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1. INTRODUCTION AND PROJECT DESCRIPTION

8)#/+21%*"+.;1%#.%O5*,*%+.3%$'(TO5*,*%+51+$=%#.*)'3#.;%G'H-.%!155#2-50=%#$%"+I#.;%+.%#/&+*2%-.%
2"1%"035-)-;#*+)%*0*)1%2"5-';"%*"+.;1$%#.%21/&15+2'51%+.3%&51*#&#2+,-.A%<1*1.2%$2'3#1$%"+I1%
3-*'/1.213%*-.$#315+()1%*50-$&"15#*%*"+.;1$%+.3%+.%#.21.$#40#.;%"035-)-;#*+)%*0*)1%#.%2"1%
.-52"=%&5-I#3#.;%1I#31.*1%-4%&5-.-'.*13%R#.215%+.3%$&5#.;%R+5/#.;=%31*51+$#.;%$.-R%*-I15=%
1+5)#15%/1),.;%-4%$.-R=%&513-/#.+.2)0%.1;+,I1%;)+*#15%/+$$%(+)+.*1=%2"1%51251+2%-4%;)+*#15%
215/#.#=%+.3%#.*51+$#.;%$251+/Z-R%I+5#+(#)#20%V1A;A=%P1551n1=%12%+)A=%>???]%J"#c#1)3%+.3%8+..-.=%
>???]%Fs50%12%+)A=%>??^]%X+55+.3%+.3%P"+5&=%>?@?]%X152"#15%12%+)A=%>?@?WA%D'2'51%R+5/#.;%251.3$%
#.%.-52"15.%51;#-.$%+51%1:&1*213%2-%-**'5%+2%+%51)+,I1)0%;51+215%5+21%2"+.%/-$2%-2"15%&+52$%-4%
2"1%R-5)3%VP-)-/-.%12%+)A=%>??hW=%+.3%2"#$%#$%+%*-.*15.%4-5%4'2'51%R+215%51$-'5*1%/+.+;1/1.2%
+.3%&)+..#.;A%J#2"#.%2"1%$-'2"15.%G'H-.%!155#2-50%+.3%2"1%"1+3R+215$%-4%2"1%G'H-.%<#I15=%+%
&+5,*')+5%*-.*15.%#$%2"1%-.;-#.;%+.3%&-21.,+)%4'2'51%)-$$%-4%;)+*#15$=%+.3%2"1%1M1*2$%2"#$%/#;"2%
"+I1%-.%5#I15%3#$*"+5;1%,/#.;=%/+;.#2'31=%+.3%$1+$-.+)#20%&+[15.$A%!"1%"035-)-;#*+)%5-)1%2"+2%
;)+*#15$%&)+0%#.%2"#$%+51+%#$%*'551.2)0%'.*152+#.=%('2%#2%#$%$&1*')+213%2"+2%$'54+*1%5'.-M%45-/%
;)+*#+)%$-'5*1$%#$%+.%#/&-52+.2%*-/&-.1.2%-4%3#$*"+5;1%2"+2%*-.25#('21$%2-%#.3'$25#+)%+*,I#,1$%
$'*"%+$%"035-1)1*25#*%&-R15%;1.15+,-.=%1$&1*#+))0%3'5#.;%2"1%$'//15%/-.2"$A%!"1514-51=%#.%
-5315%2-%(1;#.%2-%+3+&2%2-%&-21.,+)%4'2'51%*)#/+,*+))0%#.3'*13%&152'5(+,-.$%-.%2"1%"035-)-;#*%
51;#/1%-4%;)+*#15#n13%(+$#.$%#.%2"1%"1+3R+215$%-4%2"1%G'H-.%<#I15=%#2%#$%#/&-52+.2%2-%"+I1%+%
2"-5-';"%'.315$2+.3#.;%-4%2"1%*'551.2%+.3%4'2'51%$2+21%-4%2"1%;)+*#15$A%O33#,-.+))0=%+%/-51%
312+#)13%'.315$2+.3#.;%-4%;)+*#+)%*-.25#(',-.$%2-%2"1%Z-R%-4%2"1%G'H-.%<#I15%#$%51i'#513A%!"#$%
*-.25#(',-.%+)$-%.113$%2-%(1%&)+*13%#.%*-.21:2%R#2"%-2"15%$-'5*1$%-4%5'.-M=%$'*"%+$%$1+$-.+)%
$.-R/1)2=%4-5%1:+/&)1A

O%)+5;1%&-5,-.%-4%2"1%G'H-.m$%&-R15%31/+.3$%+51%/12%2"5-';"%"035-1)1*25#*%;1.15+,-.%+2%
2"1%G'H-.%9.15;0%8-5&-5+,-.m$%VG98W%J"#21"-5$1%4+*#)#20=%R"#*"%/'$2%(1%+';/1.213%R#2"%
3#1$1)%&-R15%;1.15+2-5$%3'5#.;%)-RTZ-R%&15#-3$%$'*"%+$%2"1%R#.215%/-.2"$A%!-%#/&5-I1%2"1%
'.315$2+.3#.;%-4%2"1%&-21.,+)%4'2'51%"035-)-;#*+)%51$&-.$1$%2-%*)#/+21%*"+.;1%#.%2"1%G'H-.%
<#I15%"1+3R+215$=%2"#$%$2'30%R+$%'.3152+H1.%(0%2"1%7-52"15.%8)#/+21%9:8"+.;1%V789W=%-4%2"1%
G'H-.%<1$1+5*"%81.251=%G'H-.%8-))1;1=%#.%*-))+(-5+,-.%R#2"%2"1%G'H-.%E1-)-;#*+)%P'5I10%+.3%
2"1%S.#I15$#20%-4%O)(152+A%<1$')2$%R#))%+$$#$2%G98%#.%31I1)-&#.;%4'2'51%/+.+;1/1.2%&)+.$%+.3%
&-21.,+)%/#,;+,-.%$25+21;#1$=%+$%R1))%+$%"1)&%2-%#31.,40%4'2'51%51$1+5*"%&5#-5#,1$=%$-%2"+2%G98%
*+.%(1$2%+3+&2%2-%2"1%1M1*2$%-4%*)#/+21%*"+.;1A%%

1.1 OBJECTIVES

!"1%&'5&-$1%-4%2"1%$2'30%#$%2-%+$$1$$%*)#/+21T#.3'*13%*"+.;1$%2-%2"1%*-.25#(',-.%-4%;)+*#+))0%
$-'5*13%R+215$%2-%G'H-.m$%"035-1)1*25#*%&-R15%;1.15+,-.A%!"1%$&1*#\*%-(C1*,I1$%-4%2"1%&5-C1*2%
+51%2-6

i.  E1.15+21%+.%#.I1.2-50%-4%2"1%;)+*#15$%+.3%#*1%&+2*"1$%2"+2%*'551.2)0%*-.25#('21%2-%G98m$%
"035-1)1*25#*%;1.15+,-.%4+*#)#20%+2%J"#21"-5$1A

ii.  F1215/#.1%2"1%)#H1)0%#/&+*2$%-4%3#M151.2%*)#/+21T*"+.;1%$*1.+5#-$%-.%2"1%Z-R%51;#/1%
-4%;)+*#15#n13%(+$#.$%R#2"%2"1%G'H-.%<#I15%"1+3R+215$%+51+%+.3%-.%3#$*"+5;1%45-/%2"1%
G'H-.%<#I15%+2%J"#21"-5$1A

iii.  P';;1$2%51*-//1.3+,-.$%2-%G98%4-5%/#,;+,-.%-4%)#H1)0%Z-R%51;#/1%*"+.;1$=%+.3%
"#;")#;"2%H10%+51+$%4-5%+33#,-.+)%51$1+5*"%+.3t-5%/-.#2-5#.;A

f2%#$%.-213%2"+2%2"1%4-*'$%-4%2"#$%51&-52%#$%-.%2"1%*'551.2%+.3%4'2'51%5'.-M%*-.25#(',-.$%45-/%
;)+*#15$%#.%"#;"%1)1I+,-.%&+52$%-4%2"1%G'H-.%<#I15%"1+3R+215$A%O.%#.T31&2"%+$$1$$/1.2%-4%2"1%
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8-19#$&#7)<%&%-#)=>,5?#0)'5)@A,$'#-0

&-21.,+)%*"+.;1$%#.%$.-R%&5-*1$$1$%+.3%"035-)-;0%-I15%.-.T;)+*#+213%+51+$%R#2"#.%2"1%51;#-.%
R+$%.-2%#.*)'313%+$%&+52%-4%2"#$%$2'30=%('2%2"1%+.+)0$#$%&51$1.213%#.%2"#$%51&-52%"#;")#;"2$%$-/1%
H10%*"+.;1$%2-%$.-R&+*H%*-.3#,-.$%2"+2%+51%)#H1)0%2-%-**'5%#.%2"1%S&&15%G'H-.%<#I15%X+$#.=%
+)-.;%R#2"%2"1%#/&)#*+,-.$%4-5%5'.-MA%

1.2 OUTLINE OF THE REPORT       

!"1%4-))-R#.;%$1*,-.$%-4%2"#$%51&-52%31$*5#(1%2"1%R-5H%2"+2%R+$%'.3152+H1.%+$%&+52%-4%
2"#$%&5-C1*2%+.3%&51$1.2$%2"1%51$')2$%+.3%2"1#5%#.215&512+,-.%#.%-5315%2-%&5-I#31%+%(1[15%
'.315$2+.3#.;%-4%2"1%"035-)-;#*+)%5-)1%-4%;)+*#15$%#.%2"#$%51;#-.A%P1*,-.%>%31$*5#(1$%2"1%4-*+)%
+51+$%4-5%2"#$%51$1+5*"%+)-.;%R#2"%2"1%\1)3%3+2+%*-))1*,-.%*+/&+#;.%2"+2%R+$%*+55#13%-'2%-.%
$1I15+)%;)+*#15$%R#2"#.%2"1%D+.2+#)%+.3%J"1+2-.%<#I15%(+$#.$A%!"1%+.+)0$#$%-4%2"1$1%3+2+%#$%+)$-%
&51$1.213%"151=%+.3%1$,/+21$%-4%2"1%*'551.2%I-)'/1%-4%#*1%R#2"#.%2"1$1%;)+*#15$%+51%315#I13A%
P1*,-.%a%4-*'$1$%-.%2"1%;)+*#15%#.I1.2-50%R#2"#.%2"1%S&&15%G'H-.%<#I15%X+$#.%+.3%&5-I#31$%
#.4-5/+,-.%-.%2"1%*'551.2%$2+21%V$&+,+)%3#$25#(',-.=%+51+=%+.3%I-)'/1W%-4%2"1%;)+*#15$=%+)-.;%
R#2"%+.%+.+)0$#$%-4%51*1.2%-($15I13%*"+.;1$%#.%;)+*#15%+51+%+.3%I-)'/1A%!"1%"035-)-;#*+)%/-31)%
'$13%#.%2"#$%51$1+5*"%4-5%1:+/#.#.;%;)+*#15%51$&-.$1$%+.3%*"+.;#.;%Z-R%51;#/1$%#$%31$*5#(13%
#.%P1*,-.%_A%U151=%2"1%*+)#(5+,-.%+.3%I+)#3+,-.%-4%2"1%/-31)%+51%31$*5#(13=%+.3%2"1%/-31)%#$%
+&&)#13%'.315%"#$2-5#*+)%+$%R1))%+$%+%I+5#120%-4%4'2'51%*)#/+21T*"+.;1%$*1.+5#-$%2-%#.I1$,;+21%
2"1%"035-)-;#*+)%5-)1%-4%;)+*#15$%#.%2"1%(+$#.A%P1*,-.%k%&5-I#31$%51*-//1.3+,-.$%4-5%/#,;+,-.%
$25+21;#1$=%+33#,-.+)%51$1+5*"=%+.3%/-.#2-5#.;A%%%%%

2. RESEARCH SITES AND FIELD DATA COLLECTION

2.1 PHYSIOGRAPHY AND CLIMATIC SETTING 

!"#$%&5-C1*2%4-*'$13%-.%2"1%;)+*#+213%"1+3R+215%+51+$%-4%2"1%S&&15%G'H-.%<#I15%X+$#.%+(-I1%
J"#21"-5$1%VD#;'51%@WA%!"#$%51;#-.%#.*)'31$%2"1%5';;13%X-'.3+50%<+.;1$%2"+2%5#$1%+(-I1%)-R15%
&)+#.$%+.3%2"1%/-51%;1.2)0%5-))#.;%/-'.2+#.$%2-%2"1%.-52"%+.3%1+$2A%9)1I+,-.$%51+*"%C'$2%-I15%
>h??%/%-.%$-/1%-4%2"1%"#;"1$2%&1+H$=%+.3%(5-+3%'&)+.3%+51+$%+)-.;%2"1%$-'2"R1$2%(-'.3+50%-4%
2"1%(+$#.%*-.2+#.%)+5;1%#*1\1)3$%R#2"%.'/15-'$%-'2)12%I+))10%;)+*#15$%1:21.3#.;%#.%+))%3#51*,-.$A%
!"1%)+5;1$2%-4%2"1$1%#$%2"1%L'.1+'%f*1\1)3%+2%2"1%4+5%$-'2"15.%1.3%-4%2"1%(+$#.=%45-/%R"#*"%2"1%
_aa%H/2%K)1R1))0.%E)+*#15%Z-R$%.-52"R+53A%U#;"15%/-'.2+#.$%'&%2-%>?%T%a?%H/%2-%2"1%1+$2%-4%2"1%
$-'2"R1$215.%(+$#.%/+5;#.%+)$-%*-.2+#.%.'/15-'$%*#5i'1%;)+*#15$=%+.3%$/+))15%"+.;#.;%;)+*#15$%
+.3%;)+*#1512$A%!"1%2-2+)%#*1T*-I1513%+51+%R#2"#.%2"1%(+$#.%+$%-4%$'//15%>?@?%R+$%5-';")0% 
@??>%H/2.

8)#/+,*%*-.3#,-.$%I+50%$25-.;)0%-I15%2"1%(+$#.=%R#2"%+%)+5;1%$-'2"R1$2%2-%.-52"1+$2%;5+3#1.2%
#.%2-2+)%+..'+)%&51*#&#2+,-.%+.3%+%25+.$#,-.%45-/%R12%/+5#,/1%2-%35#15%*-.,.1.2+)%*-.3#,-.$A%
O..'+)%&51*#&#2+,-.%+/-'.2$%+)-.;%2"1%$-'2"R1$2%/+5;#.+)%+51+$%-4%2"1%(+$#.%+51%;51+215%2"+.%
@>k?%//=%R#2"%)+5;1%'.*152+#.20=%+.3%31*51+$1%$"+5&)0%2-%>k?%T%ahk%//%-I15%+%3#$2+.*1%-4%)1$$%
2"+.%k?%H/%VX5+(12$%12%+)A=%>???WA%!"#$%&+[15.%#$%3#51*2)0%1I#31.*13%(0%2"1%&51$1.*1%-4%)+5;1%
;)+*#15$%+.3%#*1\1)3$%#.%2"1%$-'2"R1$215.%&+52%-4%2"1%(+$#.=%+.3%2"1%)+*H%-4%;)+*#15$%+.0R"151%
1)$1=%+.3%$';;1$2$%2"+2%2"1%;51+21$2%$&1*#\*%5'.-M%V#A1A=%//%&15%'.#2%+51+W%#$%;1.15+213%"151%
#.%2"1%"#;"T1)1I+,-.=%$-'2"15.%"1+3R+215$A%!1/&15+2'51%&+[15.$%+51%*"+5+*215#n13%(0%$"-52=%
R+5/%$'//15$=%+.3%)-.;=%*-)3%R#.215$%V@_A@u8%+I15+;1%L')0%21/&15+2'51=%T@hAhu8%+I15+;1%
L+.'+50%21/&15+2'51%+2%J"#21"-5$1WA%U#;"%#.%2"1%"1+3R+215%+51+$=%#2%#$%)1$$%*)1+5%R"+2%2"1%
+..'+)%+.3%3#'5.+)%21/&15+2'51%&+[15.$%+51=%('2%2"1$1%+51%)#H1)0%2-%(1%/-51%/-315+213%(0%2"1%
#.Z'1.*1%-4%/+5#,/1%+#5%/+$$1$A%%%%
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2.2 FOCAL RESEARCH SITES

D-5%2"1%&'5&-$1$%-4%2"#$%&5-C1*2=%2R-%$/+))15%25#('2+50%5#I15$%+.3%2"1#5%35+#.+;1%(+$#.$%R151%
$1)1*213%4-5%/-51%#.T31&2"%$2'30%+.3%\1)3%$'5I10%/1+$'51/1.2A%!"1$1%#.*)'31%2"1%J"1+2-.%
+.3%D+.2+#)%<#I15%(+$#.$%VD#;'51$%@=%>%+.3%aW=%R"#*"%+51%$#2'+213%R#2"#.%3#M151.2%*)#/+,*%$1r.;$%

