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I oA oA th7]o 4 S=E §o] o] F5H= Tho] thk ofs BA) A L A ES0] SUWUE
e 9 A A ARAIE HEiA Saskth = EHA o] Hof WAHE FAHo] ojEA §HS = 7|AR
7HA] ol &3k 7H olfish] st Higrot w7k AUHAE L Hdth. o2 Aol HiETt
27K 1) 57t Z715R 0 AT, SEot gaths 29 4T U T B mE ANSA o)
S5 FE o] BAE FFA o= AR Xk ©1%F/d-H] 0|54 (mobile-immobile) HH-E 0]-§51
whEoh 5 7he] BAS PR 02 ofalsty] ARt A, = Sell 4 4] St Sk wet o]
FA-ulol 5 o) SelstaQl mEHET} o] ke ), WjESet 8 7he) A AW 4 Usich E,
§4o] olFg-vlolF Aol Sl Aol FEot et BAE 2T & o, £ ol WA|H o= Zx3}t
TGl AT Belo] RRAOR BEs Ao R AYBL I 5 ek o] et i Sol M o] §29 o] 5714
<= A @919 w3 ftoll A2 8 o|F B 2ol A|ul B9} s A WEE H =} vl &1t BA o=
e 4= 9L Ao s 7|k

FRO0: &, 84, WS, 5k, ol54-Hlol =Y
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ABSTRACT: Understanding of how atmospherically derived solutes transport in a snowpack is crucial for
management of variations of surface water quality and maintenance of healthy ecological environment. To better
understand how the meltwater generated at the snow surface transport to the bottom of the snowpack, we review
the relationship between discharge and solute concentration. While the discharge of meltwater increases at the
bottom of the snow, the solute concentration decrease (negative relationship), but increases with increasing of the
discharge (positive relationship), which has been reported in several studies. These relationships have not been
quantitatively explained, but Mobile-Immobile Model (MIM) helps in explaining the relationships. In the MIM,
the hydraulic exchange rate constant between mobile and immobile water increased with increasing of meltwater
velocity in the snow. The relationships were explained by that the solutes stay either mobile or immobile phase
and the solutes exist either in the whole snow or only at the surface of the snow. The mechanisms may be relevant
to solute transport processes in unsaturated soil and may shed light on explanation of concentration-discharge
relationships observed from lysimeters and streams.
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E ¢%(water cycle)o|A] =9 T84 7]TH
Sl gt By o= Qlsf AEA F2=aL Ick(Vihma
et al.,, 2016). & & S04 A|R| 9] W] 7 7l
2%t Fto] WH(cryosphere) o] 7] wiizof], =A%
9 ej efe] & B a7k o @A) 7| Fse]
3 A i 77k B 0.2 Z7hska glek
AEAOR, £ 1SR Hol7] AZslo] o 3
Eof| 7] A= 1=(seasonal snow) <] 3l 32
A= 1960 o] F &3] Theket AlZte 2 A
7} Agg=] o] gheKColbeck et al., 1982; Taniguchi and
Kayane, 1986; Taylor et al., 2002; Lee et al., 2009).
w=oll o8l A|glp7t SR B2 A ol A P&l
AR, A 29, 792t -§-H(snowmelt)
of 2%t B oY 5= A wol Z= AV R =
o] =& Be) ool s} W 77} ol %ol e}
(Ahmad and Hasnain, 2009; Lee and Ko, 2011). A
2ol 0] gol el Mool q BAo] Ho] o]
7] Altai, el FRENT, ofeiet Bl
o %2 2, 2 4] 55 5l 5991 2o
AL A Ak 3067 5] o] 2ol A Pt
(Kendall et al., 1995; Singh et al., 1997; Piatek et al.,
2005; Sprenger et al., 2018). -§-Ad o] g=AJof oSt
FEFS T 7Tl iz -59ea Ee] Ai(isotopic
hydrograph separation)& 4=3J35}7] ¥gt &2 &
4 Ao izt A= XY= of Lrk(Taylor et
al., 2001; Feng et al., 2002; Lee et al., 2009).

