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ABSTRACT: During a rain-on-snow event, chemical compositions of pre-event water that exists in a snowpack
and event water that applied to the snowpack were used for hydrograph separation. In many temperate climate regions,
the rain-on-snow event on the accumulated snow from winter to melting period increases the risk of spring floods.
The water flow and storage in the snowpack controls the timing and magnitude of snowmelt reaching to the bottom
of the snowpack. This process plays an crucial role in the watershed recharged by snowmelt and has led to increased
interest in the rain-on-snow event due to climate change. Hydrograph separations was conducted assuming
rain-on-snow as new water and meltwater staying in the snowpack and generated at surface as old water. The
experimental data from by Lee et al. (2008) for solute transport was used, in particular, the second artificial
rain-on-snow storm because almost 101% of bromide tracer measured in the discharge. During the study period,
the measured total discharge was 4153 L and 63% and 37% of artificial rain-on-snow and old waterhad been measured
in the discharge, respectively. We assumed water in the snowpack and naturally meltwater as old water, but three
component hydrograph separation is needed to separate those two, which requires another hydrological tracer.
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(Jeonghoon Lee, Hyo Jin Lee, Ji-Young Ham and Hyerin Kim, Dept. of Science Education, Ewha Womans
University, Seoul 03760, Republic of Korea)

LMEZ A 2A Y W Aol Hol| BEsl= ko] 29 AL
29| 7] 3}(climate change)o]l th3t Ao 2
=9 &3H(water cycle = hydrological cycle) Q18 Aj2A 2zFE|3 9tk (Lee ef al., 2010a; Park
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et al., 2010; Lee, 2014). B2] £&hof| A A F2HO &
=skE Qs 7MY S Wol v A9 A%
"ol & Et 9o 9al Yt 379 (polar re-
gion) = AFeFx] ¥ (alpine region)o|tt. o] LA
A = G0l A AAER R Adske o]
oY 2] h4rolm, X FHO| LR 2 FE §l=7}9
FIFS HH= A (albedo)ol] FHZ o2 HIFS
gt7] wj&Eo]th(Lee et al., 2015). SHRI=7} YRt F
= A Gl A= At ol £kl Y= w0l A=
23} B4 9] SA1Y(water resources) ] o] -
283 JES & 4= It Williams et al., 1991). 3],
ALF A QE =2 E-of A =of i
WA =4 (watershed T+ catchment)o]] T2 <l
3 & Y v A7) = SHckSingh et al., 1997). =2
AL FE 7|25 ol AAA 715 ok
Rom, FHo wo] mol A & A2 B =
4ol Ql9 o] =0 o] 55HA Erh(Lee, 2014).

ALgo| At BH- o] TAR J= ZFollA
797} B4 rain-on-snow, ROS) =, &= EH o )
Folldx|ofl &Jgt BEApgo]Q]o] 7122l S| =|7}
=57 Erh(Lee and Ko, 2011). o]t 7141
AHRE= Fo] WHAdZE(snow metamorphism)z}t
=9 = S ol= £7](rainy sea-
son)7} A&l W2 A Fof|l A FHo] HS ], =
o] AW HoA 5 WA= T2
o] "th(Singh et al., 1997). ROSE} B FEAL [ ]
o oafi A7 & =2 2, & §H(meltwater) =
&5 S5t (1) & &0l A% 4= e, (2) st
HoRO ANRH FEZ TV =921, 3) E
F2G BHN AR FRY 4 Uk = 4L
EWole B BE EL £EL 1 9] 98 o]
A4 = (ripeness), =2 YA 7](grain size) E =2
FRHRI d=Raof o Z24E 4= Urh(Colbeck
1972; Singh et al., 1997). sHH, 22 F(new
snow)2 2 E F(ripen snow) Bt} 52 o T-F
g 4 7] W BEo|th(Colbeck, 1972). E3}, ROSO|
O3t B2 0] B2 =l HIghA = oMY &=
7hwE Ao g2 g A it

YA R (isotopic hydrograph sep-
aration)2 Dinger et al. (1970)¢] &3] A2 2 A|
o= %] 0™ Sklash and Farvolden (1979)¢] £J3j|
AR B2 Aol AMEL WHE gtk