Figure 1. M$D("3(%+&(GDD&.(A-B"*(0)9&.(,$2)*($7"9&(W+)%&+".2&(X'&*"%&'(7/('$2+&'(
!)*&YC(2+":)*1(!"#$4"*("3(%+&(U$*%$)!($*'(W+&$%"*(0)9&.(7$2)*2C($*'(%+&(!"#$4"*($*'(
&@%&*%("3(1!$#)&.2(:)%+)*(%+&(7$2)*()*(KZJZ;(H."22('.$)*$1&($.&$("3(%+&(7$2)*()2( 
J[(\ZZ(B62 $##".')*1(%"(%+&(W$%&.(F-.9&/("3(5$*$'$(XWF5Y;(XH!$#)&.2("-%2)'&("3(%+&(
7$2)*($.&(*"%(2+":*Y;
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+.3%"+I1%3#M151.2%+/-'.2$%-4%;)+*#15%*-I15+;1A%!"1$1%4-*+)%(+$#.$%+.3%2"1%;)+*#15$%R#2"#.%
2"1/%R151%$1)1*213%(+$13%-.%$1I15+)%3#M151.2%*5#215#+=%#.*)'3#.;6%@W%2"1%;)+*#15$%-4%D+.2+#)%
X+$#.%+51%51&51$1.2+,I1%-4%2"-$1%#.%$'55-'.3#.;%+51+$=%+.3%2"1%(+$#.%#.*)'31$%+%R#31%5+.;1%-4%
#.3#I#3'+)%;)+*#15%$#n1$]%>W%J"1+2-.%E)+*#15%"+$%+%"#$2-50%-4%&51I#-'$%51$1+5*"=%R"#*"%#.*51+$1$%
2"1%H.-R)13;1%I+)'1%-4%2"1%*-))1*213%3+2+]%+.3%aW%(-2"%R+215$"13$%"+I1%1#2"15%"#$2-5#*+)%-5%
-.;-#.;%"035-/125#*%Z-R%51*-53$A%!"1$1%*5#215#+%R151%*"-$1.%4-5%2"1%&'5&-$1%-4%/1+$'5#.;%
+%51&51$1.2+,I1%$+/&)1%-4%;)+*#15$%-I15%2"1#5%$#n1%*)+$$%3#$25#(',-.%#.%-5315%2-%31215/#.1%
&+5+/1215$%4-5%+%I-)'/1T+51+%VbOW%$*+)#.;%51)+,-.$"#&%V$11%P1*,-.%>A_W=%+.3%2-%)+215%(1%+()1%
2-%'$1%*-))1*213%#.4-5/+,-.%+$%&+52%-4%2"1%*+)#(5+,-.%+.3%I+)#3+,-.%&5-*1$$%-4%+%"035-)-;#*+)%
/-31)A%f.#,+)%\1)3%&)+.$%4-5%2"#$%&5-C1*2%#.*)'313%4-*'$#.;%-.%2"1%K)1R1))0.%E)+*#15%#.%+33#,-.%2-%
2"1$1%-2"15%$#21$=%('2%)-;#$,*+)%+.3%*-$2%*-.$25+#.2$%)#/#213%2"#$%-&,-.A%f2%R+$%#.$21+3%31*#313%2-%
4-*'$%-.%2"1%-2"15%+51+$%2-%(1$2%-&,/#n1%-'5%1M-52$%4-5%+%$#.;)1%$1+$-.A%%%

F#$*"+5;1%/1+$'51/1.2$%-4%2"1%J"1+2-.%<#I15%"+I1%(11.%*+55#13%-'2%(0%2"1%J+215%P'5I10%-4%
8+.+3+%VJP8W%$#.*1%@^kk%+.3%+51%*'551.2)0%-.;-#.;A%!"1%(+$#.%+$%+%R"-)1%&51$1.2)0%*-.2+#.$% 
gk%H/2%-4%;)+*#15%#*1%V)1$$%2"+.%@j%-4%2-2+)%(+$#.%+51+W=%R#2"%2"1%@A_%H/2%J"1+2-.%E)+*#15%
+**-'.,.;%4-5%-I15%a?j%-4%;)+*#15%+51+A%F1$&#21%2"1%)-R%45+*,-.+)%#*1%*-I15+;1%#.%2"#$%(+$#.=%
#2%51/+#.$%I+)'+()1%+$%+%51$1+5*"%$#21%4-5%1:+/#.#.;%;)+*#+)%*-.25#(',-.$%#.%$&+5$1)0%;)+*#+213%
&+52$%-4%2"1%G'H-.%<#I15%"1+3R+215$=%(1*+'$1%2"1%5'.-M%45-/%2"#$%(+$#.%*+.%(1%'$13%2-R+53%
"035-)-;#*+)%/-31)%*+)#(5+,-.%+.3%1I+)'+,-.A%!"1%D+.2+#)%<#I15%X+$#.%*-.2+#.$%5-';")0%@?h%
H/2%-4%;)+*#+213%+51+%Vg@kj%-4%2-2+)%(+$#.%+51+W=%+.3%#.*)'31$%+%.'/(15%-4%#.3#I#3'+)%;)+*#15$%
$&+..#.;%+%R#31%5+.;1%#.%+51+%2"+2%+51%51&51$1.2+,I1%-4%/-$2%;)+*#15$%#.%2"1%$-'2"15.%G'H-.%

Figure 2. M$D("3(%+&(W+&$%"*(0)9&.(,$2)*()*(2"-%+&.*(A-B"*(Q&..)%"./;(L*2&%(6$D(
2+":2($(6".&('&%$)!&'('&D)#4"*("3(%+&(&@%&*%("3(%+&(W+&$%"*(H!$#)&.($*'("%+&.(
*&$.7/(26$!!(1!$#)&.2;(H."22('.$)*$1&($.&$("3(%+&(7$2)*()2(]\O(B62($##".')*1(%"(WF5;



534567859'1:;<=68'.>17=9?8

B#0#,-$>)*'&#0),57)<'#A7):,&,)=1AA#$&'15

<#I15%X+$#.A%JP8%5#I15%3#$*"+5;1%/1+$'51/1.2$%+51%-.)0%+I+#)+()1%4-5%D+.2+#)%<#I15%4-5%2"1%&15#-3%
@^kd%T%@^^a=%('2%2"#$%"#$2-5#*+)%3+2+%$,))%+))-R$%4-5%"035-)-;#*+)%/-31)%31I1)-&/1.2%+.3%21$,.;%
to be carried out.

Figure 3. M$D("3(%+&(U$*%$)!(0)9&.(,$2)*()*(*".%+&.*(,.)42+(5"!-67)$;(Q"D"1.$D+)#(
)#&S^":(')9)'&2($.&()*')#$%&'(%"(')24*1-)2+()*')9)'-$!(1!$#)&.2(7$2&'("*(%+&).(^":(
'.$)*$1&;(H_JC(H_K($*'(H_I(.&3&.(%"(2D&#)`#(1!$#)&.2(2&!&#%&'(3".(`&!'(2-.9&/2;(H."22(
'.$)*$1&($.&$("3(%+&(7$2)*()2(aJa(B62 $##".')*1(%"(WF5;



6 34567859'1:;<=68'.>17=9?8

8-19#$&#7)<%&%-#)=>,5?#0)'5)@A,$'#-0

2.3 FIELD DATA COLLECTION AND ANALYSIS

f.%O';'$2%>?@@=%\1)3T(+$13%$'5I10$%-4%#*1%2"#*H.1$$%+.3%;)+*#15%/+5;#.%&-$#,-.%R151%*+55#13%
-'2%2-%1$,/+21%*'551.2%;)+*#15%I-)'/1%+.3%i'+.,\*+,-.%-4%155-5$%+$$-*#+213%R#2"%#*1T/+5;#.%
31)#.1+,-.A%!"1%;)+*#15$%$1)1*213%4-5%2"1$1%$'5I10$%#.*)'313%2"1%J"1+2-.%E)+*#15%+.3%$1I15+)%
;)+*#15$%R#2"#.%2"1%D+.2+#)%<#I15%X+$#.%V51415513%2-%+$%EK@=%EK>%+.3%EKaW=%R"#*"%+51%#.3#*+213%#.%
D#;'51$%>%+.3%aA%!"1$1%;)+*#15$%R151%$1)1*213%4-5%+**1$$#(#)#20%+.3%51&51$1.2+,I1.1$$%-I15%2"1%
5+.;1%-4%;)+*#15%$#n1$%-($15I13%#.%2"1%51;#-.=%R"#)1%$&1*#\*%$'5I10%25+.$1*2$%+*5-$$%2"1%;)+*#15%
$'54+*1$%R151%$1)1*213%2-%(1$2%51&51$1.2%2"1#5%)-.;#2'3#.+)%+.3t-5%*5-$$T$1*,-.+)%&5-\)1$%;#I1.%
*-.$25+#.2$%-.%;)+*#15%25+I1)%3'1%2-%#*1%$'54+*1%*-.3#,-.$%V1A;A=%*51I+$$1$=%$211&%$)-&1$W=%R1+2"15%
+.3%,/1A%D#;'51%_%#))'$25+21$%2"1%)-*+,-.%-4%2"1%25+.$1*2$%2"+2%R151%$'5I1013%(0%2"1%\1)3%
51$1+5*"%21+/A%f*1T/+5;#.%&-$#,-.$%R151%+)$-%$'5I1013%'$#.;%"+.3T"1)3%EBP%'.#2$%R"151I15%
&-$$#()1%.1+5%2"1%)-*+,-.$%-4%$'5I10%$2+52%+.3%1.3%&-#.2$A%!"1%\1)3%21+/%R+$%$'&&-5213%(0%
"1)#*-&215%+.3%Z-R.%45-/%1#2"15%O2)#.=%X8=%-5%J"#21"-5$1=%G!=%#.%-5315%2-%51+*"%2"1%I+5#-'$%
)-*+,-.$%+*5-$$%1+*"%-4%2"1$1%;)+*#15$%+.3%25+.$&-52%2"1%$'5I10%1i'#&/1.2%+.3%-2"15%;1+5%
.11313%4-5%2"#$%R-5H%V$11%D#;'51$%@%T%kWA

Figure 4. _"#$4"*2("3(.$'$.(D."`!&(2-.9&/2($#."22(%+&(2&!&#%&'(1!$#)&.2()*(%+)2(
2%-'/b($Y(!$.1&(1!$#)&.2(XH_KC(H_IY(:)%+)*(%+&(U$*%$)!(,$2)*8(7Y(W+&$%"*(H!$#)&.8(
$*'(#Y(26$!!&.(1!$#)&.(XH_JY(:)%+)*(%+&(U$*%$)!(,$2)*;(,$2&6$D2($.&(F<cQ(d(
D$*#+."6$4#()6$1&2($#e-).&'()*(KZZ\($*'(KZJZ;
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B#0#,-$>)*'&#0),57)<'#A7):,&,)=1AA#$&'15

f*1%2"#*H.1$$%I+)'1$%R151%31215/#.13%'$#.;%+%X)'1%P0$21/$%f.21;5+,-.%k%eUn%5+3+5%$0$21/%V$11%
e#.;-%+.3%D)-R15$=%>?@?WA%!"1%$0$21/%'$1$%+%7+5-3%+.3%8)+5H1%V@^^_W%#/&')$1%5+3+5%25+.$/#[15%
('#)2%(0%f*1\1)3%!--)$=%J"#21"-5$1=%G!%VP&1*#\*+,-.$6%@T>??%e"n%(+.3R#32"]%>_%HJ%&1+H%&-R15]%
@Ad%Hb%#.2-%k?%Q"/$]%5#$1%,/1%v>%.$]%51&1,,-.%5+21%k@>%UnWA%!"1%25+.$/#r.;%+.21..+%R+$%+%
2'.13T#/&13+.*1%3#&-)1%-4%)1.;2"%>?%/A%O%"+)4T3#&-)1%V@?%/W%51*1#I#.;%+.21..+%R+$%*-..1*213%
2-%+%B#*-%e-31)%_>>h%@>T(#2%O.+)-;T2-TF#;#2+)%8-.I15215%V$+/&)#.;%5+216%>k?ePt$W=%R"#*"%$1.2%
3#;#,n13%R+I14-5/$%2-%+.%f.21)%O2-/T(+$13%@Ad%EUn%1/(13313%&5-*1$$#.;%*-.25-))15%4-5%$2-5+;1A%
9+*"%51*-313%25+*1%R+I14-5/%#$%+%l$2+*H13m%+I15+;1%-4%@??%#.3#I#3'+)%512'5.$]%2"#$%$2+*H#.;%
#/&5-I13%2"1%$#;.+)T2-T.-#$1%5+,-%(0%+%4+*2-5%-4%@?A%!"1%)-*+,-.%+.3%*-551$&-.3#.;%#*1T$'54+*1%
1)1I+,-.%-4%1+*"%$2+*H13%R+I14-5/%R+$%51*-5313%'$#.;%+%E+5/#.%EBP%@`:%51*1#I15A%O**'5+*0%4-5%
2"1$1%51*1#I15$%#$%20&#*+))0%(1[15%2"+.%a%/%'$#.;%JOOP%VJ#31%O51+%O';/1.2+,-.%P0$21/W%+.3%
(1[15%2"+.%@k%/%-2"15R#$1%V^kj%&5-(+(#)#20WA%!"1$1%+**'5+*#1$%+51%+($-)'21]%51)+,I1%&-$#,-.+)%
+**'5+*#1$%V1A;A=%(12R11.%#*1%2"#*H.1$$%/1+$'51/1.2$%+)-.;%+%$'5I10%25+.$1*2W%+51%(1[15%$,))A%

f*1%2"#*H.1$$%I+)'1$%R151%31215/#.13%'$#.;%XPfm$%f*1<+3+5O.+)0n15%$-YR+51%Vb15$#-.$%aA@%+.3%
_A?W%45-/%2"1%,/1%3#M151.*1%!" = tKS:$/ + tair (12R11.%V@W%2"1%+55#I+)%-4%2"1%3#51*2%+#5R+I1%tair 
+.3%V>W%2"1%2R-TR+0%25+I1)%,/1%tKS:$/ -4%2"1%R+I1%51Z1*213%-M%-4%2"1%(13A%O$$'/#.;%2"+2%2"1%
51Z1*,-.%#$%)-*+213%+2%+%&-#.2%/#3R+0%(12R11.%2"1%2R-%+.21..+1m$%*1.251$=%2"1%#*1%2"#*H.1$$%d 
#$%51)+213%2-%2"1%,/1%3#M151.*1%+$6%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

V>A@W! " #$%&'() *+, - .
%/&0

12
)
3 4)5

6
7!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

Figure 5. Q+&(2/2%&6($*'()%2($22"#)$%&'(+$.':$.&(#"6D"*&*%2(:&.&(6"-*%&'("*(2B)2(:)%+(
^&@)7!&(D!$24#(%-7)*1(D."%&#4*1(%+&($*%&**$&C($*'(%+&(&*4.&(2/2%&6(:$2(D-!!&'("*(3""%($*'(
1-)'&'("9&.(%+&(1!$#)&.(2-.3$#&(7/(%+&(`&!'(.&2&$.#+(%&$6;(Q+&(D+"%"2(2+":(%+&(2&%-D($*'(
'&D!"/6&*%("3(%+&(.$'$.(2/2%&6("*(1!$#)&.2(:)%+)*(U$*%$)!(,$2)*b($Y(#"**&#4*1(D!$24#(%-7)*1(%"(
2%$7)!)T&($*'(2&#-.&($*%&**$&(3".(%.$9&!("9&.(%+&(#"6D!&@()#&(2-.3$#&8(7Y(%":)*1(%+&(.$'$.(-*)%(
"9&.(%+&(1!$#)&.(2-.3$#&;
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8-19#$&#7)<%&%-#)=>,5?#0)'5)@A,$'#-0                     
                                                      
U151%a w%a?%/%#$%2"1%*1.251T2-T*1.251%+.21..+%3#$2+.*1=%vair%w%a??%/tx$%#$%2"1%R+I1%&5-&+;+,-.%
speed in air, and vice%w%@d`%/tx$%#$%2"1%R+I1%&5-&+;+,-.%$&113%#.%#*1A%!"1%+#5R+I1%"+$%+%
*"+5+*215#$,*%&-$#,I1T%.1;+,I1T&-$#,I1%$#;.+2'51%#.%2"1%5+3+5%R+I14-5/]%t

air
 is selected as the 

5#$#.;%)#/(%-4%2"1%\5$2%&-$#,I1%1:*'5$#-.A%!"1%(13%51Z1*,-.%"+$%+%$#/#)+5%&-$#,I1T.1;+,I1T
&-$#,I1%$#;.+2'51]%*-551$&-.3#.;)0=%2"1%2R-TR+0%25+I1)%,/1%tKS:$/%#$%$1)1*213%+$%2"1%5#$#.;%)#/(%-4%
2"1%\5$2%&-$#,I1%1:*'5$#-.%-4%2"#$%41+2'51%#.%2"1%R+I14-5/%V1A;A=%$11%U'((+53%+.3%E)+$$15=%>??kWA%
O)2"-';"%2"1%(13%51Z1*,-.%#$%*)1+5%+.3%3#$,.*2%#.%/+.0%-4%2"1%5+3+5%R+I14-5/$=%#.%-2"15$%#2%#$%
R1+H%+.3t-5%-($*'513%(0%.-#$1A%f.%2"1$1%*+$1$=%2"1%(13%R+I14-5/%R+$%(+.3T&+$$%\)21513%V2-%
1)#/#.+21%.-#$1W%+.3%+.%1:&-.1.,+)%;+#.%R+$%+&&)#13%V2-%*-'.215+*2%2"1%+[1.'+,-.%-4%2"1%$#;.+)%
R#2"%#.*51+$#.;%(13%31&2"WA%f.%31215/#.#.;%#*1%2"#*H.1$$%I+)'1$=%-.)0%2"-$1%25+*1$%4-5%R"#*"%V@W%+%
3#$,.*2%(13%512'5.%*-')3%(1%#31.,\13%+.3%V>W%+%;--3%EBP%)-*+,-.%R+$%-(2+#.13%R151%'$13A%

B5-*1$$13%5+3+5%R+I14-5/%3+2+%R151%#/&-5213%#.2-%9P<fy%O5*e+&TM%^Aa%;1-;5+&"#*%#.4-5/+,-.%
$0$21/$%VEfPW%$-YR+51%+$%aT3#/1.$#-.+)%&-#.2%3+2+%V1+$,.;=%.-52"#.;=%#*1%2"#*H.1$$W%4-5%4'52"15%
+.+)0$#$%+.3%1$,/+,-.%-4%2-2+)%;)+*#15%I-)'/1%VD#;'51%dWA%!-2+)%I-)'/1%1$,/+21$%R151%/+31%
(0%*51+,.;%#*1%2"#*H.1$$%*-.2-'5$%'$#.;%/+.'+)%-.T$*511.%3#;#,n+,-.%21*".#i'1$%(+$13%-.%2"1%
#/&-5213%#*1%2"#*H.1$$%3+2+A%O))%;)+*#15%/+5;#.$%R151%+$$#;.13%+%2"#*H.1$$%-4%?%/A%D-5%$211&=%
#.+**1$$#()1%+51+$=%-5%&+52$%-4%2"1%'&&15%;)+*#15%+**'/')+,-.%n-.1$%2"+2%*-')3%.-2%(1%51+*"13%
4-5%/1+$'51/1.2%3'5#.;%2"1%\1)3%*+/&+#;.=%2"1%$"+))-R%#*1%+&&5-:#/+,-.%R+$%'$13%2-%315#I1%
)-*+)%1$,/+21$%-4%#*1%2"#*H.1$$A%!"#$%R+$%+**-/&)#$"13%(0%1/&)-0#.;%+%5+$215%51&51$1.2+,-.%-4%
2"1%)-*+)%#*1%$'54+*1%$)-&1%315#I13%45-/%+%3#;#2+)%1)1I+,-.%/-31)%VF9eW%+.3%'$#.;%2"1%4-))-R#.;%
1i'+,-.%2-%1$,/+21%)-*+)%#*1%2"#*H.1$$6