AZE Ao 9 o] AN =04 A
9 A o] B2 9] £ &4 (solute) " ©]20]
HjEE=d]|, o2 Ql8f 341 o]-2E X (ionic pulse)
e Al 2 SAEAIS 210 4 glrkHarrington
and Bales, 1998; Cost et al., 2018). T3t tfj 7] oA A
%7 (dry deposition) H 543 (wet deposition)
of o3 -&-& W o] 22 1= &of] A=A k. 2t
A% (temperate region) ol 4] o]FA A4 &2 &
o] 22 A A A H AHAR o] FsHA H
t}. A& 5o, ti7]ollA M- E Airdo] Aol 2t
o8 B 29Ye = A5 HH 5 AAHA
£ Agste RG22 BHEAE €27A
Ht ol2fet 2 do AZHE AL 4 wiEgs

spatzAgol digt - JA] A 30019zt RESHA|

= .
(e

X
(=]

Gk

o]Fo| A grh(Johannessen and Henriksen, 1978;
Tranter et al., 1986; Feng et al., 2001; Lee et al., 2008a).
o] &2 20} 7o) §7lo] g0 ot whlAste] F
ZHA FastAY, g gelv Aol osf g4 %] 5
7V HA &A 9] o] Fashe 9] A (negative
relationship between solute and meltwater)5o] &
Z=|th(Bales et al., 1989). X EA A 0] Hot &
9] Fo] F7IHA HH, & o] F7I6HA] Y= ol
29 APk B satgRe) Bus gast
Aolck. 9, o] =oRA 419} o] Z7hsia
A Zewl 2% Aale 9 A zo] Bataso] Z71s}
= AT JEEJHFS B, positive relation-
ship between solute and discharge; Feng et al.,
2001; Lee et al., 2008a). 0] oA A LA A&
9] o] 50| FH F7Ieke A= WEE U
t7] %] ol29] F3H(oading)o] 4 Fol7he
FA017] wiizoll, Th7]ollAl 7193t = &oflA] o]&0]
o]'&8h= 712K (mechanism) 2} =2 7| A oA o]
o] uiE == 712kl gt oJsi7} B 8 5tHWilkening

et (Zl., 2000) 0]% T,‘:—O] E%’—S— LHﬂ—‘f_— X] Q(SI’IOW-dO—
minated area)ol|A] B2 WAsH= 2 HES 9

SotaL A7|H o2 2 X9 9] A5t HAE &
A)&H= o uf-¢ Z a5kt SR §Ado] WS o
o] % 84 9| ¢Fo] FTFFAYU e @A o
o AollA HarElo] QIA|TE, 1 7)2F E AL
Aol it A= x| 9kth(Anderson et al.,
1997). whatA], o] Atof A 7| A Kol A Tzt
=g gt 84 =Y A E st
7] YA & &ollA &4ol% 712 H ATAE

Argelr) S mel Hstol s

- 1
i 1L

2. = H0MQ & E= 0|29 0|F
A&HEo] B ol TAR ZoHA Fofl Ao
9™ o] (H", CI, SO,*, NO5y 5)E°] a7wel §
A A B S EEA o] E AT SHEAIE ¢
% 7]71%= gep(Williams and Melack, 1991). o]
Hak & 2ol ZtEo] gl o £50] §43} T
5 5HA HiEE= Aol ot} o] Hof w0l 57|
A2 o, B2 9] o] 250| B 5o MiEE=
S 2T 5, 20~30% 9] =0 =of AR o]
o] = £9] 70~80% &= o]Zo] WA Urt=

gl
> N

offt ¢
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Ag oulgit}. o|2gt o] 2P AL AR Qs &
Hof| £o] ZoA FE(runoff)o] AYSHA =HH
733} 3132] A8 SPSSHCKWilliams ef al,, 1991).
o] AL YL Fo] E22 & 74 HAATH
& Ao WA, AZH S recrystallization)7} H 1L =
&of| 230} QE 8RS0 9] vFEFol A%
T gAo HAAEY & && 50T o §AT A
S2o] FA viEE= Ao U7A lthHarrington
et al., 1996; Lee et al., 2014).

o|213t o] 2E A 9| A= (magnitude)= 8] ©f
W 7)oz i 42 Fashote] 99 SirkFeng
et al., 2001). 3= &4 & ol A7 7F 7]
229l /g2 g AE S E(piston flow)d} A2
S (preferential flow) & 7}A|7} Qith. I AE &
SolAe AxHANA TYH §Ho] = £ 2 &3t
2o = o]FsHA HL, ol = e & T ol
= ol FAIZA 4= k. o] vhefl, AE&] EFofA=
Ad(channel)of| Q1= &4 Ex o2t avAo s
o|FH ™, 7]d (matrix) o] 3= &2 Ei= o] 22 A
d= o] FHS wvt o] 5E 4= Stk £ HE=
Al ol F S TE A E Uk AE =9,
A 5304 &9 F=& wiEs7 SRkl
gt Ao ¢ e, ol Ado Solee &L
ol F7rste A9 T2t FAE 4 7 e
ojtt. HAE ZFL o|et A viE TH A
ABA7 e = Aok g4l 849 F= W=
HjE4=0] M3tH T = dojd 4= gled, ol ot
o] Aut=lE 2535421 EAJ(kinematics of wave
propagation)of] 7|1t} F=o| %] AJA”IO|A o)
B80] 1 Sl 7He g Bpe EAolm, ol i
o] EAJ7He 450f] So] gl B0 ool 7]QIat 4 Sl

