 8.37! 3.22! 2.25! 1.93! 6.76! 0.00! 2.57! 0.00!

Transect!
two! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 5.47! 7.40!

Transect!
Three! 10.62! 8.69! 7.40! 6.76! 4.83! 5.15! 4.83! 7.72! 13.19! 9.33! 12.55! 0.00!

Transect!
Four! 11.91! 9.65! 3.86! 8.37! 11.26! 13.84! 11.58! 10.30! 12.23! 14.48! 14.80! 3.86!

April!19th!!!!!2010!Manual!SD!Measurements!

Transect!
one! 22.50! 28.00! 35.00! 29.00! 21.00! 8.50! 4.00! 4.00! 15.50! 0.00! 7.00! 0.00!

Transect!
two! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 14.00! 15.50!

Transect!
Three! 24.00! 17.00! 19.50! 16.00! 12.00! 15.00! 12.00! 18.00! 31.00! 21.00! 33.50! 0.00!

Transect!
Four! 26.00! 22.00! 8.00! 20.00! 29.00! 33.00! 31.00! 31.00! 28.00! 38.00! 39.00! 13.00!

April!26th!!!!2010!Manual!SWE!Measurements!!

SWE!in!
inches! P1! P2! P3! P4! P5! P6! P7! P8! P9! P10! P11! P12!

Transect!
one! 7.08! 9.98! 11.26! 9.01! 4.51! 0.00! 0.00! 0.00! 3.22! 1.61! 0.00! 0.00!

Transect!
two! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 3.54!

Transect!
Three! 6.76! 0.00! 3.22! 3.86! 0.00! 3.54! 0.00! 3.22! 10.30! 3.86! 12.87! 0.00!

Transect!
Four! 6.11! 5.15! 0.00! 2.57! 6.11! 12.23! 9.33! 11.26! 4.51! 9.65! 13.84! 4.83!
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Table!18:!Manual!SD!and!SWE!measurements!along!each!point!on!each!transect.!
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April!26th!!!!2010!Manual!SWE!Measurements!!

SD!!in!
inches! P1! P2! P3! P4! P5! P6! P7! P8! P9! P10! P11! P12!

Transect!
one! 19.00! 23.00! 30.00! 22.00! 11.50! 0.00! 0.00! 0.00! 6.00! 3.00! 0.00! 0.00!

Transect!
two! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 0.00! 8.00!

Transect!
Three! 14.00! 0.00! 9.00! 9.00! 0.00! 8.00! 0.00! 8.00! 19.50! 7.50! 27.00! 0.00!

Transect!
Four! 15.50! 11.00! 0.00! 10.50! 16.00! 23.00! 20.50! 26.00! 15.00! 29.00! 37.00! 10.00!
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Manual!SWE!and!SD!measurements!at!each!node!site!
 

 
 
 
 
 
 
 
 
 
 

 
 

January!18th!!!2010! January!26th!!!2010! February!2nd!2010! February!9th!2010!
Measurement!

in!inches! SD! SWE! Time! SD! SWE! Time! SD!h! SWE! Time! SD! SWE! Time!
Node!1!

16.00! 4.51! 11:15! 64! 7.72! 11:10! 28.5! 7.72! 11:15! 28.00! 7.08! 11:15!
Node!2!

29.50! 9.33! 12:00! 75! 11.91! 12:00! 40! 11.26! 12:00! 41.00! 10.62! 12:00!
Node!3!

28.50! 6.44! 12:30! 74! 10.62! 12:15! 38! 10.62! 12:30! 42.00! 10.94! 12:30!
Node!4!

26.00! 6.11! 1:30! 67.5! 8.69! 1:30! 30! 9.01! 1:30! 30.00! 8.37! 1:30!
Node!5!

4.00! 0.80! 11:45! 12.5! 4.51! 1:20! 11.5! 4.83! 11:45! 10.00! 2.90! 11:45!
Node!6!

13.00! 4.83! 10:30! 61! 8.37! 10:30! 20! 5.15! 10:00! 31.00! 8.04! 10:00!