U151=%H is ice thickness, z is the basal shear stress, {%#$%2"1%31.$#20%-4%#*1%V^??%H;t/aW=%g is the 
+**1)15+,-.%3'1%2-%;5+I#20%V^A`%/t$2W=%+.3%|%#$%2"1%)-*+)%$'54+*1%$)-&1A%O%*-.$2+.2%$"1+5%$251$$%
-4%@%(+5%V@?5%B+W%R+$%+$$'/13A%Q.*1%2"1%#*1%2"#*H.1$$%*-.2-'5$%R151%*51+213=%+.%#.I15$1%
3#$2+.*1%R1#;",.;%#.215&-)+,-.%&5-*13'51%R+$%+&&)#13%2-%;1.15+21%+%5+$215%51&51$1.2+,-.%-4%
2"1%)-*+)%#*1%2"#*H.1$$%+*5-$$%1+*"%-4%2"1%#.3#I#3'+)%;)+*#15$A%D#;'51%h%31&#*2$%+.%1:+/&)1%-4%2"#$%
#.215&-)+,-.%4-5%EK>=%R"#*"%"1)&$%2-%#))'$25+21%2"1%I+5#+,-.%#.%;)+*#15%31&2"%-I15%3#M151.2%&+52$%
-4%2"1%;)+*#15=%+.3%2"1%#//1.$1%2"#*H.1$$%#.%$-/1%+51+$%V1A;A=%R"151%2"1%2R-%25#('2+50%+5/$%-4%
2"1%;)+*#15%/15;1=%+.3%#.%2"1%51)+,I1)0%Z+2%'&&15%&)+21+'%+51+WA%!"151%#$%"#;"%*-.\31.*1%#.%2"1%
#*1%2"#*H.1$$%1$,/+21$%#.%)-*+,-.$%R"151%$'5I10%/1+$'51/1.2$%R151%-(2+#.13=%('2%2"1%)-*+)%
2"#*H.1$$%I+)'1$%#.%2"1%'&&15%+**'/')+,-.%n-.1%+.3%-I15%$211&=%*51I+$$13=%+.3%#.+**1$$#()1%
&+52$%-4%2"1%;)+*#15=%#$%)1$$%*152+#.A%U-R1I15=%2"#$%#$%.-2%)#H1)0%2-%"+I1%+%/+C-5%1M1*2%-.%2"1%
-I15+))%155-5%-4%2-2+)%I-)'/1%1$,/+21$%+$%2"1%$'5I10$%3#3%*+&2'51%+%)+5;1%+.3%51&51$1.2+,I1%
+51+%-4%1+*"%;)+*#15A%D'52"15/-51=%2"1%*-.3#,-.%-4%;)+*#15%2"#*H.1$$%1i'+)%2-%?%/%+2%2"1%/+5;#.$%
*-.$25+#.13%)-*+)%2"#*H.1$$%1$,/+21$=%+.3%2"1%$"+))-R%#*1%+&&5-:#/+,-.%&5-3'*13%I+)'1$%2"+2%
*-551$&-.313%51+$-.+()0%R1))%R#2"%/1+$'51/1.2$%#.%)-*+,-.$%R"151%2"10%R151%+I+#)+()1A%
D'2'51%R-5H%R#))%"1)&%I15#40%2"1%2"#*H.1$$%1$,/+21$%#.%2"1%'&&15%+**'/')+,-.%n-.1%-4%1+*"%
glacier.

9$,/+21$%-4%2"1%2-2+)%I-)'/1%R#2"#.%1+*"%-4%2"1%$'5I1013%;)+*#15$%R151%/+31%(0%*+)*')+,.;%
2"1%+I15+;1%I+)'1%-4%2"1%#*1%2"#*H.1$$%5+$215%;5#3%-I15%2"1%+51+)%1:21.2%-4%1+*"%;)+*#15%'$#.;%
ArcMapTM%^AaA%f.%2"#$%R+0=%+51+$%-'2$#31%-4%2"1%;)+*#15%l&-)0;-.m=%+.3%&+52$%-4%-2"15%;)+*#15$%
Z-R#.;%-'2R+53%45-/%*1.25+)%#*1\1)3%Z-R%3#I#31$%R151%1:*)'313A%!"1%2-2+)%I-)'/1%R+$%2"1.%
31215/#.13%+$%2"1%&5-3'*2%-4%2"1%;)+*#15%$'54+*1%+51+%+.3%2"1%+I15+;1%2"#*H.1$$A%!+()1%@%
&51$1.2$%2"1%$'//+50%51$')2$%2"+2%R151%-(2+#.13%45-/%2"#$%+.+)0$#$A

! " #
$%!"#&! V>A>W
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B#0#,-$>)*'&#0),57)<'#A7):,&,)=1AA#$&'15

Figure 6. aTF#/1.$#-.+)%
51&51$1.2+,-.%-4%
&5-*1$$13%5+3+5%R+I14-5/%
3+2+=%$"-R#.;%;)+*#15%
$'54+*1%1)1I+,-.=%(13%
1)1I+,-.%+.3%#*1%2"#*H.1$$%
+)-.;%$'5I10%25+.$1*2$%4-5%
EK@%#.%D+.2+#)%X+$#.A

Figure 7. L#&(
thickness 

)*%&.D"!$4"*("3(H_K(
:)%+)*(%+&(U$*%$)!(
,$2)*;(F-.3$#&(
&!&9$4"*(#"*%"-.(
!)*&2($.&(2+":*($%($(
JZZ(6()*%&.9$!;
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CDE)@/3=6!B)FG/HI!J3B!3)*=3/6K@)3K3/L*6*

B+52%-4%2"1%5+,-.+)1%4-5%$1)1*,.;%2"1$1%&+5,*')+5%;)+*#15$%4-5%\1)3%$'5I10$%R+$%2-%-(2+#.%I-)'/1%
1$,/+21$%-I15%+%5+.;1%-4%;)+*#15%$#n1$%2"+2%+51%51&51$1.2+,I1%-4%2"1%;)+*#15$%#.%2"#$%51;#-.A%e+.0%
$2'3#1$%"+I1%$"-R.=%(-2"%2"5-';"%1/&#5#*+)%51$')2$%+.3%(+$13%-.%&"0$#*+)%*-.$#315+,-.$%V8"1.%
+.3%Q"/'5+=%@^^?]%X+"5%12%+)A=%@^^hW=%2"+2%;)+*#15%I-)'/1%*+.%(1%51)+213%2-%$'54+*1%+51+%2"5-';"%
+%&-R15%)+R%+$%4-))-R$6

R"151%N%#$%;)+*#15%I-)'/1%V'.#2$6%@?d%/aW=%E%#$%;)+*#15%$'54+*1%+51+%V'.#2$6%@?d%/2%-5%1i'#I+)1.2)0=%
H/2W=%+.3%cZ and cJ%+51%$*+)#.;%*-1p*#1.2$A%X+$13%-.%+%$+/&)1%-4%;)+*#15$%45-/%+*5-$$%2"1%;)-(1=%
8"1.%+.3%Q"/'5+%V@^^?W%4-'.3%I+)'1$%-4%2"1$1%*-1p*#1.2$%-4%cZ = 28.5 and cJ%w%@Aad=%R"#)1%X+"5%
12%+)A=%V@^^hW%315#I13%$#/#)+5%I+)'1$%4-5%2"1$1%*-1p*#1.2$%(+$13%-.%&"0$#*+)%&5#.*#&)1$%-4%;)+*#15%
Z-R%30.+/#*$A%!"1514-51=%2"1%&'5&-$1%-4%2"1%I-)'/1%1$,/+21$%-(2+#.13%#.%2"#$%$2'30%R+$%2-%
31215/#.1%#4%/1+$'513%;)+*#15%I-)'/1%+.3%+51+%*-')3%\2%$'*"%+%51)+,-.$"#&=%+.3%#4%$-=%R"+2%2"1%
I+)'1$%-4%2"1%$*+)#.;%&+5+/1215$%$"-')3%(1A%!"1%51)+,-.$"#&%*-')3%2"1.%(1%/-51%51)#+()0%'$13%2-%
$*+)1%'&%2"1%51$')2$%45-/%2"1%$+/&)1%-4%;)+*#15$%$2'3#13%#.%D+.2+#)%+.3%J"1+2-.%<#I15%(+$#.$=%2-%
2"1%1.,51%S&&15%G'H-.%<#I15%X+$#.%2-%/+H1%+.%1$,/+21%-4%2"1%*'551.2%2-2+)%I-)'/1%-4%;)+*#15%#*1%
storage. 

D#;'51%`%$"-R$%+%&)-2%-4%2"1%I-)'/1%I$A%$'54+*1%+51+%-4%2"1%;)+*#15$%$2'3#13%+$%&+52%-4%2"#$%
&5-C1*2=%+.3%#.*)'31$%2"1%$*+)#.;%51)+,-.$"#&%(+$13%-.%cZ = 28.5 and cJ%w%@Aad%4-5%514151.*1A%
!"1%51$')2$%*-.4-5/%R1))%2-%+%&-R15%$*+)#.;%)+R%+.3%+&&1+5%2-%\2%51+$-.+()0%R1))%2-%2"1%;)-(+)%
$*+)#.;%51)+,-.$"#&A%O%(1$2%\2%)#.1%2-%2"1$1%&-#.2$%#.%2"1%)-;T$*+)1%&)-2%-4%I-)'/1%I$A%+51+%;#I1$%
&+5+/1215$%-4%cZ%w%a@A^%+.3%cJ%w%@Aa`%4-5%2"1%$+/&)1%-4%;)+*#15$%+.+)0n13%"151A%!"1%&+5+/1215$%
-(2+#.13%"151%;#I1%$)#;"2)0%;51+215%I-)'/1%1$,/+21$%2"+.%2"-$1%-4%2"1%;)-(+)%51)+,-.$"#&=%
R"#*"%/+0%(1%3'1%2-%51;#-.+)%(135-*H%;1-)-;0=%&+5,*')+5%*)#/+,*%+.3%;)+*#-)-;#*+)%*-.3#,-.$=%
+/-.;%-2"15%4+*2-5$A%f2%+)$-%/+0%(1%2"+2%2"151%#$%$-/1%155-5%#.%2"1%-(2+#.13%I+)'1$%45-/%2"1%
+.+)0$#$%V31$*5#(13%#.%2"1%&51I#-'$%$1*,-.W=%-5%3'1%2-%2"1%)#/#213%$#n1%-4%2"1%+51+%$2'3#13%4-5%2"#$%
#.I1$,;+,-.A%f.%2"1%4'2'51=%#2%R-')3%(1%(1.1\*#+)%2-%#.*)'31%/1+$'51/1.2$%45-/%+%)+5;15%;)+*#15%
$'*"%+$%2"1%K)1R1))0.%E)+*#15%V_aa%H/2W%#.%-5315%2-%1:21.3%2"1%3+2+$12%-I15%+%;51+215%5+.;1%-4%
;)+*#15%$#n1$A

! " #$%&'!!!!!!!!!!!!!!!!!!!!!!!!!!!! V>AaW

Table 1. P'//+50%51$')2$%-4%;)+*#15%2"#*H.1$$%+.3%I-)'/1%(+$13%-.%\1)3%/1+$'51/1.2$%+.3%EfP%
#.215&-)+,-.%+.+)0$#$A

Glacier Surface Area 
(km2)

Average Estimated 
Thickness (m)

Maximum 
Measured 

Thickness (m)

Estimated Ice 
Volume (106 m3)

GL1 2.38 33.5 84.4 79.7
GL2 45.6 135.9 515.2 6191
GL3 9.49 83.1 252.2 789
Wheaton 1.45 44.4 156.4 64.4
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3. GLACIER INVENTORY AND RECENT GLACIER CHANGES

Q.1%-4%2"1%-(C1*,I1$%-4%2"#$%$2'30%#$%2-%;1.15+21%+%*'551.2%#.I1.2-50%-4%2"1%+51+)%1:21.2%+.3%
3#$25#(',-.%-4%;)+*#15$%R#2"#.%2"1%S&&15%G'H-.%<#I15%X+$#.=%+)-.;%R#2"%2"1%+/-'.2%-4%#*1%
&51$1.2)0%$2-513%#.%2"1$1%;)+*#15$A%!"#$%R+$%3-.1%(+$13%-.%+.%+.+)0$#$%-4%51/-21)0%$1.$13%
#/+;150%'$#.;%EfP%V;1-;5+&"#*%#.4-5/+,-.%$0$21/$W%$-YR+51=%R"151%$+21))#21%#/+;1$%+.3%+15#+)%
&"-2-;5+&"0%45-/%3#M151.2%,/1%&15#-3$%R151%'$13%2-%31\.1%2"1%;)+*#15%/+5;#.$%+.3%i'+.,40%
51*1.2%*"+.;1$%#.%215/#.'$%&-$#,-.%+.3%;)+*#15%+51+A%!"1%&51$1.2%I-)'/1%-4%#*1%R+$%1$,/+213%
(0%+&&)0#.;%2"1%I-)'/1T+51+%$*+)#.;%51)+,-.$"#&%+.3%&+5+/1215$%315#I13%45-/%-'5%\1)3%
/1+$'51/1.2$A%

3.1 METHODS  

@ABAB'C4D5E8F'4G'H=6=

<1/-21)0%$1.$13%#/+;150%45-/%$1I15+)%3#M151.2%,/1%&15#-3$%R+$%'$13%2-%;1.15+21%2"1%;)+*#15%
#.I1.2-50%+.3%+$$1$$%51*1.2%"#$2-5#*+)%*"+.;1$%#.%;)+*#15%1:21.2A%E)+*#15%1:21.2%#.%>?@?%R+$%
(+$13%-.%+.%+.+)0$#$%-4%PBQ!%_tk%-52"-51*,\13%#/+;150%2"+2%R+$%-(2+#.13%2"5-';"%2"1%E1-(+$1%
R1($#21%V"[&6ttRRRA;1-(+$1A*+WA%E1-X+$1%#$%+%41315+)=%&5-I#.*#+)%+.3%2155#2-5#+)%;-I15./1.2%
#.#,+,I1%2"+2%#$%-I15$11.%(0%2"1%8+.+3#+.%8-'.*#)%-.%E1-/+,*$A%f2%#$%'.3152+H1.%2-%1.$'51%2"1%
&5-I#$#-.%-4=%+.3%+**1$$%2-=%+%*-//-.=%'&T2-T3+21%+.3%/+#.2+#.13%(+$1%-4%i'+)#20%;1-$&+,+)%
3+2+%4-5%+))%-4%8+.+3+A%!"5-';"%2"#$%&-52+)=%'$15$%"+I1%+**1$$%2-%i'+)#20%;1-$&+,+)%#.4-5/+,-.%
+2%.-%*-$2%+.3%R#2"%'.51$25#*213%'$1A%X-2"%&+.*"5-/+,*%V@?%/%51$-)',-.W%+.3%/'),$&1*25+)%
V>?%/%51$-)',-.W%PBQ!%#/+;150%-I15%2"#$%51;#-.%R151%-(2+#.13%2-%(1%+()1%2-%*)1+5)0%#31.,40%+.3%
3#$,.;'#$"%$.-R%+.3%#*1%$'54+*1$%45-/%+3C+*1.2%2155+#.A%!"1%3+2+%R151%-(2+#.13%#.%2"1%S.#I15$+)%
!5+.$I15$1%e15*+2-5%&5-C1*,-.%#.%514151.*1%2-%2"1%7-52"%O/15#*+.%F+2'/%@^`aA%!"1%&-$#,-.+)%

y = 31.891 x1.3848

R ² = 0.9924
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Figure 8. 5"6D$.)2"*("3(1!$#)&.($.&$($*'(9"!-6&(6&$2-.&6&*%2C($!"*1(:)%+($(D!"%("3(%+&(NE(
2#$!)*1(.&!$4"*2+)D('&.)9&'(3."6($(1!"7$!(2&%("3(1!$#)&.2(3."6(%+&(2%-'/("3(5+&*($*'(c+6-.$(
XJ[[ZY;
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+**'5+*0%-4%2"#$%&5-3'*2%#$%$2+213%2-%(1%a?%/%-5%(1[15%R#2"%+%^?j%*-.\31.*1%)1I1)%4-5%/-51%
2"+.%^`j%-4%2"1%-52"-#/+;1$A%e-51%#.4-5/+,-.%+(-'2%2"#$%&5-3'*2%#$%+I+#)+()1%-.%2"1%E1-(+$1%
R1($#21A%

P1I15+)%K+.3$+2%h%9!eo%V9."+.*13%!"1/+,*%e+&&15W%$*1.1$%+*i'#513%#.%@^^^%+.3%>???%R151%
'$13%2-%31\.1%2"1%;)+*#15%1:21.2%+2%2"1$1%,/1$A%!"1$1%3+2+%R151%+)$-%-(2+#.13%2"5-';"%2"1%
E1-(+$1%R1($#21%+$%K+.3$+2%h%Q52"-51*,\13%f/+;150%-I15%8+.+3+=%R"#*"%#$%315#I13%45-/%
K+.3$+2Th%5+R%#/+;1%)1I1)%K@E%V#A1A=%5+3#-/125#*+))0%+.3%$0$21/+,*+))0%*-551*213W%&5-*1$$13%3+2+A%
!"1%&)+.#/125#*%155-5%+$$-*#+213%R#2"%2"#$%#/+;150%#$%51&-5213%2-%(1%}a?%/1251$%-5%)1$$%R#2"%+%
^?j%)1I1)%-4%*-.\31.*1A