(Taylor et al., 2001). Sklash and Farvolden (1979)
2 5P o] A5k} 792 = A& (two component
mixing model) &2 o]Fo|A lor, 34 7|
She % 4R(HS B 4T A5 el AHE
A 24 EE HPRRAR] SRS G@ glofob
Bk 7S Hlee 2 SERANS SR
AZHo2E F(M2E &, new water)2} X3}
22" £, old water)] AAZ9]€4(0/"0,
§°0)0] 24 RIS o] g3le] T Aol 50 vl
A= = A7 THGenerexu, 1998). 229 ©]
28 #47]<9 WA (H-device 9 glo]#] £3H)
O 2 QFt o FH Y40 B4 o] Gol| A HA ©
& ATOA] $AF AL} o] S HTL Uch(Lee et
al., 2010b).

A Y] w0l Zob g/do] Akt oA S
SAAZ]= A7100 2ol Askret Hlaste] dupgk
2 sHle] 7)elek ke 9] slste] ABHo=
TEEIHE o] 831 gh(Taylor ef al., 2001). &
=% (snowpack) oA 0] ol frEHE HES
Az2e 22 AstkeE 2dd 22 7Hsta 28
0 odjE 9 R = d FHHAHES
ol g3k, M| Aol AT, o] Bt A
Aol M= Askrrt g2l Hlsl shdel g 71915
s, §4L T2 Asked 918 ol 4US
STk, ShAlg, ROS7} WAbahel, §-4o] 129 714
(snowpack bottom) )| =&dl= A|7Htiming) 3 %
(magnitude)o] ZelA|A Hr}. o] Eah, = Lo
ROS7H 171 o] dnbuharel 2 g4t gl
Lol SfBiA s ebxiA Hick mebd, B gipe] 2
A2 Q1F7F9- A (artificial rain-on-snow experi-
ment)of| +ZE2HS AE5t] QAT A
ool & 40 B& Belshe Rolth ABRLE
2L E2, ROS7FSI7]) Ao 2 2fiE E2 4

Astel SEHEE S ST,

2.1 TR

o Aol A o A Qo2 et Central Sierra
Snow Laboratory (CSSL)+= v]= Zg]Z Lo} ATt A
ZE A(Soda Springs) 59 9] Alof|2} W|u}lc}(Sierra
Nevada) 4Ha o] & AJ4F5Lo]l Y1x|8kaL Qiek A E
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Table 1. Experimental conditions from the previous works.

Feng et al., 2001

Lee et al., 2008

Lee et al., 2010b

Sierra Nevada, near Soda

Sierra Nevada, near Soda

Sierra Nevada, near Soda

Locality Springs, USA Springs, USA Springs, USA
Elevation 2100 2100 2100
[ma.s.l.]
No. of events 3 2 2
Input [mm] 240 (total) 460 (total) 460 (total)
Duration [min] 90 - 270 306 - 330 306 - 330
Tracer Tm, Yb, Lu F, Br, SO;” D, 0
Affected area 6 x 3 m? 6 X 3 m? 6 x 3 m?
Snowpack depth 135 210 210
[cm]
Time lag 45-90 110 - 130 110 - 130
[min]
Total
discharge 330 336 336
[mm]
Grain size/ well i
Snow type el ripe ) )
Infiltration
front speed 14-29 1.6-1.9 1.6-19
[em/min]
Bulk densi 0.35+0.14 (before 1. event)  0.35 + 0.14 (before 1. event)
[g/em?] ty 0.42 £0.044 0.39 £ 0.1 (after 1. event) 0.39 £ 0.1 (after 1. event)
& 0.43 £ 0.07 (after 2. event) 0.43 £ 0.07 (after 2. event)
Purpose Solute transport in snow Solute transport in snow Isotopic evolution of meltwater

B9l CSSL2 A HA|S 7|3 AIEl Western Regional
Climate Center)o|A €%43}x glod, 3F 1=
2,100 mof| Y25}, AFo 7 1,300 mm(ZHA
F 104 m, o HH #0] 24 m)o|3L AP 2L
26C9}F-10CE Yelf itk (Lee et al., 2008, 2010a,
2010b). CSSLE& AUpEE E2#9] 0.5 ha HA L]
FHo|H, A7t A H 80% FET o2
WeElaL glo] vt A" W2 A7t o]Fo AL
Ith(Feng et al., 2001; Taylor et al., 2001; Lee et al.,
2008, 2010b; Lee and Ko, 2011).