February!18th!2010! February!23rd!2010! March!3rd!2010! March!9th!2010!
Measurement!

in!inches! SD! SWE! Time! SD! SWE! Time! SD! SWE! Time! SD! SWE! Time!
Node!1!

19.00! 4.51! 10:02! 18.00! 7.08! 10:02! 29.00! 7.72! 1:40! 21.50! 7.72! 11:30!
Node!2!

34.50! 11.26! 10:40! 35.00! 11.91! 10:40! 47.50! 9.33! 2:15! 38.00! 12.23! 11:45!
Node!3!

38.00! 11.26! 10:45! 37.50! 11.26! 10:45! 52.00! 11.91! 2:20! 46.00! 16.09! 12:00!
Node!4!

25.00! 9.98! 11:02! 24.00! 8.69! 11:02! 36.00! 11.91! 2:40! 28.00! 10.62! 11:45!
Node!5!

5.50! 2.25! 10:30! 5.50! 1.29! 10:30! 9.00! 2.90! 2:00! 7.00! 3.86! 12:00!
Node!6!

25.50! 9.65! 9:35! 26.00! 8.04! 9:35! 35.00! 10.94! 1:15! 31.00! 10.30! 11:00!

March!16th!2010! March!23rd!2010! March!29th!2010! April!!6th!2010!
Measurement!

in!inches! SD! SWE! Time! SD! SWE! Time! SD! SWE! Time! SD! SWE! Time!
Node!1!

20.00! 8.04! 11:45! 9.50! 3.54! 10:20! 0.00! 0.00!
10:30!

12.00! 2.41! 10:30!
Node!2!

41.00! 16.09! 1:15! 32.50! 11.26! 11:40! 24.50! 11.26!
11:00!

42.00! 13.84! 11:15!
Node!3!

52.00! 17.38! 1:20! 42.00! 15.12! 12:00! 40.00! 15.45!
12:00!

57.00! 17.70! 12:15!
Node!4!

27.00! 10.62! 12:15! 16.00! 4.51! 10:50! 5.00! 1.29!
10:50!

15.50! 2.41! 10:45!
Node!5!

9.00! 4.51! 1:00! 0.00! 0.00! 11:20! 0.00! 0.00!
10:55!

14.00! 1.93! 12:00!
Node!6!

32.50! 10.62! 11:30! 21.50! 9.01! 10:15! 18.50! 8.04!
10:15!

32.50! 9.01! 10:15!

April!13th!2010! April!19th!2010! April!26th!2010!
Measurement!

in!inches! SD! SWE! Time! SD! SWE! Time! SD! SWE! Time!
Node!1!

0.00! 0.00! 12:00! 0.00! 0.00!
12:00!

0.00! 0.00! 12:00!
Node!2!

28.00! 11.91! 1:00! 11.00! 4.18!
10:00!

0.00! 0.00! 12:00!
Node!3!

46.00! 15.45! 1:20! 37.00! 14.80!
11:30!

26.00! 9.65! 11:00!
Node!4!

0.00! 0.00! 12:30! 0.00! 0.00!
12:00!

0.00! 0.00! 12:00!
Node!5!

0.00! 0.00! 12:45! 0.00! 0.00!
12:00!

0.00! 0.00! 12:00!
Node!6!

22.00! 8.04! 12:00! 14.00! 5.15!
9:30!

2.00! 1.29! 10:00!
Table!19:!Manual!SD!and!SWE!measurements!at!each!sensor!node.
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Measurements!at!the!snow!pillow!

 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

January!18th!2010! January!26th!2010! February!2nd!2010! February!9th!2010!
Measurement!

in!inches! SD! SWE! Time! SD! SWE! Time! SD! SWE! Time! SD! SWE! Time!
North!Side!

31.00! 7.08! 12:30! 79.00! 11.91! 12:20! 42.00! 12.23! 12:30! 45.00! 12.55! 11:00!
South!Side!

31.00! 6.76! 12:30 77.50! 11.58! 12:20 39.50! 11.91! 12:30 43.00! 12.23! 11:00
East!Side!

30.50! 7.40! 12:30 76.00! 11.58! 12:20 39.00! 11.26! 12:30 38.00! 10.30! 11:00
West!side!