P1I15+)%K+.3$+2%k%!"1/+,*%e+&&15%V!eW%$*1.1$%-I15%2"1%$2'30%51;#-.%45-/%*+A%@^^?%R151%
-(2+#.13%2"5-';"%2"1%F+2+%K#(5+50%P15I#*1$%-4%2"1%S.#I15$#20%-4%P+$H+2*"1R+.%+$%&+52%-4%2"1%
E)-(+)%F+2+%X'.3)1$%*-/&#)13%(0%K+.3%f.4-%V"[&6ttRRRA)+.3#.4-A*-/WA%!"#$%#$%&+52%-4%2"1%
K+.3$+2%_tk%!e%E1-8-I15%@^^?%V@^``%T%@^^>W%.1+5TR-5)3R#31%$+21))#21%#/+;150%+5*"#I1A%!"#$%
#/+;150%#$%+%4+)$1T*-)-'5%*-/&-$#21%-4%!e%(+.3$%hT_T>%R#2"%+%$&+,+)%51$-)',-.%-4%a?%/=%+.3%#$%
&5-C1*213%#.%S!e%*--53#.+21$%#.%2"1%JEP`_%3+2'/A%7-%#.4-5/+,-.%*-')3%(1%-(2+#.13%-.%2"1%
1:+*2%3+21%-4%+*i'#$#,-.%-4%2"#$%#/+;1%-5%2"1%*-551*,-.%&5-*13'51$%'$13%4-5%-52"-51*,\*+,-.=%
('2%*-/&+5#$-.%-4%41+2'51$%#.%2"1%#/+;150%R#2"%2"1%$+/1%41+2'51$%#.%2"1%PBQ!%k%+.3%K+.3$+2%h%
9!eo%Q52"-51*,\13%f/+;150%51I1+)13%+%I150%*)-$1%$&+,+)%*-551$&-.31.*1A

F#;#2+)%;)+*#15%-'2)#.1$%R151%-(2+#.13%45-/%9A%X152"#15%45-/%2"1%$2'30%(0%X152"#15%12%+)A=%V>?@?W%
4-5%*-/&+5#$-.A%O%2"-5-';"%-I15I#1R%+.3%*)-$1%#.$&1*,-.%-4%2"1%;)+*#15%/+5;#.$%45-/%2"#$%
3+2+$12%51I1+)13%2"+2%2"1%-'2)#.1$%*-551$&-.313%2-%2"1%*+A%@^^?%,/1%&15#-3=%+$%$11.%45-/%2"1%
K+.3$+2%k%!e%3+2+=%+.3%$-%2"1$1%;)+*#15%&-)0;-.$%R151%'$13%2-%51&51$1.2%;)+*#15%1:21.2%+2%2"+2%
,/1A%

Q.1%4'52"15%,/1%&15#-3%R+$%*-.$#31513%#.%2"#$%$2'30%#.%-5315%2-%1:21.3%2"1%+.+)0$#$%-4%;)+*#15%
*"+.;1$%(+*H%2-%@^_`A%E)+*#15%/+5;#.$%+2%2"#$%,/1%R151%(+$13%-.%41315+)%;-I15./1.2%+15#+)%
&"-2-;5+&"0%VZ#;"2%)#.1$%O@@ah^=%a`>=%a`k=%a^?=%a^>=%k>@%+.3%k>_WA%!"1$1%&"-2-$%R151%-(2+#.13%
(12R11.%L'.1%+.3%P1&21/(15%-4%@^_`A%!"#$%&5-I#31$%*-I15+;1%-I15%2"1%;)+*#15$%R#2"#.%2"1%
D+.2+#)%+.3%J"1+2-.%<#I15%(+$#.$=%+$%R1))%+$%-I15%2"1%K)1R1))0.%E)+*#15A%Q5#;#.+)%+#5%&"-2-%&5#.2$%
+51%+5*"#I13%+2%2"1%7+,-.+)%U035-)-;0%<1$1+5*"%81.251%V7U<8W%#.%P+$H+2--.=%P+$H+2*"1R+.%
+$%&+52%-4%2"1%8+.+3#+.%E)+*#15%f.I1.2-50=%+.3%R151%3#;#2+))0%$*+..13%+2%"#;"%51$-)',-.A%!"1%
3#;#2+)%&"-2-$%R151%2"1.%$&+,+))0%514151.*13%2-%2"1%PBQ!%_tk%-52"-51*,\13%#/+;150%'$#.;%2"1%
;1-514151.*#.;%2--)%+.3%2"1%$&)#.1%25+.$4-5/+,-.%#.%O5*e+&TM%^Aa%2-%\2%*-.25-)%&-#.2$%1:+*2)0A%
D-5%1+*"%3#;#2+)%&"-2-=%+%/#.#/'/%-4%@?%&-#.2$%V('2%;1.15+))0%(12R11.%@k%+.3%>?%&-#.2$W%R151%
31\.13%(+$13%-.%*)1+5)0%#31.,\+()1%41+2'51$%#.%(-2"%2"1%&"-2-%+.3%2"1%PBQ!%#/+;1=%$'*"%+$%
/-5+#.1$=%I1;12+,-.=%5-*H%-'2*5-&$=%12*A=%2"+2%R151%)-*+213%*)-$1%2-%2"1%#*1%/+5;#.$A%!"'$=%2"1%
&-$#,-.+)%155-5%-4%2"1%$&+,+))0%514151.*13%+15#+)%&"-2-;5+&"$%R+$%/#.#/#n13%#.%+51+$%I150%.1+5%
2-%2"1%*-.25-)%&-#.2$=%+.3%R+$%1$,/+213%2-%(1%R#2"#.%}a?%/%-.%+I15+;1%#.%)-*+,-.$%+)-.;%2"1%
)-R15%/+5;#.$%-4%1+*"%;)+*#15A

P1I15+)%3#;#2+)%1)1I+,-.%/-31)$%VF9e$W%51&51$1.,.;%3#M151.2%,/1%&15#-3$%R151%-(2+#.13%
4-5%'$1%#.%2"#$%$2'30A%!"1%8+.+3#+.%F#;#2+)%9)1I+,-.%F+2+%V8F9FW%@6k?%???%+.3%@6>k?%???T$*+)1%
&5-3'*2$%R151%-(2+#.13%4-5%2"#$%51;#-.%2"5-';"%2"1%E1-(+$1%R1($#21A%9)1I+,-.%3+2+%+51%51)+,I1%
2-%/1+.%$1+%)1I1)=%+.3%*--53#.+21$%+51%(+$13%-.%2"1%7-52"%O/15#*+.%F+2'/%-4%@^`aA%!"1%
$-'5*1%-4%2"1$1%3+2+%#$%&5-I#.*#+)%3+2+$12$%+.3%2"1%7+,-.+)%!-&-;5+&"#*%F+2+(+$1%V7!FXW=%R#2"%
1+*"%8F9F%\)1%*-I15#.;%-.1%"+)4%-4%+%7+,-.+)%!-&-;5+&"#*%P0$21/%V7!PW%/+&%$"112A%!"1%;5#3%
51$-)',-.%I+5#1$%45-/%`%2-%>a%/%4-5%2"1%@6k?%???%,)1$=%+.3%45-/%a>%2-%^a%/%4-5%2"1% 
@6>k?%???%,)1$%(+$13%-.%;1-;5+&"#*%*--53#.+21$A%D-5%/-$2%-4%2"1%;)+*#+213%+51+$%#.%2"#$%$2'30=%
2"1%3+2+%+51%45-/%2"1%X5#,$"%8-)'/(#+%!155+#.%<1$-'5*1$%f.4-5/+,-.%e+.+;1/1.2%B5-;5+/%VX8T

http://www.landinfo.com
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!<feW%3+2+$12=%R"#*"%#$%$2+213%2-%"+I1%+%"-5#n-.2+)%+**'5+*0%2-%R#2"#.%@?%/%4-5%^?j%-4%+))%R1))T
31\.13%&)+.#/125#*%41+2'51$=%+.3%2-%R#2"#.%k%/%-4%2"1%25'1%1)1I+,-.%4-5%^?j%-4%+))%3#$*5121%$&-2%
1)1I+,-.$%+.3%F9e%&-#.2$A%!"1%1)1I+,-.%3+2+%*-.2+#.13%R#2"#.%2"1%8F9F%\)1$%-I15%2"#$%51;#-.%
*-551$&-.3%2-%O';'$2%@^`hA

!R-%4'52"15%F9e%&5-3'*2$%R151%-(2+#.13%2"5-';"%2"1%S.#213%P2+21$%E1-)-;#*+)%P'5I10%VSPEPW%
9+52"9:&)-515%R1($#21%V"[&6tt1+52"1:&)-515A'$;$A;-ItW%2-%*-/&+51%;)+*#15%$'54+*1%1)1I+,-.$%+2%
3#M151.2%,/1%&15#-3$A%!"1%\5$2%#$%2"1%P"'[)1%<+3+5%!-&-;5+&"#*%e#$$#-.%VP<!eW%F9e=%R"#*"%
R+$%-(2+#.13%#.%D1(5'+50%>???%+.3%"+$%+%"-5#n-.2+)%51$-)',-.%-4%@%+5*%$1*-.3%V#A1A=%5-';")0%@d%
~%a?%/%4-5%2"#$%51;#-.WA%!"1%+($-)'21%I15,*+)%+**'5+*0%-4%2"1%1)1I+,-.%3+2+%#$%$2+213%2-%(1%@d%/%
+2%^?j%*-.\31.*1A%!"1%$1*-.3%#$%2"1%OP!9<%E)-(+)%F9e=%R"#*"%*-551$&-.3$%2-%Q*2-(15%>?@@%
-I15%2"1%$2'30%+51+=%+.3%"+$%+%$&+,+)%51$-)',-.%-4%@%+5*T$1*-.3%Vg@d%~%a?%/WA%!"1%I15,*+)%V5--2T
/1+.T$i'+513T155-5W%+**'5+*0%#$%$2+213%2-%(1%;1.15+))0%(12R11.%@?%+.3%>k%/A%

@ABAI'JE8'K=5?;9'H8:;98=6;49

f*1%/+5;#.$%+.3%#.215#-5%(135-*H%-'2*5-&$%R151%31)#.1+213%45-/%2"1%I+5#-'$%#/+;150%'$#.;%-.T
$*511.%3#;#,n#.;%21*".#i'1$%#.%O5*e+&TM%^AaA%F#$*5121%#*1%/+$$1$%+.3%-'2*5-&$%R151%31\.13%(0%
/+.'+))0%3#;#,n#.;%+%$15#1$%-4%&-#.2$%2-%*-.$25'*2%&-)0;-.%$"+&1\)1$=%+.3%2"1%#.215#-5%(135-*H%
&-)0;-.$%R151%'$13%2-%*)#&%2"1%#*1%1:21.2%2-%*51+21%+.%l#*1%$'54+*1%-.)0m%&-)0;-.A%P1&+5+21%
&-)0;-.$%51&51$1.,.;%#*1\1)3$%+.3%3#I15;#.;%;)+*#15$%R151%2"1.%*)#&&13%2-%+))-R%+51+%*"+.;1%
/1+$'51/1.2$%2-%(1%+$$-*#+213%R#2"%#.3#I#3'+)%35+#.+;1%*+2*"/1.2$A%!"#$%R+$%3-.1%(0%/+.'+))0%
*'r.;%2"1%&-)0;-.$%+)-.;%2"1%#*1%3#I#31$=%R"#*"%R151%#31.,\13%'$#.;%2-&-;5+&"#*%*-.2-'5$%
315#I13%45-/%2"1%F9e%+.3%2"1%lX+$#.m%',)#20%#.%2"1%P&+,+)%O.+)0$2%1:21.$#-.%-4%O5*e+&TM. 

!"1%#*1%/+5;#.$%#.%2"1%'&&15%&+52$%+.3%+**'/')+,-.%n-.1%-4%/-$2%;)+*#15$%R151%&5#/+5#)0%(+$13%
-.%2"1%;)+*#15%$"+&1\)1$%&5-I#313%(0%9A%X152"#15%VX152"#15%12%+)A=%>?@?W=%+.3%R151%-.)0%+3C'$213%
-5%*-551*213%#.%$#2'+,-.$%R"151%-(I#-'$%*"+.;1%"+3%-**'5513%(+$13%-.%2"1%$+21))#21%#/+;150%
-5%+15#+)%&"-2-;5+&"0%4-5%1+*"%,/1%&15#-3A%!"#$%/#.#/#n1$%155-5$%+$$-*#+213%R#2"%3#M151.*1$%
#.%$.-R%*-.3#,-.$%(12R11.%2"1%I+5#-'$%#/+;1%&5-3'*2$=%+$%2"#$%"+$%2"1%&-21.,+)%2-%*+'$1%
$#;.#\*+.2%155-5$%#.%2"1%1$,/+21$%-4%;)+*#15%*"+.;1$A%

@ABA@'.5545'.F6;<=6;49

O.%+.+)0$#$%R+$%*+55#13%-'2%#.%-5315%2-%315#I1%+.%1$,/+21%-4%2"1%2-2+)%'.*152+#.20%+$$-*#+213%
R#2"%2"1%;)+*#15%+51+%/1+$'51/1.2$%4-5%2"1%>?@?%#.I1.2-50A%B-21.,+)%155-5%+$$-*#+213%R#2"%
2"1%31)#.1+,-.%-4%;)+*#15%/+5;#.$%V+.3%'),/+21)0%;)+*#15%+51+W%31&1.3$%'&-.%2"1%+**'5+*0%
R#2"%R"#*"%2"1$1%*+.%(1%#31.,\13%+.3%3#;#,n13A%V955-5$%&-21.,+))0%+5#$#.;%45-/%&-$#,-.+)%
155-5%#.%2"1%$+21))#21%#/+;150%R151%.-2%*-.$#31513%(1*+'$1%2"1$1%+51%)#H1)0%2-%(1%*-.$#$21.2%
+*5-$$%2"1%#/+;1WA%!"1%+**'5+*0%-4%2"1%3#;#,n+,-.%&5-*1$$%31&1.3$%'&-.%2"1%#/+;1%51$-)',-.=%
2"1%$.-R%*-.3#,-.$=%+.3%2"1%*-.25+$2%(12R11.%2"1%#*1%+.3%+3C+*1.2%2155+#.A%D-5%'.-($*'513%
$1*,-.$%-4%#*1%/+5;#.=%R"#*"%51&51$1.2%g`kj%-4%2"1%2-2+)%&15#/1215%-4%2"1%;)+*#15$%$2'3#13=%
2"1%/1+$'51/1.2%155-5%R+$%C'3;13%2-%}@k%/=%R"#*"%#$%$)#;"2)0%;51+215%2"+.%2"1%51$-)',-.%-4%
2"1%PBQ!%_tk%&+.*"5-/+,*%#/+;150A%J"151%*-.,.'-'$%31(5#$T*-I15%-5%$"+3-R$%-($*'51%#*1%
/+5;#.$%V5-';")0%@?j%-4%2"1%2-2+)%&15#/1215W=%2"1%155-5%R+$%1$,/+213%2-%(1%}_k%/A%D-5%31(5#$T
*-I1513%$1*,-.$=%2"1%1$,/+21%R+$%(+$13%-.%+%*-/&+5#$-.%(12R11.%/1+$'51/1.2$%315#I13%
45-/%2"1%PBQ!%_tk%#/+;150%+.3%\1)3%EBP%/1+$'51/1.2$%2+H1.%+2%2"1%/+5;#.%-4%$1I15+)%;)+*#15$A%
f.%;1.15+)=%+**'5+21%/+.'+)%31)#.1+,-.%R+$%&-$$#()1%4-5%31(5#$T*-I1513%215/#.#%(1*+'$1%-4%2"1%
3#M151.*1%#.%#))'/#.+,-.%+2%2"1%;)+*#15%(-'.3+50A%J"151%2"1%/+5;#.%#$%-($*'513%(0%$"+3-R=%+%
*-.25+$2%$2512*"#.;%4'.*,-.%R+$%+&&)#13%2-%2"1%PBQ!%_tk%#/+;150%2-%#/&5-I1%2"1%+(#)#20%2-%3121*2%
2"1%#*1T5-*H%(-'.3+50A%!"1%'.*152+#.20%#$%;51+21$2%R"151%)+21T)0#.;%$.-R%-($*'51$%2"1%#*1%/+5;#.%
V1$,/+213%2-%(1%kj%-4%2"1%2-2+)%&15#/1215W%-5%*-')3%(1%/#$#.215&51213%+$%;)+*#15%#*1A%e1+$'51$%
2+H1.%2-%+I-#3%/#$*)+$$#\*+,-.%#.%$'*"%*+$1$%#.*)'313%*-/&+5#$-.%R#2"%2"1%-2"15%#/+;150%
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-(2+#.13%4-5%2"#$%$2'30%+.3%3121*,-.%-4%*51I+$$1$%-5%1/15;#.;%(+51%#*1%$'54+*1$A%U151%155-5%R+$%
1$,/+213%2-%(1%}^?%/%4-5%2"1%#*1%/+5;#.A

!"1%-I15+))%'.*152+#.20%#.%;)+*#15%+51+%R+$%i'+.,\13%(0%/'),&)0#.;%2"1%45+*,-.%-4%2"1%2-2+)%
)1.;2"%-4%+))%;)+*#15%&15#/1215$%+M1*213%(0%I+5#-'$%#31.,\*+,-.%+.3%3#;#,n+,-.%155-5$%(0%2"1%
51$&1*,I1%)#.1%&)+*1/1.2%'.*152+#.20%/1.,-.13%+(-I1A%!"1%-I15+))%'.*152+#.20%*-')3%2"1.%(1%
31\.13%+$6

!" # $%!&'() * %!&)() * %!&+()!!