CSSLol A =3t BelEl MSE(RE, 44 o
Y, AU A BAY, B4, 5T L 55)2
[e]

A&F oz EZHstal ek CSSLofl= s4e AR
317] 913t & 7i2] H(melt pan; 6 m x 3 m)o| AX]
Hof glom. ol Aox= 5&2 3 7o) Wit
< o] &SHAth Al® AFWE AHo] HiE o 2
A 5 UEF 2AZ7L ARetA 7101 A e

FEEE S0 F2 4 L9 A=4] 957 (tipping
bucket)E o|-&sto] S AS4 $FA=
o]l 71878217k ) E 22 255k (hut) 2tol] A3
wjo] glom A2 Wik= 8 m Zo|¢] PVC mfo]L
ol &Jaf j3t= A2 F o] YrHLee and Ko, 2011).
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2.2 Al
HAFEA|Q] CSSLefA 2002-2003  A-L713F
(20024 11¥€ 1€ H-¢ 20034 5€ 31L71A]) 52t
A J1F7- AR gt A2} = Lee et al.
(2008) ¥ Lee et al. (2010b)oll AFAIB] 7= 9
o} o]d Ao A= di7]olA f=H -8 (solute)
I EF YT oA olH AFE Hol=
7holl gk At7F 2Folg o, & Aol o
gk AFASAT S o858t vt WSS
o} = &ofl H =3 7h--ofl 93 &2 225 9
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ru | o
2294

oo



116 o|dZ - 0|7%l -

AAE-S 2 oFstH THFeng et al., 2001; Lee ef al.,
2008, ZOlOb) o|ye BAL 9Jaf ol37t-9of 25|

=99 Lol duigkEo] Eo] URETHE €71 9
°H 2003 4 591} 8Yof| T A AFAAE
= 7T A7 2HE AR eH 2 A5E Sl8l
Za%t YH+= o3 2ok AL7IHES Y &
9] & 1454 mmeo|, o] Fojlx] 74% 7} =0l %
o} AR e A&sh] 2] 9] Holk 210 cmo]
e ‘11 AT E A 7122 -5C oA 12C 9
t}. 49 5,6,12, 1392 31222 0T o]a}e] 7] -2
BT whebd, AR OB WS §40] e
AR o 2% Tefshe] AXSHTH
(Lee et al., 2008; Lee and Ko, 2011).

= 7o) Az Z 2 (sprinkler) S Ak=$ Wo| oF
%, & 6 m7} oA A AA| ot QIFHF¢E S
9| olct 20 Y WA & ol ek w8
a4 QIE LS TS0} SEEE FHI = o
2 5 e wEson, ABYAL vige B
el A9 Folg uiehe] WAl ARSHC
Lee et al. (2008)| A= H|&4d5Z R} (conservative
tracer) 2 F &} Brg 21219 Q137 -A ol AMg-st
AR 2 AT A T Aol ALE g0l 2
27} o] g3ier). QB 40] o] LEE1T
Fom, AR = FH HER = B9 LEE o]
oh o WokE Aol 4T 4 ik I3 &
O 22 A5 A g2 A o= HEFH U
20709] & = FHO| X5} ‘:}H/\l{%

of A= ALY F& AFe s SAs}
= Tt Aol B Fof HY 4
F= S5 0|9 HHS etk A WA AF
AR 49 5Y 250 AlfE e, 51A%F
e AEE G oH & ol X £ 42157 +

m (o) o|Sith &= WA QI AP 49 8

Xd o /\]7“0}951—# 55A17FE 3 A& E 3l e
o1 2. 145 £ 85 mm Hrt} Q13 7F-AE 7
ke Rl e WA ko, 48 122
7} 13%00] 10 cm A=} iz0] Wizick. = we] A
7397t A7 e A ETE F(magnitude)
I} 7= (intensity) ] SHAA =4 A =N CH,
ol o] A Y9 5% HthX|o] SFEhHLee ef al,
2010b). = 1ol &3 A B F2A BFol
29 FE+14.6 mg/LleH, A5749-9 42

o o
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S

.]