34.00! 7.72! 12:30 78.50! 11.26! 12:20 40.50! 12.23! 12:30 44.50! 11.91! 11:00
Average!

31.63! 7.24! 12:30 77.75! 11.58! 12:20 40.25! 11.91! 12:30 42.63! 11.75! 11:00

February!18th!2010! February!23rd!2010! March!3rd!2010! March!9th!2010!
Measurement!

in!inches! SD! SWE! Time! SD! SWE! Time! SD! SWE! Time! SD! SWE! Time!
North!Side!

37.00! 12.23! 10:45! 39.00! 11.58! 10:45! 54.00! 15.12! 14:20! 45.00! 15.45! 12:45!
South!Side!

35.00! 11.58! 10:45 35.00! 11.26! 10:45 48.50! 12.87! 14:20 41.50! 13.52! 12:45
East!Side!

38.50! 12.23! 10:45 37.50! 12.23! 10:45 50.50! 14.48! 14:20 43.00! 14.80! 12:45
West!side!

37.50! 12.23! 10:45 39.50! 13.19! 10:45 54.00! 15.77! 14:20 44.00! 14.80! 12:45
Average!

37.00! 12.07! 10:45 37.75! 12.07! 10:45 51.75! 14.56! 14:20 43.38! 14.64! 12:45

March!16th!2010! March!23rd!2010! March!29th!2010! April!06th!2010!
Measurement!

in!inches! SD! SWE! Time! SD! SWE! Time! SD! SWE! Time! SD! SWE! Time!
North!Side!

48.50! 16.09! 12:45! 39.00! 15.12! 12:20! 31.00! 12.39! 12:30! 50.00! 16.09! 12:45!
South!Side!

44.00! 16.41! 12:45 35.00! 12.87! 12:20 33.50! 14.16! 12:30 47.00! 14.48! 12:45
East!Side!

42.50! 16.09! 12:45 37.50! 12.23! 12:20 27.00! 9.98! 12:30 43.50! 13.84! 12:45
West!side!

48.00! 16.41! 12:45 39.50! 12.87! 12:20 31.50! 14.48! 12:30 48.50! 15.45! 12:45
Average!

45.75! 16.25! 12:45 35.75! 13.27! 12:20 30.75! 12.75! 12:30 47.25! 14.96! 12:45

April!13th!2010! April!19th!2010! April!26th!2010!
Measurement!

in!inches! SD! SWE! Time! SD! SWE! Time! SD! SWE! Time!
North!Side!

38.00! 14.48! 11:00! 24.00! 10.62! 11:30! 14.00! 6.76! 10:30!
South!Side!

35.00! 15.12! 11:00 18.50! 8.04! 11:30 9.00! 3.54! 10:30
East!Side!

29.00! 11.58! 11:00 17.00! 8.69! 11:30 0.00! 0.00! 10:30
West!side!

29.00! 11.91! 11:00 22.00! 9.98! 11:30 10.00! 4.51! 10:30
Average!

32.75! 13.27! 11:00 20.38! 9.33! 11:30 8.25! 3.70! 10:30
Table!20:!!Manual!SD!and!SWE!measurements!on!each!side!of!the!snow!pillow.
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!! 18"Jan! 26"Jan! 2"Feb! 9"Feb! 18"Feb! 23"Feb! 3"Mar! 9"Mar!

Mean! 7.48! 12.00! 11.95! 12.36! 12.28! 12.47! 15.18! 7.48!

Standard!Error! 0.24! 0.42! 0.04! 0.61! 0.22! 0.40! 0.62! 0.24!

Standard!Deviation! 0.33! 0.60! 0.05! 0.86! 0.31! 0.57! 0.88! 0.33!

Sample!Variance! 0.11! 0.36! 0.00! 0.74! 0.10! 0.32! 0.77! 0.11!

Range! 0.47! 0.84! 0.07! 1.22! 0.44! 0.80! 1.24! 0.47!

!! 9"Mar! 10"Mar! 11"Mar! 29"Mar! 6"Apr! 13"Apr! 19"Apr! 26"Apr!