R"151%!"%#$%2"1%2-2+)%'.*152+#.20%V'.#2$6%H/2W%+.3%!#1, !#2, and !#a%+51%2"1%-I15+))%'.*152+#.,1$%
#.%+51+$%-4%'.-($*'513%/+5;#.$=%31(5#$T*-I1513%/+5;#.$=%+.3%$.-RT*-I1513%/+5;#.$%51$&1*,I1)0A%
!"1%+*2'+)%155-5%/+0%(1%-I151$,/+213%#.%2"#$%R+0%+$%2"#$%+$$'/1$%2"1%/+:#/'/%3#;#,n#.;%-M$12%
-I15%+))%2"1%;)+*#15%/+5;#.$=%R"#)1%#2%#$%)#H1)0%2"+2%155-5$%R-')3%21.3%2-%(1%/-51%5+.3-/%+.3%
*+.*1)%-'2%-.%+I15+;1A%%

3.2 RESULTS

@AIAB'!58F896'L:=E;85'M58='=9N'O4:D<8

D#;'51%@%&5-I#31$%+%51;#-.+)%-I15I#1R%-4%2"1%)-*+,-.%+.3%3#$25#(',-.%-4%;)+*#15$%R#2"#.%2"1%
S&&15%G'H-.%<#I15%X+$#.%+$%31215/#.13%2"5-';"%2"1%+.+)0$#$%31$*5#(13%#.%P1*,-.%aA@A%O%
$'//+50%-4%2"1%+51+%+.3%I-)'/1%#.I1.2-50%#$%;#I1.%#.%!+()1%>=%R"#*"%$"-R$%2"1%I+5#+,-.%#.%2"1%
.'/(15=%+51+%+.3%I-)'/1%-4%;)+*#15$%-I15%2"1%$#n1%*)+$$%3#$25#(',-.A%f.%>?@?=%2"1%/-$2%51*1.2%
&15#-3%4-5%R"#*"%$+21))#21%#/+;150%R+$%+I+#)+()1=%2"151%R151%+%2-2+)%-4%adh%#.3#I#3'+)%;)+*#15$%
R#2"%+%*-/(#.13%+51+%-4%5-';")0%@??>%H/2%+.3%+.%1$,/+213%2-2+)%I-)'/1%-4%@`h%H/a%-4%#*1A%!"1%
K)1R1))0.%E)+*#15%+)-.1%*-/&5#$1$%.1+5)0%"+)4%-4%2"1%2-2+)%$'54+*1%+51+%-4%+))%2"1%;)+*#15$%#.%2"1%
(+$#.=%+.3%+.%1$,/+213%h_j%-4%2"1%2-2+)%#*1%I-)'/1A%O)2"-';"%2"151%+51%51)+,I1)0%41R%-2"15%
)+5;15%;)+*#15$%V#A1A=%;)+*#15$%R#2"%$'54+*1%+51+$%;51+215%2"+.%@?%H/2W=%2"1$1%;)+*#15$%+**-'.2%4-5%
+.%+33#,-.+)%>^j%-4%2"1%2-2+)%;)+*#15%+51+%+.3%>?j%-4%2"1%2-2+)%;)+*#15%I-)'/1A%O33#,-.+))0=%2"1%
#.215/13#+21T$#n13%;)+*#15$%V#A1A=%2"-$1%@%2-%@?%H/2%#.%+51+W%+**-'.2%4-5%+%*-.$#315+()1%45+*,-.%-4%
2"1%2-2+)%;)+*#15%+51+%V@`jW%3'1%2-%2"1#5%"#;"%.'/(15$=%('2%/+H1%'&%-.)0%+%I150%$/+))%45+*,-.%-4%
2"1%2-2+)%I-)'/1%-4%$2-513%#*1%V_AkjWA%!"1%$/+))1$2%;)+*#15$%V#A1A=%2"-$1%)1$$%2"+.%@%H/2W%/+H1%'&%
.1+5)0%@?j%-4%2-2+)%;)+*#15%$'54+*1%+51+%('2%-.)0%C'$2%-I15%@j%-4%2"1%2-2+)%#*1%I-)'/1%#.%2"1%(+$#.A%
!"#$%#.I1.2-50%&5-I#31$%+%*)1+5%&15$&1*,I1%-.%2"1%51)+,I1%#/&-52+.*1%V#.%215/$%-4%+51+%+.3%
I-)'/1%-4%$2-513%#*1W%-4%2"1%3#M151.2%;)+*#15$%-I15%2"1%$#n1%*+21;-5#1$%#.%2"1%51;#-.A%%%%%

@AIAI'P8E896'17=9?8F';9'L:=E;85'M58='=9N'O4:D<8'

E)+*#15%+51+$%+.3%1:21.2%R151%*-/&+513%4-5%2"1%3#M151.2%,/1%&15#-3$%-4%1+*"%$+21))#21%#/+;1%
2-%i'+.,40%2"1%.12%+/-'.2%-4%51251+2%+.3%;)+*#15%$'54+*1%+51+%*"+.;1%-I15%2"1%&+$2%$1I15+)%
31*+31$=%+.3%2-%*"+5+*215#n1%+.0%251.3$%#.%2"1%5+21$%-4%*"+.;1A%E)+*#15%1:21.2$%R151%*-/&+513%
4-5%@^_`=%@^^?=%@^^^%+.3%>?@?%4-5%+))%;)+*#15$%R#2"#.%2"1%D+.2+#)%+.3%J"1+2-.%<#I15%(+$#.$=%+.3%
4-5%2R-%,/1%&15#-3$%V@^^?%+.3%>?@?W%4-5%+))%;)+*#15$%R#2"#.%2"1%$2'30%51;#-.A%f.%+33#,-.=%2"1%#*1%
/+5;#.%&-$#,-.%R+$%31)#.1+213%4-5%2"1%K)1R1))0.%E)+*#15%4-5%2"1%@^_`%,/1%&15#-3A%P-/1%-4%2"1%
51$')2$%+51%$"-R.%#.%D#;'51%^%2-%#))'$25+21%2"1%$&+,+)%&+[15.%-4%215/#.+)%51251+2%-4%+%.'/(15%-4%
;)+*#15$=%R"#*"%+51%51&51$1.2+,I1%-4%2"1%&+[15.%-($15I13%+*5-$$%2"1%1.,51%$-'2"15.%G'H-.%<#I15%
"1+3R+215%+51+A%!+()1%a%&5-I#31$%$'//+50%;)+*#15%+51+%/1+$'51/1.2$%+.3%.12%*"+.;1$%#.%+51+%
(12R11.%-($15I+,-.%&15#-3$%4-5%2"1%;)+*#15$%$2'3#13%#.%2"#$%&5-C1*2=%R"#)1%D#;'51%@?%+.3%!+()1%_%
&5-I#31%#.4-5/+,-.%-.%2"1%-($15I13%.12%5+21$%-4%*"+.;1%-4%;)+*#15%+51+%(+$13%-.%*-/&+5#$-.%-4%
2"1%-'2)#.1$%45-/%3#M151.2%3+21$A
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Table 2. P'//+50%51$')2$%-4%;)+*#15%#.I1.2-50%4-5%2"1%S&&15%G'H-.%<#I15%X+$#.%#.%>?@?A%P#n1%*)+$$%
51&51$1.2$%2"1%/+:#/'/%;)+*#15%$#n1%R#2"#.%1+*"%*)+$$=%*-'.2%#$%2"1%2-2+)%.'/(15%-4%#.3#I#3'+)%
;)+*#15$%R#2"#.%1+*"%*)+$$=%+.3%I-)'/1%#$%2"1%2-2+)%1$,/+213%#*1%I-)'/1%-4%+))%;)+*#15$%#.%1+*"%
class.

Glacier Size Class 
(km2) Count Area (km2) Volume (km3)

0.1 26 1.8 0.0
0.5 177 48.4 1.0
1 70 49.8 1.4
5 81 161.6 7.0
10 3 20.1 1.4
20 4 64.1 5.9
100 5 222.7 31.5
500 1 433.5 138.9
Total 367 1 022 ± 31 187.1

Figure 9. Historical 
#+$*1&2()*(!":&.(1!$#)&.(
6$.1)*2($*'(%&.6)*)(
D"2)4"*("9&.(%+&(D$2%(
several decades for: a) 

largest glaciers in the 

U$*%$)!(0)9&.(,$2)*8(7Y(
largest glaciers in the 

W+&$%"*(0)9&.(,$2)*8(
$*'(#Y(%+&(_!&:&!!/*(
H!$#)&.;
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Glacier 1948 Area 
(km2)

1990 Area 
(km2)

1999 Area 
(km2)

2010 Area 
(km2)

Area 
Change 

1948-2010 
(km2/%)

Area 
Change 

1990-2010 
(km2/%)

GL1 3.9 3.2 2.8 2.4 -1.5 / -38.7 -0.82 / -25.5
GL2 51.0 48.2 47.4 45.6 -5.1 / -9.9 -2.2 / -4.6
GL3* 29.2 27.3 26.6 25.6 -3.6 / -12.4 -1.7 / -6.2
All Fantail Basin 
Glaciers 127.3 115.1 111.8 106.8 -20.5 / -16.1 -8.3 / -7.2

Wheaton 
Glacier 2.0 1.7 1.5 1.4 -0.54 / -27.2 -0.22 / -13.3

All Wheaton 
Basin Glaciers 6.5 5.6 5.0 4.7 -1.80 / -27.8 -0.95 / -16.8

Llewellyn 
Glacier 472.9 449.1 - 433.5 -39.5 / -8.3 -15.6 / -3.5

All Upper Yukon 
River Basin 
Glaciers

- 1065.0 - 1002.0 - -62.9 / -5.9

Table 3.%<1*1.2%.12%*"+.;1$%#.%+51+%-4%;)+*#15$%#.%2"1%D+.2+#)%+.3%J"1+2-.%<#I15%X+$#.$=%2"1%
K)1R1))0.%E)+*#15=%+.3%+))%;)+*#15$%R#2"#.%2"1%$2'30%51;#-.A%B15*1.2+;1%*"+.;1$%#.%;)+*#15%+51+%+51%
(+$13%-.%2"1%+/-'.2%-4%*"+.;1%#.%*-/&+5#$-.%2-%#.#,+)%$'54+*1%+51+%4-5%2"1%&15#-3%-4%*"+.;1%
*-.$#31513A%�EKa%#.%2"#$%2+()1%#.*)'31$%(-2"%25#('2+50%;)+*#15$=%R"#*"%(1*+/1%312+*"13%C'$2%+Y15%
@^^^%V$11%D#;'51%^+WA
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Figure 10.(<!"%("3(1!$#)&.($.&$("9&.(46&(3".(%+&(2$6&(1!$#)&.2($2()*(Q$7!&(IC(2+":)*1(*&%(.$%&2("3(
#+$*1&("9&.(%+&(D&.)"'("3(2%-'/;
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!"1%51$')2%-4%2"#$%+.+)0$#$%$"-R%2"+2%2"1%;)+*#15$%#.%2"#$%51;#-.%"+I1%(11.%'.315;-#.;%$'$2+#.13%
215/#.+)%51251+2%+.3%+51+%)-$$%-I15%2"1%)+$2%d?%01+5$A%O%)+5;1%&-5,-.%-4%2"1%-I15+))%.12%*"+.;1%#.%
+51+%"+3%-**'5513%3'5#.;%2"1%&15#-3%@^_`%T%@^^?=%('2%2"#$%#$%&+52)0%3'1%2-%2"1%)-.;15%#.215I1.#.;%
&15#-3%(12R11.%$'**1$$#I1%-($15I+,-.$A%O$$'/#.;%2"+2%.-%/+C-5%*"+.;1%#.%;)+*#15%(1"+I#-'5%
V$'*"%+$%+%$"-52T)#I13%&15#-3%-4%215/#.+)%+3I+.*1%4-))-R13%(0%*-.,.'13%;)+*#15%51*1$$#-.W%
-**'5513%3'5#.;%2"+2%&15#-3=%2"1%3+2+%$"-R%2"+2%5+21$%-4%;)+*#15%51251+2%+.3%+51+%)-$$%"+I1%
$#;.#\*+.2)0%+**1)15+213%#.%2"1%&+$2%$1I15+)%31*+31$A%Q.%+I15+;1=%2"1%5+21$%-4%;)+*#15%+51+%)-$$%
"+I1%.1+5)0%3-'()13%#.%2"1%&+$2%2R-%31*+31$=%51)+,I1%2-%2"1%.12%5+21$%-($15I13%(12R11.%@^_`%
+.3%@^^?A%f2%#$%)#H1)0%2"+2%2"#$%"+$%(11.%+**-/&+.#13%(0%$#/#)+5%251.3$%#.%2"1%5+21%-4%#*1%I-)'/1%
V+.3%2"'$%/+$$W%)-$$=%R"#*"%#$%-4%/-51%#/&-52+.*1%4-5%2"1%"035-)-;#*+)%51;#/1%-4%;)+*#15#n13%
(+$#.$%#.%2"1%G'H-.%<#I15%"1+3R+215$A

!-%#.I1$,;+21%2"1%*"+.;1$%#.%I-)'/1%-4%#*1%R#2"#.%2"1%;)+*#15$=%2R-%$1&+5+21%+&&5-+*"1$%R151%
2+H1.A%!"1%\5$2%R+$%2-%+&&)0%2"1%1$2+()#$"13%I-)'/1T+51+%$*+)#.;%51)+,-.$"#&%2-%315#I1%1$,/+21$%
-4%2"1%.12%)-$$%-4%;)+*#15%I-)'/1%(+$13%-.%2"1%-($15I13%*"+.;1$%#.%;)+*#15%$'54+*1%+51+A%!"1%
$1*-.3%#.I-)I13%+%*-/&+5#$-.%-4%2"1%I+5#-'$%F9e$%2"+2%R151%-(2+#.13%4-5%2"#$%$2'30%/1.,-.13%
#.%P1*,-.%aA@A@=%#.%-5315%2-%i'+.,40%2"1%$'54+*1%1)1I+,-.%*"+.;1%+.3%2"151(0%315#I1%I-)'/1%
)-$$%1$,/+21$A%

D#;'51%@@%$"-R$%.12%$'54+*1%1)1I+,-.%*"+.;1$%-I15%2"1%&15#-3%@^`h%T%>???%315#I13%45-/%+%
*-/&+5#$-.%-4%2"1%P<!e%F9e%+.3%2"1%8F9F%F9e%'$#.;%O5*e+&TM%^AaA%P'54+*1%)-R15#.;%-4%'&%
2-%.1+5)0%@??%/%R+$%-($15I13%-I15%2"1%)-R15%&+52$%-4%)+5;1%;)+*#15$%#.%2"1%51;#-.=%+$%R1))%+$%
#.%$-/1%'&&15%&+52$%-4%2"1%K)1R1))0.%E)+*#15%+.3%I+5#-'$%-2"15%)-*+,-.$A%!"1%$&+,+)%&+[15.%
-4%$'54+*1%1)1I+,-.%*"+.;1%#$%*)1+5)0%1I#31.2%+.3%#.I-)I13%/-$2)0%3-R.R+$,.;%+.3%#*1%)-$$%
#.%2"1%)-R15%+()+,-.%n-.1%-4%/-$2%;)+*#15$=%1$&1*#+))0%#.%2"1%+51+%.1+5%2"1%215/#.'$A%Q2"15%
n-.1$%-4%2"1%;)+*#15$%'.315R1.2%/-51%)#/#213%*"+.;1$=%+.3%#.%$-/1%*+$1$%+%&-$$#()1%#.*51+$1%#.%
$'54+*1%1)1I+,-.%#.%2"1%'&&15%+**'/')+,-.%n-.1$%R+$%#.3#*+213A%U-R1I15=%2"151%#$%+%*)1+5%(#+$%
(12R11.%2"1%2R-%$1&+5+21%F9e%&5-3'*2$=%R"#*"%#$%1I#31.2%45-/%+%3#M151.*1%#.%1)1I+,-.%-I15%
.-.T;)+*#+213%&+52$%-4%2"1%)+.3$*+&1%2"+2%R-')3%"+I1%'.315;-.1%.-%$#;.#\*+.2%*"+.;1%-I15%2"1%
51)1I+.2%,/1$*+)1$A%Q.%+I15+;1=%2"151%#$%+%$)#;"2%&-$#,I1%(#+$%4-5%2"1$1%.-.T;)+*#+213%+51+$=%R#2"%
$'54+*1%1)1I+,-.%I+)'1$%21.3#.;%2-%#.*51+$1%(0%5-';")0%k%T%@?%/%-I15+))A%!"'$=%2"1%;)+*#15%$'54+*1%
3-R.R+$,.;%/+0%(1%$)#;"2)0%'.3151$,/+213%(0%2"#$%+&&5-+*"A%!"1%+**'5+*0%-4%F9e$%#$%)#H1)0%
2-%(1%(1$2%-I15%&+52$%-4%2"1%;)+*#15$%R#2"%*)1+5)0%3#$,.;'#$"+()1%41+2'51$%V1A;A=%(+51%#*1=%31(5#$=%

Glacier 1948 - 1990 
km2 per year

1990 - 1999 
km2 per year

1999 - 2010 
km2 per year

1990 - 2010 
km2 per year

GL1 -0.02 -0.04 -0.04 -0.04 
GL2 -0.07 -0.09 -0.16 -0.13 
GL3* -0.05 -0.08 -0.09 -0.09 
All Fantail Basin Glaciers -0.29 -0.37 -0.45 -0.42 
Wheaton Glacier -0.01 -0.02 -0.01 -0.02 
All Wheaton Basin Glaciers -0.02 -0.07 -0.03 -0.05 
Llewellyn Glacier -0.57 - - -0.78 
All Upper Yukon River Basin 
Glaciers - - - -3.15 