3. = H0IM HIETL STt MEEH

3.1 2EHE

120 7404 WS §4 thE(meltwater
discharge) 9} o232} A= Hibberd (1984)2] ¢
T2BE A& E QL) Hibberd (1984)0f41% 7122
2l o] Kstandard advection-diffusion) B74]
& olgstel §-49) MhE47t S7HH St A
= B shAJRL §4o] Fzx=2 Egdtole 2
Al oA = FAK(long tailed) S EAFSHA] B51% .0

0
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i
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o, o]¢f Harrington and Bales (1998)+= ©]&-43-H]
0] 5/ (mobile-immobile) ZE-& AHA|5} L} o]=
Asfollx] g A== HIBE 8- olE(non-equi-
librium solute transport)& g4 42 22 o|F
(solute transport)o]] 2}-§-3t Aot} o]5/3-H]|o]54
23 (Mobile-Immobile Model, MIM)2 & 42 &
2L mobile water2} 52 X] &= immobile water
Ztoll 42181291 AFFo]F(hydraulic mass transfer)
2 59§48 2= A0 Hofskn Yok, o
] A o] =A~E mobile-immobile water L $HA;
<*(mobile-immobile exchange constant)2kil St
t}. o]5A P (mobile region) o}HE & 4
Atk= A o] vlo]EA g (immobile region)}2]
ol o|t}. Feng et al. (2001)0 A= =o] & wjo}
I ERULE & Yol IF g Bl AT
$-A1¥ (artificial rain-on-snow experiment)2 &
3 HiEoll A olE Eelstaat st shA|RL o]
A Qgoke i) wiasel ool 27k o vjE
o) SIER FEE F7RI90H, ol old AT
Aol w0 251 A} vio 2 oFe] e

Water Flow

Concentration

F (©)

Concentration
T

Time
Fig. 1. Relationship between water flow and chemical
compositions in meltwater discharge. (a) water flow,
(b) chemical concentration that shows a positive rela-
tionship with water flow and (c) chemical concen-
tration showing a negative relationship with water flow.
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YERH ITHL™ 1b). o]= 28 x}7} vlolEA 49
of| ZA5137| Wizl viE2] ol soidel wet
o] 5/d-H|o] A A7 ngikgo] F7IstE L, 2
= FA219] F=71 F7FHTE Harrington and
Bales (1998)ll4= o] 2|82l AfolFo] =
of Apiglo] ARelA Lol Aolet FHgatel,
4 WESTE ZA1E O ol BTt FATE
RANSFATH S ] AFREA) (2 10)

Lee et al. (2008a)of| A= HHES- S22 RHconservative
tracer)Q] CI' @ Br & o] &3} WE M (melt pan)
FHo| E92E At FR} B2 Aol =
#H| E5 Y & 7|ARNA §HY FEE S
ste] el Anpe} H|walkgty. B Aol FAA}
o =0 A = flofl EHAA = = £l 84
2 o4 Gl EAsHA Het o] = Q3] o] F43
Bl g40] F7I5HA EHIL w9 7] A Foll A< uf
247} Z7HPI B9, 224 At s

= S0 B2 7A Hk A5 0 & w2
o2l g3 FH|A e 7] 2AS AS W
8h0)717] wje] 720} mEmE cokt 525
¢l ZZ(hydrological conditions)S ZAFE 4= ¢l
o} mebA Seietel 218 Tae 2e vl
= 7RSI Lee et al. (2008b)ol| A= Feng et al.
(001)3+ B3t AFS o & &= ol B HER
29k t7]olH SEE WAIET PAGS] FEE
A3k} nehA BERdash Esglole o
o] JUTAS A, 7|04 =T HAR
3} 319 44 §40] Waste] B4 ST
o 57t asteth Fuds Aude) F 9ol
S Eslack G| o 54 o] 25w, ot
2hA §480) 37Ho1 HW A0 R SR A
sk Ao dhHslgith T HoNL ojeie B
e MIME o881 o] 9] A2 2 olsfsis
Lrbe Awekan a.

