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<Review>
3 HollAo] g0l Eol Wk 7|72l
olFE" - msH - AsE

A G £ EoflA o] Ee LFU0| oFH = 713l tiste] TSI AT Lo gf7]of A
FE 2dd ol B LAUE0] AL SHHUNF ST A B2 ol #AR wiEH. o|e} ol
AtefA|Ho| A Fof g4l 23 frEol dold uf T Bl SH O] AHIShE Hof =t o] E ol E AT
FEC o] 2E L FH 8902 E T4 Y SO R 0|50 EdtEH oleH7] ELE FAHE,
ol &°] = A7l ti2 9] 0|50 Ty SO R o] FHY| fiEeltt. o e I ol AE
g3t HHA o] 250 w2 AT AR HiL AR AA W] flEo= dge 4= it o]’k o]
2H29] F7])= &40 £ £2 o' 7|F 22 ojFHE Ao € 3ler o] AHs] st o2 7HA] &2
o] AN, FA o= BE-O|RERAZN & HollA 29 o]FS AstaL it} oWl 2} F=ZolA]
€ g THNEE Asta A IFHL e = SolA Y &2 olFol didt A+-E lstHer &5
SUA = 32 5 Qe AFFAE AAISHAT

FR0: 2o g4, §210] o), mEojmEnY

Jeonghoon Lee, Dong-Chan Koh and Hyerin Kim, 2014, A review on solute transport mechanisms in a snowpack.
Journal of the Geological Society of Korea. v. 50, no. 5, p. 681-687

ABSTRACT: Transport mechanisms of solutes (ion or contaminant) in a snowpack in temperate regions are
reviewed. In temperature regions, a seasonal snowpack accumulates and stores atmospherically derived chemical
ions or contaminants from winter to spring and solutes are released with snowmelt to the watershed. Due to spring
runoff in the mountainous areas, the acidification of the nearby lakes and streams has been reported, which is called
the “ionic pulse”. The major cause of the ionic pulse is attributed to the preferential elution of chemical impurities
from a snowpack to the lake or stream during the earlier phase of snowmelt. Since solutes are positioned outside
of the snow grains during snow metamorphism, they are easily washed out from the snow grains. Because the
magnitude of ionic pulse relies on the solute transport mechanism, several mechanisms have been suggested.
Among them, a mobile-immobile model can explain many features of the previous tracer experiments. In this review,
solute transport mechanisms in a snowpack are introduced and suggested in near future in Korea.

Key words: snowpack, snowmelt, solute transport, mobile-immobile model

(Jeonghoon Lee and Hyerin Kim, Dept. of Science Education, Ewha Womans University, Seoul 120-750, Republic
of Korea; Dong-Chan Koh, Groundwater Department, Korea Institute of Geosciences and Mineral Resources,
Daejeon 305-350, Republic of Korea)

LME 7] &7 Aztste] g ko] §-d(snowmelt) o] 2
Agalo] Btpol AokA| o) M Ao A S0

22 & (temperate region) A= ALH = 3t G52 3131 QIth(Lee et al., 2008a, 2008b, 2012a).
(seasonal snow)o] W& Brof k7t o] HHA 2+ th7]oflA e 434 (dry deposition) T} 5/ 1A
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(wet deposition)o]] 2] &4 (solute) ¥ ©]-2(ion)
212 W(snowpack) €0 A=Al Fth(Lee et al.,
2008b). o|FA| AP 84 W o] 52 54 A
FFE(nutrient) = 2 F Y (contaminant) & 24
A|(watershed T= catchment) 2 AJeljA)(ecosystem)
2 o5 5HA "ok wEbA 2R oA gHE B
o A 4 A= EAS ol FAI= 7P 8%t &
4 Z9] sho]tiFeng et al., 2001). o]2 <l8] g4
9] skl gt A= A 30| F<F 3]
o]0 A grth(Harrington and Bales, 1998; Feng
et al., 2001; Lee et al., 2008a).