Mean! 15.13! 16.56! 13.70! 12.66! 15.37! 13.63! 8.88! 3.69!

Standard!Error! 0.49! 0.31! 0.43! 0.09! 0.41! 0.35! 0.45! 0.40!

Standard!Deviation! 0.69! 0.43! 0.61! 0.13! 0.57! 0.50! 0.64! 0.57!

Sample!Variance! 0.48! 0.19! 0.37! 0.02! 0.33! 0.25! 0.41! 0.33!

Range! 0.98! 0.61! 0.86! 0.18! 0.81! 0.71! 0.91! 0.81!

Table!21:!Descriptive!statistics!comparing!the!averaged!manual!measurements!each!week!with!the!snow!
pillow!data!output!minus!0.807!inches.!
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Figure!69:!!Comparison!of!manual!SD!measurements!around!the!onsite!snow!pillow!to!the!surrounding!Snowcloud!
nodes!where!sampling!week!one!represents!18"Jan!2010!and!sampling!week!15!represents!26"Apr,!2010. 
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Appendix!D:!Correspondence!and!regression!analysis!

 
 
 
 
 
 
 
 
 

  
  

Figure!7:!3"!Dimensional!correspondence!analysis!graphs!of!the!monthly!seasonal!data!series!(on!the!top!row)!and!
the!seasonal!running!average!data!series!(on!the!bottom!row)!with!all!tower!one!data!collected!25!feet!and!lower. 
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Appendix!E:!Kriging!
 
K0-"L-+%&",-7,"/1"\8,0%$"(%**'$."1(3/2,")1-.",%"3)$",0-"'),%*',/%$"%4",0-"M3(AN#"I3/;/$;"

23%(-11-19""K0-1-"1(3/2,"(%**'$.1"'+1%"(3-',-"(%$4/.-$(-"/$,-3G'+1"43%*"3'1,-3"G'3/'$(-"

%),2),"4/+-1"'$."(3-',-"(%$,%)3"/$,-3G'+1"%4".-1/3-."&-/;0,1",%"'(,"'1"(%$4/.-$(-"G'+)-1"

%G-3+'8-."%$"-'(0"I3/;-."3'1,-3"%),2),9"

import arcgisscripting 
gp = arcgisscripting.create() 
 
# Directory that master table is saved at 
gp.workspace = "C:\sagehen_creek\sagehen_final\data" 
gp.toolbox = "management" 
 
# Make script to overwrite files 
gp.overwriteoutput = 1 
 
print "Started processing ...." 
 
## mote's IDs 
m1 = str(1)  
m2 = str(2) 
m3 = str(3) 
m4 = str(4) 
m5 = str(5) 
m6 = str(6) 
m7 = str(7) 
 
# Add field to master table 
## You may have to change master table file name here 
gp.addfield ("SWE_SD_A.dbf", "order", "long", "5") 
 
# For mote 1 "1" 
# Query with 1 and make temp table 
query1 = '"ID" =' + m1 
gp.maketableview("SWE_SD_A.dbf", "temp1.dbf", query1) 
# Copy the table view to a new table 
gp.copyrows("temp1.dbf", m1 + ".dbf") 
 
# For mote 2 "2" 
query2 = '"ID" =' + m2 
gp.maketableview("SWE_SD_A.dbf", "temp2.dbf", query2) 
gp.copyrows("temp2.dbf", m2 + ".dbf") 
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# For mote 3 "3" 
query3 = '"ID" =' + m3 
gp.maketableview("SWE_SD_A.dbf", "temp3.dbf", query3) 
gp.copyrows("temp3.dbf", m3 + ".dbf") 
 
# For mote 4 "4"   
query4 = '"ID" =' + m4 
gp.maketableview("SWE_SD_A.dbf", "temp4.dbf", query4) 
gp.copyrows("temp4.dbf", m4 + ".dbf") 
 
# For mote 5 "5" 
query5 = '"ID" =' + m5 
gp.maketableview("SWE_SD_A.dbf", "temp5.dbf", query5) 
gp.copyrows("temp5.dbf", m5 + ".dbf") 
 
# For mote 6 "6" 
query6 = '"ID" =' + m6 
gp.maketableview("SWE_SD_A.dbf", "temp6.dbf", query6) 
gp.copyrows("temp6.dbf", m6 + ".dbf") 
 
# For mote 7 "7" 
query7 = '"ID" =' + m7 
gp.maketableview("SWE_SD_A.dbf", "temp7.dbf", query7) 
gp.copyrows("temp7.dbf", m7 + ".dbf") 
 
print "Please wait ...." 
   