=0l $=2 7St

AT ol 299 E217, slohy
48& whefstr] fiste], W Aol Ae-9-F(snow-
pit) & :qu] uhA, EROA BlEg7kA| 9] =9 &
& e = & 3l 29 ¢ ST &
FRAA Y & AEE A olF vlF] AHE vE
(bottle)ol] Hol £4o] 37| H7HA] YFA
HAEH. 42 TAEE 29 d& AN
A7 R 2A HFHSIAT ol olea
2RI (C)E o83t BAstien, Fd
E=2% Wit

23 T=E2dH
2 dAFoA= 71EY SEEYHE A3
= & U= 5 &5 ﬁokﬁ g3t A

230] AJZFE o] Fol Zol7] AJZtstal, = EHe
B A7 AL EA Fof & FHO 2%71 0T
7FEA =9 2ol 7] AZRI AeEet o7
U= ¢Iaf o]=fgt Uo| HEEA =W = &of
0| EAIAY Eo] HolA T &l o=
w1 A EASHA "k AZollA =ol =HE =2
HAJ 22 (metamorphisms) E+= =3Kaging)7} 2t
At ol Wsk 44 27kl ek uehd, A
=29 9 Yd sRo 52 2o Q= =9 3=
&of| o] EAY FEo| AH R &+ U
o o] uf ZF-e7h EAYSHA HH B2 o =]
TAZ SFEHA "ok

7|8 o 2 ZTFHZ(mass balance) 7g-& o]

£35}o] A 22 E(new water, nw) I} 2] H E(old
water, ow)S TS 2 Ao 2 BaEld 4= Qi)

QMH x Cm Qau X C + Qﬂu X C (1)

Qlu' = Qmu + Qnu' (2)

Cw =L X Cow + (1 I) Cmu (3)
_ Cw ™ Cow

e e @

ow nw

=X

714 Que =9 7]AF-(bottom)oll A S
HiEdel™, Que 719 & &l 201 Jd &9
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of A e 2 WSk 59 e ALtste] 1™
lao] AAJSFRATE HRbA o= -'Cr°] 7] Al2rshd
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7+-9] ozt A]7)7k 19 1ol AAEe] glek. 1
1b9} It AFASE AT £ 71A KA 9

o] oFo] W 35lo} 22| 2} (tracer) 2 AFEE HE O]
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SollA gHd3] Holal glon, AHH L2 Fo] =
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T gick % e} A AR FAH & A7
< 7 ROl R A o)A BFol2o] Augt
& A3 F RO Ee A FolA R |
A= F2AH55%) H HiE(48%)E 2] 1A 5ol
A 3|4=3}%] ZatATH(Lee et al., 2008). © =0
A Bo| ol &2 52| F3}aL ofo]AH Z(ice lense)
Fo2 Q) doz B9 3480 ¥4 Xat Ao
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Fig. 1. Experimental observations from the two artificial rain-on-snow events. (a) Water input, including artificial
rainstorms and calculated natural meltwater rates. (b) Water output. (c) Bromide concentrations from the base of
the snowpack. Experimental data were from both Lee ez al. (2008) and Lee et al. (2010b).
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(water content)o] AA|H o= F7l8lHoH, U
O] ¥t Th= 59| 3hgo] AAZ o2 FA% ¥t
£ 2o FUHIH 2). I8 394 F HA AF
75 Aol T A0 ol 49 HFo] 29| ¥t
£ Ho 31 9y, 937 Ao|Ad= vE
ol&o] A3 AEHA Akch wehd, 4EEY
< 3T of 2" E(old water)o] FEE= =
9] Bt o] Sobd WASH: 9] FEE 00

r T T T T T T T

@) Before spray
200 [ e After spray

150 =

Height (cm)
S
=]
L}

50 |-

0 . I 1 I 1 1 .
0.1 0.2 0.3 0.4 0.5 06 0 4 8 12 16

Density (g/cm?) Water Content (%)

Fig. 2. The variations of density and water content before
(shaded solid line) and after (black solid line) the second
rain-on-snow storm. The snowpits were dug on 5 April
(before the storm) and 9 April (after the storm) 2003.
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8.55%0 0] 2k 84% 9] Fo 1g7-$o] JFt Ao
2 ARkE|QITh 29 4014 Z7he) HEL ARe B
o] 7|25 Lrehd Rolo, A& B(o)T} 235

L) v L)
200 —— Before spray
—— After spray
150 |- -
€
S
£
‘@ 100 |- a
T
50 | -
0 'l (]
0 1 2 3

Concentration (mg/L)
Fig. 3. Variations of chemical compositions of the
snowpack collected before and after the second storm
(before: grey solid line; after: black solid line).