A&Fof A2l o] TAY ZoHA EjEhE
© 2L 2514 U 3R (stream)& 5% (recharge) A7
A, Y2 24 79 (rain-on-snow event)<} g
A T8 42717 = Stk(Singh ef al., 1997; Lee et
al.,, 2012a). 3}5HA 0 2= A ol Brof UH o=
(H', CI, SO,*, NOs 5) 50 3t o]l -4} 3 vj
Z(release) EHA] 0] 2HA(ionic pulse)Zf= FAFE
AE dov)7|x sthWilliams and Melack, 1991).
O] HAE = &of T Ql= o] 250 54T
A 53 viE == Aol ofH gt Eo] o] &0
7] A o], tiF29] o] 50| 555t HiE
H= A4S SEstti(Wolford et al., 1996). =] 20

~30% A= Joll =8kZ o o] 70~80% H&=
7t B A &= Ao R g glom o7
Q1) B4x(lake)t S AHE 2 o] 29] HES
FAspA sk

7] 59 o] 29| F(loading)°] 7 Eol7h=
ZA0]7] & (Wilkening et al., 2000), 1= <5014
o] 0] o|F k= 7|2t ol Al HiEE= 712t 0]
a7k Basich ol #do) WASE 2AWsE
AEsta A7|H o2 29 A7t BeAE
$ASHE B vk Fasith weby o ERolas
= HolA 40| o|FE= 713 #Hd A A
£ 2lekar 22 o9 @ S AtsF Ayl o
sto 27)8kaLRL g o] & flaiAl the AollA= =
ol x]¢] &Aool F ol oJaf A= Aol Heteo
a7f8kaL, 3ol A= 2ol A BEE S AT
317] §J8t 82 o]47]2}(solute transport mecha-
nisms) o] thgt A7 ARSIt THREgol AL
FF g oA A-tefof & ek XS

2. =0IM2 22 0l

2.1 O|2EA(ionic pulse)
& Fo M= AFPATL, o] 2B A= di7] oA

E 4 | (a) water flow
s2f
u_O- o h_ 1 ..,J ...l -l oA 1
e [ONOS g .
€ 1x B MR a o, M" V3 o’.” WW"" ‘o ~
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Fig. 1. Chemical compositions of snowmelt (NO5’, CI and SO4”) collected during the winter of 2001 at the Central

Sierra Snow Laboratory. Day 1 starts November, 1st. The chemical compositions of snowmelt in the discharge are

from the experiments by Lee et al. (2008b).
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FE frEo] Ak93(snowpack) &of A%E]
o] 9 0|50 §AHT A EHSHA viEEH
A MRS R4S E3itkjohannessen and
Henriksen, 1978; Tranter et al., 1986; Harrington
and Bales, 1998). & 9] o] 50| §4Ho] A&
TA3E o A HiEEHA & &ollA 34 &
Zdojut st oz ol FEA Hrh 20~30% F=2
ST A 70~80% HE9| o]F0] Exts5HA
HiSEHA AMJETL F7181L 0|59 =T F
7VSHA| WA, ARl 2 ZAE 4es1A "ot
(Harrington and Bales, 1998). o]2EA0] 19l
+9] A Z A3 recrystallization) E= 0| HAI S}
(metamorphism) E o = &of] E0] gld 4 ¢
o|2E0| €5 2AY v Z A H (exterior)o] ¢
A EHA gAho] TAE & &5 AU &
o 523§ 2ol 8ol A vEEHE AR
&HA Qtk(Harrington et al., 1996). whgkA] F9]
I3 == 3 (melt-freeze)S HHESI= 3147}
Bl o] 22 oe) WjEEE ol W £3
o] oko] ¢ WolA Ao|gh= AL & 4= 9lrh(Bales
et al.,, 1989). A uc} o] gt A4 o] §HE F3}
(neutralization)A]7]|= A=7} 27| W&o, o]
3t o] 2 o tigt A= A Gl wet A
Hol g2t A 5= Qv F38H9 At BEYY ZHol,
EgUo de| = o et 24

% 12 vl A zy ol = SYAolghuitt
+ A4 (Central Sierra Snow Laboratory)olA|
A 20014 (2000.11.15-5 2001.10.317}A]) o] 2=
Suo] 7| RN A B G oINS B
3t Axto|th(Lee et al., 2008b). 40¥ A=7tA| g4
o] diF oz A YABE o =7t A FUH
= & lom 8290 o] 259 =T FA5H
S7FHE & 4 Qo SHAITE 14097 E g4 <F
(28 1a)o] F7IsHHA w27t 3854 dads
& 5 AtHy=2 S9le log). WA ti7] ol 4 5H
7| 4%t o]#gt o] 252 Aol EX5tHA|
Z8F 47 A 2ol AAEE & 5
Ut &4 % o] 2o] A A" T §H 9 oS0l gt
FEE T8 AaTS €5 Utk &, = A
A w52 Bl =52 50T o, #HAA &
A9 o] F7IHA =W 49| F=rt 34 E7]
ojZo]ct.