Table 4. 712%5+21$%-4%;)+*#15%+51+%*"+.;1%-I15%2"1%$2'30%&15#-3%4-5%2"1%$+/1%;)+*#15$%+$%#.%!+()1%a%
+.3%D#;'51%@?%+(-I1A
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5-*H$=%12*AW%2"+2%4+*#)#2+21%$2151-;5+//1250%#.%2"1%F9e%;1.15+,-.%&5-*1$$%V8F9F%+.3%OP!9<%
&5-3'*2$W=%R"#)1%#2%R#))%(1%&--51$2%-I15%41+2'51)1$$%+.3%(5-+3%$.-RT*-I1513%+51+$%$'*"%+$%2"1%
'&&15%+**'/')+,-.%n-.1$A%!"#$%/+0%(1%51$&-.$#()1%4-5%$-/1%-4%2"1%)+5;1%*"+.;1$%-($15I13%#.%
2"1%'&&15%&+52$%-4%2"1%K)1R1))0.%E)+*#15A

Figure 11.(FD$4$!(D$f&.*2("3(2-.3$#&(&!&9$4"*(#+$*1&("9&.(1!$#)&.2(:)%+)*(%+&(U$*%$)!(
0)9&.(,$2)*($*'(%+&(_!&:&!!/*(H!$#)&.("9&.(%+&(D&.)"'(J[]a(g(KZZZ(3."6(#"6D$.)2"*("3(
5=?=(=?M($*'(EFQ?0(H!"7$!(=?M;(Q+&(J[[Z(1!$#)&.(6$.1)*2($.&(2+":*(3".(.&3&.&*#&;
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7-2R#2"$2+.3#.;%&-21.,+)%155-5$%#.%2"1%F9e%*-/&+5#$-.%+&&5-+*"=%2-2+)%I-)'/1%)-$$%R+$%
1$,/+213%(0%2+H#.;%2"1%+I15+;1%$'54+*1%1)1I+,-.%*"+.;1%-I15%2"1%@^^?%;)+*#15%+51+=%+.3%
/'),&)0#.;%2"#$%*"+.;1%(0%2"1%2-2+)%+51+%+2%2"1%,/1A%!"1%51$')2$%+51%;#I1.%#.%!+()1%k%4-5%$1I15+)%
;)+*#15$%#.%2"1%D+.2+#)%X+$#.%+.3%4-5%2"1%K)1R1))0.%E)+*#15=%+.3%+51%*-/&+513%R#2"%2"-$1%-(2+#.13%
'$#.;%I-)'/1T+51+%$*+)#.;A%E)+*#15%I-)'/1%)-$$1$%R151%4-'.3%2-%(1%i'#21%"#;"%4-5%$-/1%-4%2"1%
)+5;1%;)+*#15$=%1:*113#.;%-I15%?A^%H/a%45-/%EK>%#.%2"1%D+.2+#)%X+$#.%+.3%-I15%@>%H/a%-4%#*1%45-/%
2"1%K)1R1))0.%E)+*#15A%8-/&+5#$-.%R#2"%2"1%I-)'/1T+51+%+&&5-+*"%$"-R13%2"+2%2"#$%/12"-3%
0#1)313%-.)0%+%$/+))%45+*,-.%-4%2"1%-I15+))%#*1%)-$$%+$%1$,/+213%45-/%/'),T21/&-5+)%F9e$A%!"#$%
/+0%(1%2-%$-/1%1:21.2%+[5#('2+()1%2-%2"1%3#M151.*1%#.%$&1*#\*%,/1%&15#-3$%*-/&+513%(0%2"1%
3#M151.2%+&&5-+*"1$=%('2%/-51%)#H1)0%#.3#*+21$%+%&5-()1/%R#2"%2"1%'$1%-4%I-)'/1T+51+%$*+)#.;%
-I15%3#M151.2%,/1$=%&-$$#()0%3'1%2-%;)+*#15%25#('2+5#1$%(1*-/#.;%312+*"13%-5%;)+*#15$%.-2%(1#.;%
#.%+%$21+30T$2+21%*-.3#,-.=%4-5%1:+/&)1A%!"#$%#$%+.%#/&-52+.2%\.3#.;%+$%2"#$%$';;1$2$%2"+2%2"1%
I-)'/1T+51+%$*+)#.;%+&&5-+*"%3-1$%.-2%&5-I#31%+%51)#+()1%2--)%4-5%1$,/+,.;%.12%;)+*#15%R+$2+;1%
*-.25#(',-.$%2-%51;#-.+)%5'.-M]%4'52"15/-51=%#2%/+0%.-2%.1*1$$+5#)0%R-5H%R1))%4-5%/-31)%
$#/')+,-.$%+#/13%+2%&513#*,.;%4'2'51%;)+*#15%1:21.2%V#A1A=%(0%$#/')+,.;%4'2'51%I-)'/1%)-$$%+.3%
'$#.;%2"1%#.I15$1%-4%2"#$%51)+,-.$"#&WA%!"#$%#$%*-.$#31513%4'52"15=%+)-.;%R#2"%2"1%"035-)-;#*+)%
#/&)#*+,-.$%-4%2"1$1%*"+.;1$%+.3%-4%&5-C1*213%4'2'51%;)+*#15%*"+.;1$=%#.%2"1%.1:2%$1*,-.%-4%2"#$%
report.

4. HYDROLOGICAL MODEL APPLICATION AND CLIMATE SCENARIO 
ANALYSIS

4.1 HYDROLOGICAL MODEL DESCRIPTION

QABAB'L5889'R89D8SK'=9N'TUOV.1'K4N8:

!-%+*"#1I1%2"1%$1*-.3%-(C1*,I1%-4%2"#$%&5-C1*2=%2"1%E511.%N1.'1TM%$-YR+51%2--)%R+$%'$13%
2-;12"15%R#2"%2"1%UXbT98%"035-)-;#*+)%/-31)=%+I+#)+()1%2"5-';"%2"1%7+,-.+)%<1$1+5*"%8-'.*#)%
-4%8+.+3+%V7<8W%R1($#21%V"[&6ttRRRA.5*T*.5*A;*A*+t1.;t#(&t*"*t$-YR+51tH1.'1t;511.TH1.'1A
"2/)WA%!"1%E511.%N1.'1TM%&)+c-5/%#$%+.%+3I+.*13%3+2+%&51&+5+,-.=%+.+)0$#$%+.3%I#$'+)#n+,-.%
2--)%4-5%"035-)-;#*%/-31))15$=%+.3%&5-I#31$%+%$2+21T-4T2"1T+52%#.2154+*1%4-5%#.21;5+,.;%
1.I#5-./1.2+)%3+2+(+$1$%+.3%;1-$&+,+)%3+2+%R#2"%/-31)%#.&'2%+.3%51$')2$%3+2+A%f2%&5-I#31$%
*-/&)121%&51T%+.3%&-$2T&5-*1$$#.;%4-5%2"1%UXbT98%"035-)-;#*+)%/-31)=%R"#*"%#$%#.21;5+213%R#2"#.%

Table 5. 8-/&+5#$-.%-4%;)+*#15%I-)'/1%*"+.;1$%(+$13%-.%1$,/+21$%315#I13%45-/%/'),T21/&-5+)%
F9e%*-/&+5#$-.%+.3%45-/%2"1%I-)'/1T+51+%$*+)#.;%+&&5-+*"A%B15*1.2+;1%3#M151.*1%#$%2"1%
+($-)'21%3#M151.*1%51)+,I1%2-%2"1%1$,/+21$%(+$13%-.%F9e%*-/&+5#$-.A%�!"1%@^^^%I-)'/1%-4%
K)1R1))0.%E)+*#15%R+$%1$,/+213%45-/%bO%$*+)#.;%(+$13%-.%2"1%+I15+;1%$'54+*1%+51+%(12R11.%
@^^?%+.3%>?@?A

Glacier 
1990 
Area 
(km2) 

1987 - 2000 
DEM Mean 
Elevation

1987 - 2000 
DEM Volume 

Change 
(106 m3)

1990 - 1999 
VA Scaling 

Volume 
Change 
(106 m3)

Di!erence 
(106 m3/%)

GL1 3.2 -30.0 -96.0 -26.8 69.2 / 72
GL2 48.2 -19.3 -930.3 -141.8 788.5 / 85
GL3* 27.3 -18.5 -505.0 -113.4 391.6 / 78
Llewellyn Glacier 449.1 -27.5 -12 350 -3457* 8893 / 72

http://www.nrc-cnrc.gc.ca/eng/ibp/chc/software/kenue/green-kenue.html
http://www.nrc-cnrc.gc.ca/eng/ibp/chc/software/kenue/green-kenue.html
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2"#$%&)+c-5/=%+.3%&5-I#31$%+.%#.2154+*1%2-%9.I#5-./1.2%8+.+3+m$%"035-/125#*%$2+,-.%3+2+(+$1%
VUGFO!W%+$%R1))%+$%2"1%8+.+3#+.%F+#)0%8)#/+21%F+2+(+$1%V8F8FWA%P2+,-.%3+2+%/+0%(1%i'15#13%
#.215+*,I1)0%#.%+%I#1R%R#.3-R=%+.3%+I+#)+()1%,/1%$15#1$%3+2+%*+.%(1%1:25+*213=%51T$+/&)13=%
+.+)0n13=%+.3%&5-*1$$13%R#2"%I+5#-'$%13#2-5$%+.3%*+)*')+2-5$A%D'52"15%#.4-5/+,-.%+(-'2%2"1%
E511.%N1.'1TM%$-YR+51%2--)%#$%+I+#)+()1%2"5-';"%2"1%7<8%R1($#21=%R"151%+.%#.T31&2"%'$15%;'#31%
+.3%/+.'+)%*+.%(1%-(2+#.13A

E511.%N1.'1TM%&5-I#31$%2"1%4'.*,-.$%-4%2"1%UXbT98%/-31)=%R"#*"%#$%+%*-.*1&2'+)%R+215$"13%
/-31)%-5#;#.+))0%31I1)-&13%(0%2"1%PR13#$"%e121-5-)-;#*+)%+.3%U035-)-;#*+)%f.$,2'21%VK#.3$25�/%
12%+)A=%@^^hW=%+.3%)+215%+3+&213%(0%9.I#5-./1.2%8+.+3+%+.3%2"1%S.#I15$#20%-4%X5#,$"%8-)'/(#+%
VSX8W%2-%$#/')+21%R+215$"13%51$&-.$1%#.%/-'.2+#.-'$%2155+#.=%+$%R1))%+$%-2"15%1.I#5-./1.2$A%
!"1%8+.+3#+.%I15$#-.%-4%2"1%/-31)%"+$%(11.%4'52"15%'&;5+313%(0%FA%e--51%+2%SX8%2-%#.*)'31%+%
;)+*#15%5-',.1%#.%2"1%@^^?$=%+.3%2"#$%/-31)%"+$%(11.%R#31)0%+&&)#13%4-5%2"1%$2'30%-4%;)+*#15#n13%
(+$#.$%+.3%#.I1$,;+,-.%-4%2"1%;)+*#15%*-.25#(',-.$%2-%2-2+)%Z-R%Ve--51=%@^^a]%P2+")%12%+)A=%
>??`]%L-$2%12%+)A=%>?@>WA%K#.3$25�/%12%+)A=%V@^^hW%+.3%e--51%V@^^aW%&5-I#31%312+#)13%31$*5#&,-.$%
-4%2"1%/-31)%5-',.1$A

!"1%/-31)%/+H1$%R+215%(+)+.*1%*-/&'2+,-.$%+2%+%$&1*#\13%,/1T$21&%31\.13%(0%2"1%451i'1.*0%
-4%#.&'2%-($15I+,-.+)%/121-5-)-;#*+)%3+2+%V20&#*+))0%3+#)0WA%!"1$1%+51%/+31%-I15%3#$,.*2%$&+,+)%
'.#2$=%*+))13%;5-'&13%51$&-.$1%'.#2$%VE<SW=%R"#*"%+51%31\.13%(+$13%-.%*"+5+*215#$,*$%-4%2"1%
$'54+*1%2-&-;5+&"0%V1)1I+,-.=%$)-&1=%+$&1*2W%+.3%2"1%)+.3*-I15%V)+H1=%;)+*#15=%4-51$2=%-&1.WA%
!"1%E511.%N1.'1TM%2--)%#$%'$13%2-%#/&-52%+.3%&5-*1$$%F9e%+.3%)+.3*-I15%3+2+%2-%;1.15+21%+.%
-&15+,-.+)%UXbT98%/-31)A%f.%+33#,-.=%2"1%/-31)%*-.$#315$%3#M151.2%*)#/+21%n-.1$%#.%-5315%
2-%51&51$1.2%2"1%)+215+)%*)#/+,*%;5+3#1.2$%2"+2%/+0%-**'5%+*5-$$%+%(+$#.A%9+*"%*)#/+21%n-.1%
#$%+$$-*#+213%R#2"%+%$#.;)1%*)#/+21%$2+,-.%+.3%'.#i'1%&+5+/1215%I+)'1$%4-5%$&1*#40#.;%2"1%
3#$25#(',-.%-4%*)#/+21%R#2"#.%2"1%n-.1=%$'*"%+$%21/&15+2'51%+.3%&51*#&#2+,-.%)+&$1%5+21$A%<'.-M%
45-/%+%*)#/+21%n-.1%#$%)'/&13%2"5-';"%+%$15#1$%-4%4+$2%+.3%$)-R%51$&-.$1%51$15I-#5$%-4%$#/#)+5%
*-.\;'5+,-.%2-%2"-$1%#.%2"1%25+3#,-.+)%UXb%/-31)%VK#.3$25�/%12%+)A=%@^^hWA

!"1%/-31)%'$1$%+%21/&15+2'51%#.31:%+&&5-+*"%4-5%$#/')+,.;%2"1%/1)2%-4%$.-R%+.3%;)+*#15%#*1A%
F+#)0%$.-R/1)2%VMW%V//%3+0T@W%#$%*+)*')+213%+$6

!"#$ % &'( ) !*+ ) ", - .! ) /01"2$ ) 34/"5$$ ) 6789 !!!!!!!!!!!!

R"151%B0%#$%+%(+$1%/1)2%4+*2-5%V//%3+0T@ CT@W%2"+2%I+5#1$%$#.'$-#3+))0%(12R11.%+%/#.#/'/%I+)'1%
(B/#.W%+2%2"1%R#.215%$-)$,*1=%2-%+%/+:#/'/%I+)'1%+2%2"1%$'//15%$-)$,*1%VB/#.%o%=5W%2-%+**-'.2%
4-5%$1+$-.+)%I+5#+,-.$%#.%$-)+5%5+3#+,-.=%+.3%=5(#$%2"1%#.*51+$1%#.%/1)2%4+*2-5%(12R11.%R#.215%
+.3%$'//15%$-)$,*1$A%!"1%/1)2%5+,-%4-5%4-51$2$=%M0U=%5+.;1$%(12R11.%?%+.3%@%+.3%513'*1$%/1)2%
5+21$%'.315%4-51$2$%*-/&+513%2-%/1)2%+2%-&1.%$#21$A%!"1%*-1p*#1.2%EM(*-.25-)$%2"1%$1.$#,I#20%
-4%/1)2%5+21$%2-%$)-&1%+.3%+$&1*2A%D-5%;)+*#15%E<S$=%/1)2%#$%*-/&'213%+$%4-5%+.%-&1.%$#21%VM0U 
w%@W%'.,)%2"1%&51I#-'$%R#.215m$%$.-R%+**'/')+,-.%"+$%+()+213A%O2%2"+2%&-#.2=%;)+*#15%/1)2%#$%
*-/&'213%(0%/'),&)0#.;%-&1.T$#21%/1)2%(0%2"1%*-1p*#1.2%M0H=%R"#*"%20&#*+))0%5+.;1$%(12R11.%
@%+.3%>=%2-%51Z1*2%2"1%513'*,-.%#.%$'54+*1%+)(13-A

P2-5+;1%+.3%35+#.+;1%-4%/1)2R+215%+.3%5+#.%4-5%1+*"%;)+*#15%E<S%+51%/-31))13%'$#.;%)#.1+5%
51$15I-#5$A%!"1%-'c)-R%*-1p*#1.2%4-5%1+*"%E<S%31&1.3$%-.%$.-R%31&2"=%5+.;#.;%45-/%+%)-R%
I+)'1%VPH/#.W%R"1.%2"1%E<S%"+$%311&%$.-R%*-I15=%2-%+%/+:#/'/%I+)'1%VPH/#.%o%'PHW%R"1.%2"1%
E<S%#$%$.-RT4511%VP2+")%12%+)A=%>??`WA%!"#$%51&51$1.2+,-.%*-.*1&2'+))0%+**-'.2$%4-5%$1+$-.+)%
*"+.;1$%#.%2"1%1p*#1.*0%-4%2"1%;)+*#15%35+#.+;1%$0$21/A%E)+*#15%/+$$%(+)+.*1%*+.%(1%*-/&'213%
(0%&-$2T&5-*1$$#.;%UXbT98%/-31)%-'2&'2%4-5%2"1%;)+*#15%E<S$A%E)+*#15$%#.%UXbT98%*+..-2%I+50%#.%
+51+%-5%I-)'/1%3'5#.;%+%/-31)%5'.%R#2"-'2%$2-&&#.;%+.3%51$2+5,.;%2"1%$#/')+,-.A

V_A@W
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!"1%/-31))#.;%$25+21;0%'$13%#.%2"#$%&5-C1*2%R+$%2-%\5$2%31I1)-&=%*+)#(5+21%+.3%I+)#3+21%2"1%/-31)%
R#2"%+%$&1*#\*%$&+,+)%$25'*2'51%+.3%/-31)%&+5+/1215%$12%4-5%2"1%D+.2+#)%+.3%J"1+2-.%(+$#.$%#.%
2"1%G'H-.%<#I15%"1+3R+215$%VD#;'51$%@=%>%+.3%aWA%!"#$%R-')3%+))-R%4-5%/-51%51)#+()1%&+5+/1215%
I+)'1%$1)1*,-.%2-%1.$'51%2"+2%2"1%/-31)%&5-&15)0%$#/')+21$%$.-R%+**'/')+,-.%+.3%/1)2=%;)+*#15%
/+$$%(+)+.*1=%+.3%5#I15%3#$*"+5;1A%D-))-R#.;%2"1%#.#,+)%$12'&%+.3%21$,.;%4-5%2"1%"1+3R+215%
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4.2 MODEL APPLICATION AND EVALUATION