Exp. #1 Exp. #2 Exp. #1 Exp. #2
| Br- (applied with start B B
of second rainfall)
Artificial [ 4 f 4
0.8 - Rainfall : B s
(mm/hr) o . ‘¥
c 0.6 |- . \ o o
S . . .
: . ' '
w04 | Ny, - -
4
0.2 | RNy -
0 14 1 Pey Brryeren SR P PSS BFETET S BTSN BT 1 fa— 1 1
5 6 7 8 9 10 111 12 13

Day of April
Fig. 4. Fractions of new water (artificial rainstorm) component using Br” concentrations during the study period.
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a AT ARSHe Afolh. 1£0) §-§{melting)o
ofa A HPYEE Be B 7o) 1] et 2
98 22 748 4 9tk = 49 BEo] 2o girt
T ele) dEe] ol %8 vsiet 2ofE B
o] 7| =7} F75ke o 4= ek 2 AToAE %
A2} sPUE 0] 83t o] dE A (two component) 4=
2re)E Saelay] i A2e 23 odw
2,2 9137490} 1 0]2)o] 22 Uplo] Ack. w2}
H, AdH o2 Wik §4E e shuel A
o nEsl] £ 4o AFHS ool ZAItE
23} Bajs}y] PaME AR olabe] SRR
£ Agsfolof oo, o|F Hehile e 2xiRje)
48 9 o] aHch
AAH oz durkae] Bo| o] 7|ARE £
SHAEAE Q7] Slstel, 19 404 Ak 7)ol
£ 39 109 7% S48 gAY e
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Mo 2% r|r
e
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1000 T

© Outflow at base
Water from the second storm
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All waters
but from the 3
second storm

Outflow (L/hr)
s
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1 A £
% 1% 00,
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0.1 " 1 1 1
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Day of April
Fig. 5. Chemical separation of hydrograph generated
by the artificial rainstorms. Observations of outflow
were from Lee ef al. (2008). The method was applied
to the second storm.
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(discharge)oll 283ttt F+ HA AF74+-AHS
AASE & 14U7HA] wiEH F B9 2 4153 Lo]
L o] FollA AF7F-oll ) viEH %2 2626 L
(63%)0]1™, Y| = ol o]d A oaf &
AR 53 = FAHA 52 4 Fo= Yet
Y = ik AdF o2 WAy g4I o] H A
Hog IEH B2 tE o 3ty o R &
At JES 7L Q7] gl 2 A9 s EE
o X BE7t =X ot HoR FREEYE
At FollA e 42} AEE g, oladt A
D23 AR A o] Dash Aoz ghtEch

4. 22 9 WA

A =oll Y3l AI7F SR == X FollA Z
o o5t FFH eH}H B &oll B0 U= E
£ 52 )Y 7|d=E AAlslr] Y8t Lee et al.
(2008)x} Lee et al. (2010b)of| A 4383t 21F-73-9-4
A AE o] §st F LS EEstqth F
9 RISHFAY F FHRHEFCIR) Y &9
3lgo] w2 F HA AFFAE S o835t ¢l
TS0 FAA FEY 9 FEAOIE o8&t =
EEYE Y5 A3 Ado|Fd= A=
<+ & = 3757 Hd 84%0] o] WE &
= AAs o, ARte] AgeE = FHAA &
AF Q1 g0 LAsHAA g2 7|HdE&e &
o] St AAF o2 WAH §AI = £of oA
o EAjetd Ete] £ E HaiAl= A2 FH2;
7} QFEGGAAEA R ). 171t
HjETH(4153 L) FollA A3t e 52 2
7+ 63%, 37%2 2FA 5t

A AARLR 7| 53], FeHst, sAtdgE
S| A £0] B9 <=FhH(water cycle)d] T|X&= F
ol thgt A-17F Es] A Fofl AUtk oA
£ oFF] AgFo|| Y &) FA oAdet JIgFS
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