2.2 MEfSHHQl S24

A oA, ASEFRE FE7A] B ==
2 e GHEER Q8 EHY 7|9 € e
TAAA 7]0] Fe AL 52U A A (insulating
blanket) ¥ 3}7]= Sitt. o| 2 Ql3f tj7]9] &
Lo Hlg] & &9 2=+ 28] @A got, & 2o
AEEo] Aol gol A ¢A st= 4TS st
It} (Lee and Ko, 2011). E3F Eof 0] 50 HA]
AEoA 2ot 2 9 FeES T Utk
SER|E AFeFA] & (alpine basin) A1E47d-2 A3l
= ol 7HA] 8.2 (multiple stresses) o] &2ttt
dE =01, B2 2%, v A717F A 43T 4=
U= AI717F E) meba] ARRR| 9 o) AEjAlE o
2 AeAlel vlsh AN EnOR ALY 4
A= Aoz dHA i Williams et al., 1995).

% AEjAl A4 2 3KS)<] A (deposition)o]]
3t A= A d A o]Foj A a1 QAL o] YA
=9 &gl gt olsi7t 7HE B3 FEol A
B 1= HollA Fae} o] FUH A AAE 2 A
= 71&olti(Campbell et al., 2006). sFATE A2
= Ay FA7R] AESFAQ] T3, & A=
O3t A (uptake) El= o] A o|H, g-dof| oJsf
Aot e 29 Fol 22 F 2 o= Y
2 F7RIt oA Aa 9 o] FEje AN
(NOs) 7} 841%4(S04) 0] 718 $-78%(dominant spe-
cies)o™, At} At o] 7MY Wol shHo=
WA U7z Al7] 0|t sP ol A A4t d T} 2H4kE 9
Tt HUE ol2A Hed, 537 §40
O o] LHAE YO7|A H= F8 Hlo] Hroh
E3 o7HAQl pHE HAAR Q13| 77149 U=
E(A)S F=7t 5715 =] AEjAC F ol H
7)% tth(Lee, 2014). A4} 20 7] W Fo ¥
3= A E7] 8 2 P e AR EA|
THCampbell et al., 2006), ©]+= £ =H 2] S =l
offm = thA] gkt

o8 o] Eo](timing) L TR} A4S E
Aok AEA] B & 5 e oY o]F2
2193 ol 4§ 9] o]F7| 2] i G
I glom o3t -8H 9| o]F7| A drEstr] Yl
1980t of 2] o] AA| =t &2 2] o]
7) &l gt AAd L A =G E S o]-§5
AFAIE thx AollA 78tz gtk
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olzz -

3. = H0Me EZ9| 0I&7|=fofl CHst

St ol A 29 Yo Aol S8 E= 0]
ool tigt 712k olsfshz Aol AbefA| oA <]
=4 &8 9 SHEAE ol Ex= HEs= T
83 g ke Ae AT o oA
< ol & HolM Y &4 o5& s st
of AAH A o tfjsto] s H7| =2 gt

31 A-SEUOIML BH0STIRE 98 2

H] Z 35} (unsaturated) Yol A 82 9] 7|22 H]
E3})] 4~2] x| A gH(vadose zone hydrogeology)ell
HE BE AL W Ropolt), k2 jERoz
Sz 33 A d (unsaturated porous medium)
ol g, Bl TR FglolA 2= 71 TEE ol
£3to] 879 o]F-S AYstr] Al &5t Colbeck,
1981). Colbeck (1972)& 22 FAF &= &8 &
2 2] 53] A S AN} OB, A
ol A o] YR} 5175412 Ak E(mass con-
servation)2] &S o] &3}o] theau} Zo] S =F )

#l1-5) 25 2T 1)
_ Pykg
K=" o

A7 p=F=E S=H O EL T e =
(irreducible water), St= -8 33} (effective water
saturation), K& $2|AEE, t= A|I7h n2 X|43(n=3,

Wankiewicz, 1978), k= I--54E(intrinsic per-

M1 M1

(a) (b)

o

M2 l M2 l t IM2

Fig. 2. Conceptual diagrams of solute transport in a
snowpack (a) diffusion-advection model (b) mobile-im-
mobile water model. x indicates water does not flow in
the direction.