!"1%/-31)%R+$%$12%'&%+.3%5'.%4-5%2"1%,/1%&15#-3%-4%@^`@%T%>?@@=%R#2"%$'54+*1%)+.3*-I15%V#A1A=%
;)+*#15%1:21.2W%31\.13%4-5%(-2"%2"1%@^^?%+.3%>?@?%3+21$%-4%51/-21)0%$1.$13%#/+;1%+*i'#$#,-.A%
!"1%1I+)'+,-.%-4%2"1%/-31)%4-*'$13%-.%#2$%+(#)#20%2-%&5-&15)0%$#/')+21%.-2%-.)0%2"1%"035-;5+&"%
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Evaluation 
Parameter

Fantail River 
(1985 - 1993)

Wheaton River 
(1985 - 1995)

Yukon River 
(1985 - 1995)

Yukon River 
(2005 - 2010)

NS 0.99 0.99 0.99 0.99
RMSE (m3/s) 15.20 12.30 53.30 55.90
Bm 0.11 0.75 0.04 0.06

Table 6. P'//+50%-4%/-31)%1I+)'+,-.%*5#215#+%4-5%"035-;5+&"%$#/')+,-.$%-4%D+.2+#)=%J"1+2-.%
+.3%S&&15%G'H-.%5#I15$A

http://www.env.gov.yk.ca/monitoringenvironment/snow_survey.php
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-4%R+215%45-/%$"-52T215/%$2-5+;1%V+$%#2$%/+;.#2'31%#$=%(0%31\.#,-.=%)#/#213%2-%2"1%+/-'.2%
-4%$.-R%2"+2%+**'/')+21$%3'5#.;%2"+2%"035-)-;#*+)%01+5W=%+.3%3-1$%.-2%#.*51+$1%2-2+)%+..'+)%
$251+/Z-RA%f.%*-.25+$2=%R+$2+;1%#$%2"1%51)1+$1%-4%R+215%45-/%+%)-.;15T215/%$2-5+;1%51$15I-#5=%+.3%
51$')2$%#.%+.%#.*51+$1%#.%R+215%I-)'/1%Z-R#.;%45-/%2"1%;)+*#15%-I15%+.3%+(-I1%2"+2%+**'/')+213%
3'5#.;%2"1%"035-)-;#*+)%01+5A%!"#$%#$%+.%#/&-52+.2%&#1*1%#.%'.315$2+.3#.;%"-R%;)+*#15$%#.Z'1.*1%
+.3%*-.25#('21%2-%5'.-M%#.%+%(+$#.=%+$%2"151%#$%*'551.2)0%+%/#$*-.*1&,-.%2"+2%;)+*#15$%#."151.2)0%
&5-I#31%+%$-'5*1%-4%5'.-M%2"+2%R-')3%.-%)-.;15%1:#$2%#4%2"1%;)+*#15$%R151%2-%3#$+&&1+5A%<+2"15=%
2"1%*-.25#(',-.%45-/%;)+*#15%/1)2%R-')3%3#/#.#$"%+$%2"1%;)+*#15$%(1*+/1%$/+))15%V1$&1*#+))0%
+M1*,.;%)+215%$'//15%5'.-MW=%('2%+2%2"1%$+/1%,/1=%$.-R/1)2%45-/%&51I#-'$)0%;)+*#+213%
$'54+*1$%R-')3%$,))%*-.25#('21%2-%5'.-MA%f4%;)+*#15$%R151%#.%+%$2+21%-4%1i'#)#(5#'/=%-5%n15-%.12%
/+$$%(+)+.*1=%2"1.%2"151%R-')3%(1%.-%+33#,-.+)%R+$2+;1%*-.25#(',-.%2-%1."+.*1%5'.-M%-.%
+.%+..'+)%(+$#$A%U-R1I15=%2"1%&51$1.*1%-4%;)+*#15$%#.%+%(+$#.%3-1$%&5-I#31%+%l('M15m%2"+2%*+.%
"1)&%2-%+';/1.2%-2"15R#$1%)-R%$251+/Z-R=%#.%01+5$%R#2"%'.'$'+))0%R+5/%+.3%350%*-.3#,-.$A%
f4%;)+*#15$%#.%+%(+$#.%R151%2-%'.315;-%$'$2+#.13%/+$$%)-$$%+.3%215/#.+)%51251+2=%;)+*#15%R+$2+;1%
*-.25#(',-.$%R-')3%*-.,.'1=%+2%$-/1%5+21=%'.,)%2"1%;)+*#15$%3#$+&&1+513A%O33#,-.+))0=%+$%
;)+*#15$%51251+2=%2"1%('M15#.;%1M1*2%2"10%"+I1%-.%$251+/Z-R%R-')3%3#/#.#$"%-I15%,/1=%+.3%
1I1.2'+))0%(1*-/1%.1;)#;#()1A%!"1$1%2"1-51,*+)%*-.*1&2$%R#))%"1)&%2-%&)+*1%2"1%*'551.2%+.3%
&5-C1*213%4'2'51%$2+21$%-4%;)+*#15$%#.%2"1%S&&15%G'H-.%<#I15%X+$#.=%+.3%2"1#5%"035-)-;#*+)%
#.Z'1.*1$=%#.2-%(1[15%*-.21:2A%%%

E)+*#15%/1)2%+.3%R+$2+;1%*-/&-.1.2$%R151%31215/#.13%-.%+.%+..'+)%(+$#$%4-5%#.3#I#3'+)%
;)+*#15$=%+.3%;5-'&$%-4%;)+*#15$=%2"+2%R151%31\.13%$1&+5+21)0%+$%3#$,.*2%*)#/+21%n-.1$%R#2"#.%
2"1%/-31)%45+/1R-5HA%%!"#$%R+$%+*"#1I13%(0%+.+)0n#.;%2"1%/-31)%-'2&'2%\)1%R#2"%*-.3#,-.+)%
$2+21/1.2$=%$'*"%2"+26

!"#$%& ' () *+,-#.,/* 0 %1) 2*+,3456,#.,/* 0 %78#"!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

and 

!"#$%& ' () *+,-#./0*/1, 2 %&) 3*+,4560,#./0*/1, 2 (7!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

R"151%7
n
, 7

s
, and 7:%+51%2"1%.12%+..'+)=%$'//15=%+.3%R#.215%/+$$%(+)+.*1$=%51$&1*,I1)0=%+$%

*+)*')+213%(0%9i'+,-.$%_A>%T%_A_A%X0%2"1$1%31\.#,-.$=%;)+*#15%/1)2%5+.;1$%#.%/+;.#2'31%45-/%2"1%
$'//15%(+)+.*1%+2%+%/#.#/'/%V#.%01+5$%R#2"%&-$#,I1%.12%/+$$%(+)+.*1W=%2-%2"1%2-2+)%+/-'.2%
-4%2"1%R#.215%+**'/')+,-.%+2%+%/+:#/'/%V#.%01+5$%R#2"%.1;+,I1%.12%/+$$%(+)+.*1WA%J+$2+;1%
#$%1i'#I+)1.2%2-%2"1%.12%/+$$%(+)+.*1%#.%01+5$%R#2"%+%.1;+,I1%(+)+.*1=%+.3%#$%n15-%-2"15R#$1A%
!"1-51,*+))0=%+%.1;+,I1%R+$2+;1%*-.25#(',-.%#$%&-$$#()1=%(1*+'$1%#.%01+5$%"+I#.;%+%&-$#,I1%

V_A^+W

V_A^(W
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/+$$%(+)+.*1=%R+215%2"+2%R-')3%-2"15R#$1%*-.25#('21%2-%5'.-M%#$%#.$21+3%$2-513%+$%+.%+/-'.2%-4%
/+$$%+3313%2-%2"1%;)+*#15%$0$21/]%"-R1I15=%2"#$%R+$%.-2%*-.$#31513%#.%2"#$%$2'30A%D'52"15/-51=%
2"1%31\.#,-.%-4%;)+*#15%/1)2%+&&)#13%"151%3-1$%.-2%*-.$#315%2"1%+33#,-.+)%*-.25#(',-.$%
2"+2%/+0%51$')2%45-/%$.-R4+))%1I1.2$%+.3%2"1#5%$'($1i'1.2%/1)2%2"+2%-**'5%+Y15%2"1%,/1%-4%
/+:#/'/%$.-R%+**'/')+,-.%-.%2"1%;)+*#15%V#A1A=%$'//15%$.-R4+))%1I1.2$WA%!"#$%R+$%+$$'/13%
2-%.-2%(1%+%$#;.#\*+.2%*-/&-.1.2%-4%2-2+)%;)+*#15%*-.25#(',-.%2-%5'.-MA%!"1%2-2+)%I-)'/1$%-4%
;)+*#15%R+$2+;1%+.3%/1)2%R151%*-/&'213%(0%2+H#.;%2"1%&5-3'*2%-4%2"1%R+215%1i'#I+)1.2%31&2"$%
-4%/1)2%-5%R+$2+;1%+.3%2"1%51$&1*,I1%+51+%-4%2"1%)+.3*-I15%*)+$$%V-5%$&1*#\13%*)#/+21%n-.1%#.%
2"1%/-31)WA%

QA@AB'Y=96=;:'P;Z85'

!+()1%h%&5-I#31$%2"1%51$')2$%4-5%2"1%D+.2+#)%<#I15%X+$#.%-I15%2"1%&51I#-'$%$1I15+)%31*+31$%+.3%
31/-.$25+21$%"-R%2"1%I+5#-'$%#.3#I#3'+)%;)+*#15$%R#2"#.%2"1%(+$#.%*-.25#('21%2-%5'.-M%-.%
+I15+;1A%O**-53#.;%2-%2"1%$#/')+,-.$=%;)+*#15%/1)2%&5-I#31$%5-';")0%@^j%-4%2"1%2-2+)%+..'+)%Z-R%
I-)'/1%-4%2"#$%5#I15=%R"#)1%R+$2+;1%"+$%*-.25#('213%+.%+33#,-.+)%@?j%-4%2"1%Z-RA%!"'$=%2+H1.%
2-;12"15=%.1+5)0%a?j%-4%2"1%5'.-M%#.%2"#$%"1+3R+215%(+$#.%#$%'),/+21)0%315#I13%45-/%;)+*#+)%
$-'5*1$%V#.*)'3#.;%$.-R/1)2%-.%;)+*#15%$'54+*1$W=%012%;)+*#15$%-.)0%-**'&0%g@kj%-4%2"1%-I15+))%
(+$#.%+51+%V#A1A=%#.%>?@?WA%!"#$%31/-.$25+21$%2"1%/'*"%"#;"15%$&1*#\*%5'.-M%0#1)3%V#A1A=%//%
&15%'.#2%+51+W%-4%;)+*#15%$'54+*1$=%R"#*"%#$%2-%(1%1:&1*213%$#.*1%2"1$1%+51+$%*)1+5)0%+**'/')+21%
;51+215%R#.215%$.-R&+*H$%2"+.%.-.T;)+*#15#n13%+51+$A%O51+$%-4%2"1%)+.3$*+&1%R#2"-'2%;)+*#15$=%
"-R1I15=%-**'&0%+%/'*"%)+5;15%&5-&-5,-.%-4%2"1%2-2+)%(+$#.=%+.3%2"1514-51%$1+$-.+)%$.-R/1)2%
#.%2"1$1%+51+$%*-.25#('21$%/-51%2-%+..'+)%5'.-M%I-)'/1$%V#A1A=%gadjW%2"+.%;)+*#15%/1)2%+.3%
R+$2+;1%*-/(#.13A%

!"1%51$')2$%+)$-%51I1+)%2"+2%.1+5)0%@?j%-4%2"1%2-2+)%+..'+)%Z-R%I-)'/1%-I15%2"1%&+$2%41R%
31*+31$%V+.3%)#H1)0%+2%)1+$2%2"1%&+$2%d?%01+5$W%"+$%(11.%315#I13%45-/%2"1%)-$$%-4%;)+*#15%/+$$%+.3%
)-.;T215/%#*1%$2-5+;1=%51&51$1.,.;%+%$'5&)'$%-4%R+215%+(-I1%2"+2%3'1%2-%$.-R%+.3%;)+*#15%/1)2%
+)-.1A%!"1%"035-)-;#*+)%('M15#.;%#.Z'1.*1%-4%;)+*#15$%#.%2"#$%(+$#.%#$%*)1+5)0%1I#31.2%(+$13%-.%2"1%
/+:#/'/%R+$2+;1%*-.25#(',-.$=%R"#*"%$"-R13%2"+2%2"#$%*-/&-.1.2%&5-I#313%.1+5)0%>aj%-4%
2-2+)%+..'+)%5'.-M%+.3%C'$2%-I15%adj%-4%$'//15%5'.-M%#.%-.1%01+5%V#A1A=%>??_%+**-53#.;%2-%2"1%
/-31)WA%%

Model Zone

Annual Jul, Aug, Sep
Melt Wastage

Wastage 
(% total dis.)(106 m3) (% total 

dis.) (106 m3) (% total 
dis.)

GL1 4.0 0.5 1.6 0.2 0.3
GL2 69.6 8.7 37.6 4.7 7.3
GL3 40.6 5.1 18.5 2.3 3.6
Other Small Glaciers 39.6 4.9 19.3 2.4 3.7
All Fantail Basin Glaciers 154 (216.3) 19.2 (24.4) 77.0 (176) 9.6 (22.7) 14.9 (36.2)
Non-Glaciated Terrain 287.0 35.8 - - -

Table 7. OI15+;1%+..'+)%+.3%$'//15%VL')0=%O';'$2%+.3%P1&21/(15W%*-.25#(',-.%-4%;)+*#15%
R+$2+;1%+.3%/1)2%R#2"#.%2"1%D+.2+#)%<#I15%X+$#.%3'5#.;%2"1%&15#-3%@^`@%�%>?@@A%�'+.,,1$%#.%
&+51.2"1$1$%+51%2"1%/+:#/'/%$#/')+213%*-.25#(',-.$%2-%2-2+)%+..'+)%+.3%$'//15%3#$*"+5;1A
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f.%+33#,-.=%2"1%51$')2$%31/-.$25+21%2"+2%+.%-I15R"1)/#.;%&5-&-5,-.%-4%2"1%2-2+)%;)+*#15%
*-.25#(',-.$%#.%2"1%D+.2+#)%X+$#.%V(-2"%/1)2%+.3%R+$2+;1W%+51%315#I13%45-/%2"1%2R-%)+5;1$2%
;)+*#15$%VEK>%+.3%EKaWA%!"#$%'.315$*-51$%2"1%51)+,I1%#/&-52+.*1%-4%$'*"%;)+*#15$=%+$%2"10%
21.3%2-%"+I1%)+5;15%+()+,-.%n-.1$%+.3%)-.;15%2-.;'1$=%R"#*"%1:21.3%2-%)-R15%1)1I+,-.$%+.3%
+51%2"'$%$'(C1*2%2-%/1),.;%-I15%)-.;15%&15#-3$%3'5#.;%2"1%01+5A%e+.0%-4%2"1%$/+))15%;)+*#15$%
+51%51$25#*213%2-%"#;"T1)1I+,-.%$#21$=%R"151%2"1%$'//15%+()+,-.%$1+$-.%#$%;1.15+))0%$"-5215A%
D'52"15/-51=%2"1$1%$/+))15%;)+*#15$%3-%.-2%*-.2+#.%.1+5)0%+$%/'*"%$2-513%#*1%I-)'/1%*-/&+513%
2-%2"1%)+5;15%;)+*#15$%+.3%#*1\1)3$=%31$&#21%"+I#.;%+%2-2+)%*-))1*,I1%+51+%$#/#)+5%2-%2"+2%-4%+%$#.;)1%
)+5;1%;)+*#15A%!"'$%2"1%)+5;15%;)+*#15$%"+I1%2"1%&-21.,+)%2-%+*2%+$%+%"035-)-;#*+)%('M15%4-5%+%/'*"%
)-.;15%,/1%#.2-%2"1%4'2'51%'.315%*-.3#,-.$%-4%-.;-#.;%;)+*#15%31*)#.1A

QA@AI'[WW85'*D\49'P;Z85

!"1%$+/1%+.+)0$#$%V31$*5#(13%+(-I1W%R+$%*+55#13%-'2%4-5%2"1%$#/')+,-.$%-I15%2"1%1.,51%S&&15%
G'H-.%<#I15%X+$#.%#.%-5315%2-%'.315$2+.3%"-R%;)+*#15$%*-.25#('21%2-%5'.-M%+2%J"#21"-5$1A%
!"1%51$')2$%+51%&5-I#313%#.%!+()1%`A%D-5%2"#$%+.+)0$#$=%$1I15+)%3#M151.2%;5-'&$%-4%;)+*#15$%R151%
*-.$#31513%$1&+5+21)06%$/+))%;)+*#15$%V;1.15+))0%*-551$&-.3#.;%2-%2"-$1%)1$$%2"+.%@?%H/2]%$11%
!+()1%>W=%#.215/13#+21%;)+*#15$%V;1.15+))0%(12R11.%@?%+.3%>?%H/2W=%+.3%)+5;1%;)+*#15$%V;1.15+))0%
(12R11.%>?%+.3%@??%H/2W]%2"1%K)1R1))0.%E)+*#15%R+$%*-.$#31513%#.31&1.31.2)0%45-/%2"1%-2"15%
;5-'&$%-4%;)+*#15$A%!"1$1%*+21;-5#1$%(5-+3)0%*)+$$#40%;)+*#15$%#.%-5315%2-%(1$2%51&51$1.2%2"1%$&+,+)%
3#M151.*1$%#.%&51*#&#2+,-.%;5+3#1.2$%-I15%2"1%;)+*#15$]%2"1%*5#215#+%'$13%2-%3#$,.;'#$"%2"1/%+$%
$1&+5+21%*)#/+21%n-.1$%#.*)'313%2"1#5%)-*+,-.%51)+,I1%2-%2"1%$-'2"R1$2%(+$#.%/+5;#.%+)-.;%2"1%
*1.25+)%3#I#31%-4%2"1%'&)+.3%#*1\1)3$A%!"1%+.+)0$#$%-4%;)+*#15%*-.25#(',-.%2-%3#$*"+5;1%+2%2"1%
$*+)1%-4%2"1%G'H-.%<#I15%+(-I1%J"#21"-5$1%$"-R$%2"+2=%-I15+))%-I15%2"1%&+$2%$1I15+)%31*+31$=%
;)+*#15%/1)2%51&51$1.2$%5-';")0%@dj=%+.3%;)+*#15%R+$2+;1%+%4'52"15%hj=%-4%2"1%2-2+)%+..'+)%Z-RA%
!"'$=%.1+5)0%>aj%-4%2"1%+..'+)%5'.-M%I-)'/1%#$%315#I13%45-/%;)+*#+)%$-'5*1$%#.%2"1%"1+3R+215$=%
R"#)1%2"1%+51+%-**'&#13%(0%;)+*#15$%#.%>?@?%#$%-.)0%+(-'2%kj%-4%2"1%2-2+)%(+$#.%+51+A%!"#$%#$%
#.3113%+%$#;.#\*+.2%+/-'.2%-4%5'.-M%;1.15+213%45-/%2"#$%51)+,I1)0%$/+))%+51+=%+.3%$"-R$%2"+2%
-.%+I15+;1=%;)+*#15T*-I1513%+51+$%"+I1%+%$&1*#\*%5'.-M%0#1)3%V//%&15%'.#2%+51+W%-4%/-51%2"+.%
4-'5%,/1$%2"+2%-4%-2"15%&+52$%-4%2"1%(+$#.A%

Table 8.%OI15+;1%+..'+)%+.3%$'//15%VL')0=%O';'$2%+.3%P1&21/(15W%*-.25#(',-.%-4%;)+*#15%
R+$2+;1%+.3%/1)2%R#2"#.%2"1%S&&15%G'H-.%<#I15%X+$#.%+(-I1%J"#21"-5$1%3'5#.;%2"1%&15#-3% 
@^`@%�%>?@@A%�'+.,,1$%#.%&+51.2"1$1$%+51%2"1%/+:#/'/%$#/')+213%*-.25#(',-.$%2-%2-2+)%
+..'+)%+.3%$'//15%3#$*"+5;1A

Model Zone

Annual Jul, Aug, Sep
Melt Wastage

Wastage 
(% total dis.)(106 m3) (% total 

dis.) (106 m3) (% total 
dis.)