-
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32 Doy

Hibberd (1984)¢} Harrington and Bales (1998)
oA Q] A7 A=A, =g #
H2 dAsih 7Pgeta s Wk mds
A TS Feng et al. (2001)04 L0 2 ul
259k 5 719 ABTA] Yste] yYHos w
AATE ANSHATE MIME o] §3to] Sej5h2el

= .
(e

X
(=]

Gk

$89 AgolFol AT w, ol AT A
& AR $28tael Aapol o] QT Ao o)
e §-40] el o ot date] gl A
°2 7SIt 2). BhoIA S2fatael 2e

L A0
— ==

QgStThR st o R, i S K9] §Ao] of
U ek S} Wshe 28 Al 918t o]
Aol 4 AMEE B} A AL theat ek,

SC C
oSG :i(SDa "’)—i(uSCm)
ot 0z 0z 0z
; (1)
+ 45(1,5;) (q C;n)
0C,
o QTS;(Cm —-C) )

A7) us &S W7 4 &5, o= F
FE, S= ¥ ol Y 4 gl E(irreducible wa-
ter), 5= F-B XIS} (effective water saturation),
= A7 2= 4 kel A2, G, G 22t mo-

o = f(u)
M1 <> IM1
?
I ¥
U V2
M2 <> IM2

Fig. 2. A conceptual diagram of mobile-immobile water
model, implying a more sophisticated flow model, for
example, a dual-porosity model (M1: Upper mobile re-
gion, M2; Bottom mobile region, IM1: Upper mobile
region and IM2: Bottom immobile region).
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Table 1. Initial conditions of the model for discharge-concentration relationships.

Reference

Chemical conditions

Feng et al. (2001)

Lee et al. (2008a)

Lee et al. (2008b)

immobile

Cmobile = 0 (mg/L)
Cimmobile= 0 (mg/L)

Positive relationship

Cmobile = 100 (mg/L)
Cimmobile= 0 (mg/L)

Negative relationship

Cmobile = 100 (mg/L)
Cimmobile= 0 (mg/L)

Positive relationship
Cmobile = 0 (mg/L)
0  whenz <60

3000 when > > 60 (ML)
whenz < 60

0
Ciee = {1000 when z > 60 (mg/L)

Negative relationship
Cmobile = 0.4 (mg/L)
Cimmobile= 0.4 (mg/L)
Cice= 0 (mg/L)

bile water < & immobile water2] g goj =
|49 F=E UeH, D= E4H|5(cm/s)o]H,
o= mobile T immobile water 2] 4=2]&}7] A

o] 5A=(hydraulic exchange constant)©]tHJaynes
etal., 1995).

elsbEel 24(5)7h DSkt sk

ol & &4 =9 Fnt 849 —“E°ﬂ Ed&4H
(discontinuity)o] A4 4= it} & &4 4
S5 WA 7]7] YA = EEMW ==&
o] ok W3IA|7] o]F &= ulH(wave front) S 3
H517] GJste] & Sol M £ il 9], ofgfe] £
2 ARG &= v He) B9 ot o] 2.9 5
S o33 o] 28 4 Utk

S — 5"
N S a
V[S m+ﬁCE+_S+C:n _ﬁqf]:
9 m+ aCIn— (4:)
Sjrl QnJr_Sf C;n S+D+ Py +5’fo P

A7|NA K FEdEE, +9 -= &% oHH old
o) £5 YetlH, = Si/ (1-5)F Yehdth = &
Aol A E2] o] F7eteE wf, PAAIZE o] %
o] 271 o]0l 7] Hu, olof ujel 4 o] %
E7]— Z7484AY 748 4 9Tk Feng et al. (2001)
o Ao ML 2ol Z7ke} gl S e sk
Z71stslemn, o]F oA L& str| 25t MIM
oA F Aol gkl oF dAshaL 7H5H3
A oA dAteh= g 49 £t dEste W
SHA| st v &t -84 9 | JHHAE S5
ATt
Lee et al. (2008a, 2008b)of| A+ th2-2] A-554
A(415, 6/ ol §5}7, 89} o] 5L & Ay
Ao 2 27])%7(initial conditions) X 7474112']_
(boundary condition)& tt27| sl Hj& =
P ST
A e et e,
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_ puky
7

K ()

o 7)o A ne A 4=(n=3, Wankiewicz, 1978), k= 11
{-EE(intrinsic permeability), p= X, po=
9 2L, ¢= FY7EECIHh o7]9A Siz}im-
mobile 3}t 7HSHH = oA Eo] YH 7=