=
w

St def

[=]

meability), u= B%, e B9 U5, ¢ 7K
0|1 z= AR Agolth §4o] = &ollA
T2E &% (u)s oheat o] vehd 4= itk

KS™
9(5,—5)

_ Ks!
#(1-5)

u= ©)
|49 o]$4]2 Hibberd (1984)9] &Jsto] AA]
= e 1 x|ufjEby 2] (governing equation)& T

23} ZTH(1 2a).

aC. o(uSC aC
at 02 8z 8z

Aq7)olA C &0 U= §HY =5 UE
Y™ D &= BEAbAZ=o]ch. Hibberd (1984)0] A= 2]
O @E o83t RAHAISE ¥4 (fitting pa-
rameter) 2 F1ahgich te] ol eBA0) 4,
2, §410] kMo gio] o 2 50] A QWS
WA b 28 mARstsc

Hibberd (1984)7} A|A|3F 2L o] 2 HAE A
FHom mAE 4 glglon, §40) BY ¥ &
A9 sx7t 27 Eo)AE A (long tail)S mALE
4= Utk AJ3ke3Hsubsurface hydrology)o] A|A|
AR EHolERY, & HE-o|EER W (mobile-
immobile model, MIM)& Harrington and Bales
(1998)01 Ao Amatgon 1 upgae
olZ¢] 4] (5), (6)3 Zth MIM2 ©]-8-3to] Hibberd
(1984)2] ®lo] TR & AT HEL BAT 5
Atk MIMof| A= E(liquid water)®] FE& F H &
(BE, o|HE) o2 WNetHLH 2b). HE % (mobile
region) O} 2 55 4= Qlth= Aol o|ZEFY
(immobile region) 2] xfo]Holn o] E L] =
LE3ko] AxH-S(first-order kinetics) o2 ZHE
4 Qlth(Bajracharya and Barry, 1997; Griffioen et
al., 1998).

aC

6(’fM) za;az Da—:)—a;az(usqn)'i‘ ¢(1i51) (q_ Cm)
®)

3q w 6

= 456G ©
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o710 A C,T} C= ZF2F mobile water I 2
immobile water®] g Q1= &2 F=E U
Y™ o= mobilex} immobile water2] R EAR
(exchange coefficient)o|c}. WE<ET=AR= Harrington
and Bales (1998) | A= dAsictal 7HystH o™ 1
FHe 4x10%7' 02 BaEgch AT WIS
o g3tol, mEAY] 8] FEo} e Zolxo) B
o] & (flow rate)7} 9] A, 2 457} 27
shel §20) 5=} Zashe melh

B EF YA (rare earth elements)E ©]8-3}4] <l
3749 (artificial rain-on-snow experiments)<-
53} Feng et al. (2001)2] AFANAE &2 £=9}
870) 557 &0) AT} ol ofe] A
QL AT o] & uf = Eelo] vi¥l k2 5]
EF Y48 BAKspray)staint o= dsf, F3#t
o] tFE o= EA | EA45HA "t o] A¥ZA
I 2] Y8, 22 BdS o] &3 A|T i
IS YASHA 1A Gl B £& o AFAA
AoA HAE G FHHAE ZAE 5 U
ok &4 9 o] 50| o|mEA | EAHA HH, &
9] £&7t F71e v wEdrt F7HHA] S=thA
o|REA oA REAOR o]FH A T F
7Hel Eofl Foll &Il 314 (dilution)E 4= 1ol {1z,
o|Z Q3 F9 £&vt I W FEE A
S ATHHAE Y 4= vl A "ok w2, 1
St Be) el 3 Z7VekA Hrhe $e)
b B 2ok g 275t o] ATAS U
EltA| "t} w2bA|, Harrington and Bales (1998)
9] »dlg o]-g3|| A= Feng et al. (2001) |4 YepS
8247} 2o £ =710 B S AW 5 97 B,

Lee et al. (2008a))l 4= Feng et al. (2001)]A]
AN AR, R e Aol ofuzt B
Smo} AF o] A Walths AL olsie] §2
of 5Eo Bo) S0 E AVUAS BE BT
= AT} vRES-S=2& R conservative tracer)E ©]
235t WE 3H(melt pan) FH| EFIE AA|3}
T EAAS BS Aol = Ble] B3 Bel = 717
3ol §40) FEE Z4stel 2o} Anje}ulm
seich ol Qlal, 2ARHE PR BiAe] £
5HA k. Feng et al. (2001)9] g7l A= 4] (1)9]

= Qgstchn Agelglo Bz tep 4she
ZZ(hydrological conditions)& ZAFSE 4= ¢lglo

U Lee et al. (2008a)3} Lee et al. (2008b)o A= 4=
Moz 4] (1) Bo| 55 Abale] cheket 4-fat
ol 2788 nefa - Aot 2ol 457} 571}
A E)9 mEadol gl SR So] o mEako 2 of
S Hlo] mEAr) 22749 57} A 2
t}. Lee et al. (2008a)T} Lee et al. (2008b)ol| Al 72t
H g2 Lee (2012a)¢} Lee (2012b)8] A+-E B
sto] ASE Ak ot ek el 238 1=
= Q171 wiZoll, AR ANA e of2 ¥
of FEFAE & BAE 4 5T,