Small Glaciers 0.24 2.8 0.11 1.3 2.9
Intermediate Glaciers 0.13 1.5 0.07 0.9 2.0
Large Glaciers 0.37 4.3 0.18 2.1 4.7
Llewellyn Glacier 0.62 7.3 0.23 2.7 6.0
All Yukon Basin Glaciers 1.35 (1.78) 16.0 (23.6) 0.58 (1.40) 6.9 (15.4) 15.6 (33.4)
Non-Glaciated Terrain 3.74 44.1 - - -
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D)-R%*-.25#(',-.$%315#I13%45-/%2"1%)-$$%-4%)-.;T215/%$2-5+;1%-4%#*1%V(0%$'$2+#.13%.1;+,I1%.12%
/+$$%(+)+.*1W%"+$%+I15+;13%5-';")0%hj%-.%+.%+..'+)%(+$#$=%+.3%.1+5)0%@dj%-4%$'//15%V#A1A=%L')0=%
O';'$2%+.3%P1&21/(15W%3#$*"+5;1A%f2%#$%3#p*')2%2-%&51*#$1)0%i'+.,40%2"1%+/-'.2%-4%R+215%Z-R#.;%
#.%2"1%5#I15%3'5#.;%2"1%$'//15%2"+2%#$%'),/+21)0%;1.15+213%45-/%;)+*#15%$-'5*1$=%3'1%2-%2"1%
5-',.;%-4%R+215%2"5-';"%2"1%P-'2"15.%K+H1$%$0$21/%+.3%2"1%,/1%#2%2+H1$%4-5%2"1%R+215%2-%51+*"%
2"1%;+';#.;%$2+,-.$A%O.%+[1/&2%R+$%.-2%/+31%#.%2"#$%$2'30%2-%31215/#.1%2"+2=%('2%5+2"15%2"1%
&'5&-$1%R+$%-.)0%2-%&'2%#.2-%&15$&1*,I1%2"1%51)+,I1%+/-'.2$%&5-3'*13%45-/%;)+*#15%/+$$%)-$$%
#.%*-/&+5#$-.%2-%Z-R%I-)'/1A%!"1$1%51$')2$%$"-R13%2"+2%R+$2+;1%*-.25#(',-.$%"+I1=%#.%51*1.2%
31*+31$=%(11.%+$%"#;"%+$%aaj%-4%2"1%2-2+)%Z-R%#.%2"1%/-.2"$%-4%L')0%2"5-';"%P1&21/(15=%R"#*"%
*)1+5)0%#.3#*+21$%2"1%/+;.#2'31%-4%2"1%('M15#.;%*+&+*#20%2"+2%;)+*#15$%*+.%"+I1A%%

O$%R+$%-($15I13%4-5%2"1%D+.2+#)%<#I15=%2"1%/-$2%$#;.#\*+.2%*-.25#(',-.$%V#.%215/$%-4%(-2"%;)+*#15%
/1)2%+.3%R+$2+;1W%2-%Z-R%#.%2"1%S&&15%G'H-.%<#I15%*+/1%45-/%2"1%$/+))%.'/(15%-4%)+5;1%
;)+*#15$%V#A1A=%;)+*#15$%$'*"%+$%EK>=%EKa=%2"1%K)1R1))0.%E)+*#15=%+.3%$1I15+)%-'2)12%;)+*#15$%45-/%2"1%
#*1\1)3$%+)-.;%2"1%$-'2"R1$2%(+$#.%/+5;#.WA%X0%4+5=%2"1%;51+21$2%$#.;)1%*-.25#('2-5%-I15%2"1%)+$2%
$1I15+)%31*+31$%"+$%(11.%2"1%K)1R1))0.%E)+*#15=%R"#*"%"+$%*-.25#('213%.1+5)0%2"1%$+/1%+/-'.2%
-4%/1)2%+$%+))%-2"15%;)+*#15$%*-/(#.13=%+.3%.1+5)0%_?j%-4%+))%2"1%R+$2+;1%R#2"#.%2"1%(+$#.%3'5#.;%
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4.4 FUTURE CLIMATE SCENARIO ANALYSIS
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Climate Scenario
Forcing (T(t), P(t))

HBV-EC Calibrated
Hydrological Model

Discharge Series Glacier net mass
balance, bn

Elevation zone
speci!c, bn

Adjust glacier
margins from 3-D

glacier model

Figure 16.(U!":(#+$.%('&D)#4*1(D."#&'-.&2(3".(#!)6$%&(2#&*$.)"($*$!/2)2(7/(%+&(
6"'&!C($*'($'V-2%6&*%("3(1!$#)&.(6$.1)*2(%"(7&()*D-%(3".(3-%-.&(2-72&e-&*%(
!$*'#"9&.(#"*')4"*2;
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Climate 
Scenario

2010 - 2030 Temperature 
Changes (°C)

2030 - 2050 Temperature 
Changes (°C)

2050 - 2070 Temperature 
Changes (°C)

Tsu Tfa Twi Tsp Tsu Tfa Twi Tsp Tsu Tfa Twi Tsp
SC-1 0 0 0 0 0 0 0 0 0 0 0 0
SC-2 0.75 0.75 0.75 0.75 1.5 1.5 1.5 1.5 2.25 2.25 2.25 2.25
SC-3 0.15 1.2 1.80 0.9 1.0 3.1 4.95 2.0 2.2 6.9 8.1 3.1
SC-4 0.75 0.75 0.75 0.75 1.5 1.5 1.5 1.5 2.25 2.25 2.25 2.25
Climate 
Scenario

2010 - 2030 Precipitation 
Changes (%)

2030 - 2050 Precipitation 
Changes (%)

2050 - 2070 Precipitation 
Changes (%)

Psu Pfa Pwi Psp Psu Pfa Pwi Psp Psu Pfa Pwi Psp

SC-1 0 0 0 0 0 0 0 0 0 0 0 0
SC-2 15 15 15 15 15 15 15 15 15 15 15 15
SC-3 20 15 24 17 27 30 51 36 15 30 55 40
SC-4 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25

Table 9.%P'//+50%*"+.;1$%#.%21/&15+2'51%+.3%&51*#&#2+,-.%4-5%3#M151.2%*)#/+21%$*1.+5#-$%
-I15%2"1%&15#-3%>?@?%T%>?h?A%P'($*5#&2$%$'=%4+=%R#%+.3%$&%31.-21%$'//15=%4+))=%R#.215%+.3%$&5#.;%
51$&1*,I1)0A
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Figure 17.(?@$6D!&(
"3(1!$#)&.(6$.1)*(
and surface area 

.&2#$!)*1(7$2&'("*(
IS')6&*2)"*$!()#&(
%+)#B*&22(6"'&!("3(
GL2 in Fantail River 

,$2)*;(<."V&#4"*2(
7$2&'("*(#!)6$%&(F5SO(
2#&*$.)";
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I+)'1$%-4%2"1%51)+,I1%*"+.;1$%*-/&+513%2-%2"1%(+$1)#.1%$#/')+,-.%4-5%2"1%*-.21/&-5+50%&15#-3A%
e+.0%-4%2"1%$+/1%;1.15+)%&5#.*#&)1$%+&&)0%+$%R+$%.-213%#.%2"1%D+.2+#)%"1+3R+215%(+$#.=%+.3%*+.%
(1%+[5#('213%2-%$#/#)+5%$"#Y$%#.%$.-R%+.3%;)+*#15%"035-)-;#*+)%&5-*1$$1$A%

Climate Scenario and 
Associated Variables

1981-
2011 

baseline 
period

2010-
2030 

model 
period

2030-
2050 

model 
period

2050-
2070 

model 
period

2010-
2030 

relative 
change 

(%)

2030-
2050 

relative 
change 

(%)

2050-
2070 

relative 
change 

(%)

SC-1

Total Discharge (109 m3) 8.49 8.21 8.08 7.98 -3.23 -4.82 -6.0

Glacier Melt (109 m3) 1.35 1.27 1.22 1.18 -6.59 -10.2 -13.2

Glacier Wastage (109 m3) 0.58 0.46 0.39 0.35 -21.6 -32.5 -40.4

Glacier Area (km2) 1002 - 960 931 - -4.19 -7.04

Non-Glacier Snowmelt 
(109 m3) 3.74 3.77 3.79 3.80 0.71 1.20 1.57

SC-2

Total Discharge (109 m3) 8.49 9.11 9.34 9.53 7.30 10.1 12.3

Glacier Melt (109 m3) 1.35 1.45 1.43 1.34 6.83 5.83 -0.90

Glacier Wastage (109 m3) 0.58 0.60 0.99 1.40 3.25 69.83 140

Glacier Area (km2) 1002 - 957 914 - -4.52 -8.83

Non-Glacier Snowmelt 
(109 m3) 3.74 4.20 4.01 3.83 12.2 7.27 2.33

SC-3

Total Discharge (109 m3) 8.49 9.05 9.94 10.6 6.59 17.1 25.4

Glacier Melt (109 m3) 1.35 1.41 1.59 1.43 4.29 17.6 5.38

Glacier Wastage (109 m3) 0.58 0.38 0.59 1.67 -34.7 1.34 186

Glacier Area (km2) 1002 - 962 925 - -3.96 -7.73

Non-Glacier Snowmelt 
(109 m3) 3.74 4.21 3.77 2.86 12.7 0.71 -23.6

SC-4

Total Discharge (109 m3) 8.49 7.82 7.88 7.98 -7.87 -7.12 -6.03

Glacier Melt (109 m3) 1.35 0.99 0.94 0.84 -27.1 -30.7 -37.8

Glacier Wastage (109 m3) 0.58 1.52 1.37 2.07 160.7 134 255

Glacier Area (km2) 1002 - 938 886 - -6.39 -11.5

Non-Glacier Snowmelt 
(109 m3) 3.74 3.77 3.77 2.40 0.71 0.71 -36

Table 10. P'//+50%-4%-I15+))%&5-C1*213%*"+.;1$%#.%+..'+)%5'.-M%I-)'/1=%*-.25#(',-.$%45-/%
;)+*#15%/1)2%+.3%R+$2+;1=%2-2+)%;)+*#15%+51+=%+.3%.-.T;)+*#15%$.-R/1)2%*-.25#(',-.%'.315%
I+5#-'$%*)#/+21%$*1.+5#-$%4-5%2"1%S&&15%G'H-.%<#I15%X+$#.A%<1)+,I1%*"+.;1$%+51%$"-R.%+$%
&15*1.2%51)+,I1%2-%2"1%@^`@%�%>?@@%(+$1)#.1%*-.3#,-.$A
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Scenario and 
Time-Frame

Monthly and Annual Di!erences (% relative to 1981 - 2011)
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Ann

SC-1 2010-2030 0.2 0.3 0.4 0.3 -1.2 -4.7 -5.3 -5.6 -5.0 -3.7 -1.4 -0.2 -3.2
SC-1 2030-2050 0.0 0.2 0.3 0.2 -1.5 -6.3 -7.7 -8.5 -7.5 -5.6 -2.3 -0.6 -4.8
SC-1 2050-2070 -0.1 0.1 0.2 0.2 -1.6 -7.4 -9.6 -10.7 -9.5 -7.0 -2.9 -0.8 -6.0
SC-2 2010-2030 6.6 6.6 6.5 6.6 7.6 8.4 7.7 5.8 8.0 8.9 7.8 7.1 7.3
SC-2 2030-2050 3.2 2.8 2.8 3.0 8.3 19.7 15.9 9.8 11.9 12.3 7.2 4.3 10.0
SC-2 2050-2070 0.0 -0.7 -0.8 -0.2 12.0 28.9 19.1 13.0 16.3 17.2 7.5 2.0 12.3
SC-3 2010-2030 10.0 10.1 10.1 10.2 11.0 8.4 4.4 1.5 3.8 7.1 9.4 10.2 6.6
SC-3 2030-2050 15.6 15.3 15.5 16.1 22.0 25.6 18.2 11.1 14.2 21.3 19.9 17.2 17.1
SC-3 2050-2070 12.0 9.7 10.6 12.6 28.6 48.0 30.2 18.0 20.6 44.5 35.2 19.2 25.4
SC-4 2010-2030 -18.1 -18.4 -18.5 -18.4 -13.1 2.8 0.2 -2.1 -5.2 -8.3 -14.6 -17.8 -7.9
SC-4 2030-2050 -19.3 -20.4 -20.9 -20.9 -13.7 2.1 1.6 1.1 -2.0 -7.1 -14.5 -18.2 -7.2
SC-4 2050-2070 -23.4 -24.1 -24.3 -23.6 -10.0 9.2 4.1 2.3 0.3 -2.8 -15.3 -22.0 -6.1

Table 11.%<1)+,I1%&513#*213%*"+.;1$%#.%$1+$-.+)%3#$*"+5;1%*-/&+513%2-%@^`@%�%>?@@%(+$1)#.1%
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Figure 19.(M"*%+!/($9&.$1&(')2#+$.1&(.$%&(D."V&#4"*2("3(GDD&.(A-B"*(0)9&.($%(W+)%&+".2&(-*'&.(
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#"*%&6D".$./(+/'."1.$D+(6$1*)%-'&($*'(2&$2"*$!)%/(D$f&.*2;



3934567859'1:;<=68'.>17=9?8

B#$1++#57,&'150

O.%#.2151$,.;%\.3#.;%45-/%2"1%P8T_%*)#/+21%$*1.+5#-%#$%2"+2%+)2"-';"%2"151%R+$%+.%-I15+))%
513'*,-.%#.%2"1%2-2+)%+..'+)%I-)'/1%-4%5'.-M%(0%d%T%hj=%2"1%('M15#.;%1M1*2%-4%;)+*#15$%#.%2"1%
(+$#.%"1)&13%*-.$#315+()0%2-%-M$12%2"1%513'*,-.=%+.3%2"#$%1M1*2%+*2'+))0%#.*51+$13%#.2-%2"1%
>?k?%T%>?h?%,/1%&15#-3A%P&5#.;%+.3%$'//15%3#$*"+5;1%5+21$%R151%/+#.2+#.13=%R"#)1%R#.215%
(+$1Z-R%31*)#.13A%!"'$=%#2%+&&1+5$%2"+2%3'1%2-%2"1%*-.$#315+()1%I-)'/1%-4%#*1%$2-513%#.%2"1%
(+$#.%V1$&1*#+))0%#.%)+5;15%;)+*#15$%$'*"%+$%2"1%K)1R1))0.%E)+*#15W%+.3%2"1%51)+,I1)0%)-R%1)1I+,-.%
-4%/+.0%)+5;1%1:&+.$1$%-4%#*1=%;)+*#15$%R#))%)#H1)0%"+I1%+.%#/&-52+.2%"035-)-;#*+)%5-)1%2"5-';"%
2"1#5%R+$2+;1%*-.25#(',-.%4-5%/+.0%31*+31$%2-%*-/1=%51;+53)1$$%-4%/-$2%+.,*#&+213%251.3$%#.%
*)#/+21%+*5-$$%2"1%51;#-.A%!"1%-.)0%&-21.,+)%1:*1&,-.%/#;"2%(1%+%$#2'+,-.%#.%R"#*"%+.%-.$12%-4%
$'$2+#.13%*--)15%*-.3#,-.$%)1+3$%2-%.1R%1i'#)#(5#'/=%-5%1I1.%&-$#,I1%/+$$%(+)+.*1%*-.3#,-.]%
2"#$%"-R1I15=%#$%.-2%+%)#H1)0%$*1.+5#-A%%%%

5. RECOMMENDATIONS 

5.1 ADAPTATION TO FUTURE RUNOFF REGIMES

!"1%51$')2$%-4%2"#$%$2'30%$"-R%2"+2%2"151%#$%.-%*-.$#$21.2%251.3%#.%4'2'51%$1+$-.+)=%2-2+)%+..'+)=%
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5.2 FUTURE RESEARCH AND MONITORING PRIORITIES
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