# Expression for copying OID to new field 
expression= "[OID]" 
 
# For mote 1 
# Copy ID 
gp.CalculateField_management(m1 + ".dbf", "order_", expression, "VB") 
 
# For mote 2 
gp.CalculateField_management(m2 + ".dbf", "order_", expression, "VB") 
 
# For mote 3 
gp.CalculateField_management(m3 + ".dbf", "order_", expression, "VB") 
 
# For mote 4 
gp.CalculateField_management(m4 + ".dbf", "order_", expression, "VB") 
 
# For mote 5 
gp.CalculateField_management(m5 + ".dbf", "order_", expression, "VB") 
 
# For mote 6 
gp.CalculateField_management(m6 + ".dbf", "order_", expression, "VB") 
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# For mote 7 
gp.CalculateField_management(m7 + ".dbf", "order_", expression, "VB") 
 
# Merge all seven tables 
gp.Merge(m1 + ".dbf;" + m2 + ".dbf;" + m3 + ".dbf;" + m4 + ".dbf;" + m5 + ".dbf;" + m6 + 
".dbf;" + m7 + ".dbf", "merged.dbf" , "order") 
 
## Set output folder for mutiple tables to be saved 
outspace = "C:\sagehen_creek\sagehen_final\Tables" 
 
print "Processing creating tables now ...." 
print "Please wait ....." 
 
#This section will export each table by each time stamp 
s = gp.GetCount_management(m1 + ".dbf") 
l = range(s) 
for n in l: 
 
    if n < 10: 
        query = '"order_" = ' + str(n) 
        gp.maketableview("merged.dbf", "temp_m.dbf", query) 
        output = outspace + "/T0" + str(n) + ".dbf" 
        gp.copyrows("temp_m.dbf", output) 
 
    else: 
        query = '"order_" = ' + str(n) 
        gp.maketableview("merged.dbf", "temp_m.dbf", query) 
        output = outspace + "/T" + str(n) + ".dbf" 
        gp.copyrows("temp_m.dbf", output) 
 
else: 
    print "Table creation is done!!" 
 
#---------------------------------------------------------------------------- 
# Now below here are the kriging steps 
 
# Check out any necessary licenses 
gp.CheckOutExtension("spatial") 
 
# Set the input workspace  
# Where the tables are saved 
## 
## Where each table is saved 
gp.workspace = "C:\sagehen_creek\sagehen_final\Tables" 
 
# Python will overwrite exsisting outputfiles 
gp.overwriteoutput = 1 
 
print "Now start kriging......." 
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# Load required toolboxes... 
gp.AddToolbox("C:/Program Files/ArcGIS/ArcToolbox/Toolboxes/Spatial Analyst Tools.tbx") 
gp.AddToolbox("C:/Program Files/ArcGIS/ArcToolbox/Toolboxes/Data Management 
Tools.tbx") 
 
# Set the output workspace, replace baip by your own username 
## 
outWorkspaceKriging = "C:\sagehen_creek\sagehen_final\Kriging" 
outWorkspaceVariance = "C:\sagehen_creek\sagehen_final\Variance" 
 
try: 
 
    # Get a list of the tables in the input folder 
    fcs = gp.ListTables() 
 
    # Loop through the list of dbf tables 
    # Do not edit this part 
    fcs.Reset() 
    fc = fcs.Next() 
 
    while fc: 
 
        print "Processing " + fc.split('.')[0] + "'s Kriging and Variance..." 
 