3.2 0|53= 22 (dual porosity model)

Lee et al. (2008a)=} Lee et al. (2008b)of|A] 7t
H 292 Feng et al. (2001)} Lee et al. (2008a)°]]
Ao BFARANE BiRE T BT 5 Yok
5125k, Lee et al. (2008b)olAl= o] melloj A L&
T4 U o] AE =98ttt WA, Lee et
al. (2008a)olHE = olH AE|R (preferential
flow)o] EX = A3 B APollA = &
&S BAE 4= QISItE dERe EA= sl O
Y Bl R ANEO WE =S =
S7Fe EAITE BdoA= o] 2’k g alEsiA|
37] 2ol mAR = ik AA|H ] wEH
& E2(matrix flow)7} £2517] Aof AR
of3f =2 7]A Fof W2 =Esh= Aoz Ao
A TP A S A 4 ek

Lee et al. (2008b)ollA= &9 £&=7t S7FE o
2270 Bw7} Z7RHs ool BAS A H o2
HARSIG AT, dubA Q] 27] 2 A (initial condition)
o2t BAS) Eoloith BE 214 ES
BAl] Sfote] 271228 ol §410] S
P LD EEREEEE PP R
AT o) o] mEA) SES FAA7E 20
HMEo] =2 225 A =5t §He] 2] (reasonable)
oz paE Ave wAsg A1) AR
2 d(single porosity model)2] XJulj}A4lo|m &
o] oj5-& e | ol olgEle] gtk 4l(1)
A= mEAS] Bt ol 2 T2 o] EANY] B
< IHE SAFTHE 2b). SRR, oA A&
T 27124 uhA] o|REAY] TS Hd&oA
“Qtt gitkturned on and off)” k= AAY 714
e o ddollM BEE e AT = ok
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o|EE/4e] =o] 2 Aol adiE fl= Aol ofY
2t REALY] EA Y ol ofi 2 Zoftt o|et
& maAnE 2o Aye 4 Aok ol A
= A3kt A A7 s olFF LA
ARg31AL QU= 7l otk (Haws et al., 2004; Schwartz
et al., 2000). 219 32 o|FFSnd o] /g et
H Joln, 2N MR F7|= gl
2ol2 Lrepiom AdH o2 miAe] Bol ojm
2afo] BROH: & )4 o F 5EE ey
BRI &% & Sl 9 &4 olFe] didt d+
£ 75| feiie A2e 2EdS Ee 2art
o

SOl 4" di7] 7199 S " ol =
off g4l o3l A % FeAR olF3t] LHA
o] HAY Hagt gF=Ho] 2 & 3o w2
o2y et oz Fasith ALH i
5717k Al 2lotell Al 7] dste] S5 A 9
AGAd ol BRE A HE TSt ko] =
5HA| Eth(Lee et al., 2013). o]t 7oA, Tk
o Wele ASE w9 38H 242 dsioF
o Fart oy, &S o|2dt skl oA B
Aol o8 G F=7tol tie SFH 7= 2
83 Aot} Ao o3t 84 3u& 33
=0} A Woll A =ofl sl A4 ol o) ot
o] AejAlol olEA S wA= Zheoll thEt A+
7} 83}t

FHollA= o]2o] wofl M7 (deposition) o]
Aol oABA Sol7HAl HeAl, EF Al of
A Soi7H| E= Aol it A7 AL gle A

T ==
iz } s
=

Fig. 3. Conceptual diagram of a suggested model for
solute transport in a snowpack (a dual porosity model).

Holul, AT 53 & iz A7A D A7
Al(snow laboratory)x= §l= AAolt}. LA =
t71olA =2 A JAAE F71E0] = EollA o
DA olFsk= Ao digh AF= AREL Stk
(Meyer and Wania, 2011). oA = A|FA S,
SSEAY, LA = woll Yt ALE ¢
23 S| 2 Aol A AR @A 7HA
@7 5 Ao ik o] HR A7 29sb] 9190
A AFA NN ABE L 5 Y AT
Ao FZo|t}. & ARE AZEEUL 3ol
obje} Fgee] A% 4= e AT 7o vl
o] ol &8l gtz S0l Y=ol 9 2
A=) ool gt AAH S BE o] Bastt.

AL Ab

o] e FA AT ] 3 FANF 22
I34(Polar Academic Program, PAP)” 2| & &t
IR AL AT L FRAFAQ] “SE) YA 7)
e B89 58 AAUAN BY 28 B}l
AH1432112)" ThAe] Lo 2 ol 2ol
=g e 34 320 AASIIEEA A

Huth.
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