        # Set the output raster, such as 01_Krig 
        outRasterKrig = outWorkspaceKriging + "/K" + fc.split('.')[0]  
        outRasterVar = outWorkspaceVariance + "/V" + fc.split('.')[0]           
 
        # Set temporary layer, such as 01_layer 
        fc_layer = fc.split('.')[0] + "_layer" 
 
        # Set Spatial reference 
        Sp_Ref = 
"GEOGCS['GCS_WGS_1984',DATUM['D_WGS_1984',SPHEROID['WGS_1984',6378137.0,29
8.257223563]],PRIMEM['Greenwich',0.0],UNIT['Degree',0.0174532925199433]];IsHighPrecisio
n" 
        # Process: Make XY Event Layer... 
        gp.MakeXYEventLayer_management(fc, "LONG", "LAT", fc_layer, Sp_Ref) 
 
        # Process: Kriging... change model, size, nugget, class size, range and sill here 
        gp.Kriging_sa(fc_layer, "pd", outRasterKrig, "spherical", "0.000001", "0.4496", "2.6185", 
"16.05", "VARIABLE 3", outRasterVar) 
 
         
        fc = fcs.Next() 
 
    print "The Kriging process is successfully completed!" 
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except: 
 
    gp.AddMessage(gp.GetMessages(2)) 
    print gp.GetMessages(2) 
 
 
#---------------------------------------------------------------------------- 
# Now make 95% Confidence Interval 
 
print "Now Start making 95% Confidence Interval......" 
 
# Set the input workspace  
# where the tables are saved 
# ensure you have saved each table for each time frame 
## 
## Where Variance raster are saved 
gp.workspace = "C:\sagehen_creek\sagehen_final\Variance" 
 
# This is the temporary raster output space.  It will be erased on each loop. 
## 
## 
outWSpp = "C:\sagehen_creek\sagehen_final\Temp" 
 
# This is 95% confidence interval raster output directory 
## 
## 
out95per = "C:\sagehen_creek\sagehen_final\ConfiInter" 
 
try: 
 
    #Get a list of the tables in the input folder 
    rts = gp.ListRasters("", "GRID") 
 
    #Loop through the list of rasters 
    rts.Reset() 
    rt = rts.Next() 
 
    while rt: 
 
        print "Processing " + rt + "'s 95% confidence interval..." 
 
        # Set Output raster 
        # 
        outpp = outWSpp + "/temp" 
        out95 = out95per + "/P" + rt.split('v')[1] 
 
        # This calculates 1.96 * squareroot of Variance, 
        # which is 95% confidence interval 
        gp.SquareRoot_sa(rt, outpp) 
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        gp.times_sa(outpp, 1.96, out95) 
 
        # This deletes/cleans temporary raster output 
        gp.delete_management(outpp) 
 
        # Move on to next grid in the list 
        rt = rts.Next() 
 
    print "The 95% confidence interval process is successfully completed!" 
 
except: 
 
     gp.AddMessage(gp.GetMessages(2)) 
     print gp.GetMessages(2) 
 
 
#---------------------------------------------------------------------------- 
# Then Create Contour lines 
## 
##  Where the confidence interval raster are saved 
gp.workspace = "C:\sagehen_creek\sagehen_final\ConfiInter" 
 
# Set the output workspace, replace baip by your own username 
# This is contour line output directory 
## 
## 
outCon = "C:\sagehen_creek\sagehen_final\Contour" 
 
try: 
 
    # Get a list of the tables in the input folder 
    rts = gp.ListRasters("", "GRID") 
 
    # Loop through the list of rasters 
    rts.Reset() 
    rt = rts.Next() 
 
    while rt: 
 
        print "Processing " + rt + "'s contour lines..." 
 
        # Set Output raster 
        outContourShape = outCon + "/con" + rt.split('p')[1] 
 
        # Contour List for break points 
        ## 
        ## change range as you want 
        InContourList = "1.0; 2.0; 3.0; 4.0; 5.0" 
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        # Process contour lines 
        gp.ContourList_sa(rt, outContourShape, InContourList) 
 
 
        # Move on to next grid in the list 
        rt = rts.Next() 
 
    print "The contour line process is successfully completed!" 
 
except: 
 
     gp.AddMessage(gp.GetMessages(2)) 
     print gp.GetMessages(2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