S (1) The 3} 2,

KS”*I
S1-5)

u=

)

Lee et al. (2008a)oll A= &2 0] ojHst 7] U
Al 20E& 7HA =l whet ke Aot
AHBAE Hol= 7o) tigt A5 AAISHR
THEE 1). Lee et al. (2008b)of| A= 7oA =4
AL 0|54 GG EAsHHA viEs2 gt
=9 IS, + EH £ I ERYLE vlolF
d BYoll EAE o viESo S S BAE 7L
A 5 S FHsI e 27|20 & 19 AlA|
shich o] e A ¥ Y A=A IR v
=y =sUEd=y

A A2, MIMOA 2]8Hs] g7t & &
= S0she 549 $=9 3 H3lstofoptt w5
o wjE&7te] JHEAE AT 4 ok st
A w7 A5t gt S S o
&4 9 o] 29| A HFo| gl7] fliEel =+
74 4t glth(Harrington and Bales, 1998).
Feng et al. (2001)o]| 4= 5 =2} vl &7t @kl A

[e)

1o o

oo %2

TEAE JERFAA Aoz wastal o|5 4
g5l7] $15t & Lol A 9] 29 Y(water content)
o] S7t& o #E3H] w&YrE STHIA © &
oAl g4 U o] 29| Avko] F7lste] AF oA
TEE o AHBAE mdofA st ATH(TY
3). SHAIT, o] Aol A ARGHE B2 = Lo A &
o] K(S)el Attt 7Hgsk7] wEol, 2 W
oA SE F7HI7IL £=ubd AfgE o83l &
A9 o5& BASIA: of2f7t A WS A%
oA ¥ ZAE AP 5 Y viE, FE=TL
S HAE MR o2 AEE 4= Qi

T+ HRZ, MIMoA 59} vi&ete] BA=
F2 AL ot of] Y|X|8HH, £l A o B A B2
o] YAt 58S U 4 Urh(Lee ef al., 2008a,
b). I 1o AA = gLzl AR o5 F
o = A BlolEA Gl A= Aol s=2 vl
S50 BAE 2R 5 9o,
o2 Bt Ql= A o FEH o= Rast
= RACEE AHEE & 4= Ut Lee et al. (2008b)
oA T AN JEFAE Fo oA
£, AAEE 29 ABHAE Al 2o 30Tk
S| EFU4(Yb)7} 60 cm o) 4fofl EAskaL $17] o
o), vHlolEd FAT} F3oll EAEES o %o
FEBAE 2 AR Y FAES ol
g-HlolE4 99 F 2t 2F 2GS o 9
SHBAE HERH U ol e Frot vlEe A
WA= F2A7}F o} B A o] F(transport) H= 7}
o wet Uehd 4 Sle BY2RE w &olA -0

ol HE B} HET 4 gct.

1

i ol AAIH

JLA

Snow surface

Immobile water

Mobile water

Snow grain

Fig. 3. A schematic diagram of mass transfer or solute transfer in snowpack showing snow grains, mobile/immobile
water and exchange frequency (o). Two grey solid lines represent a channel for mobile water.
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nAge 2, MIMZ 7|24 02 & &4 o]F
=29 (dual-porosity flow system)= &3}l
o 2t 509 7E AREE] o] SEeHGao e al., 2010).
HdojM = HiEret =] AUHAE Wi
Fdskgo, srel MslE g THske toft @
A7t DA cHLee et al., 2008b). o]= 1= Lof| x| 3]
A7} ok 222 712kl o) ol5E 4 Qe 7
SRS AT 7 A AE S0, AEFHLTTH

71 57r wigk vlo] g FHolA ol I
o2 o]FHY, HigsTt gastA = 347} o
TEHA Perhd £ o ME Fo| 2 s=EoHulEs
2 FBBAE & 5 Utk B HlolEd gl
MIMoJ A= o] F8HA] Pethal 7HPgskAt, ¥E &
= A5} %ﬁﬂfﬂh Hlo]E/d G0l ol = o] F
sojof HE F AU + A& ALE i En
(L9 2). SHARE Aok B BF AJLF o)A ARG
T Qk= o) B8 md|(dual-permeability flow system)
o] FZF e 8ol Y& A= dtdr

=
kO
12

£ ATelAE = FHold 40] BTG
th &= o] Eale $40] o ok 7
dhste] was) Bsrch WAE $40] = 42 F3t
sk Wt 5] AREAT olafpho
R, H7el 4 G 42 2 o] o] &= Lol A ojd
A A 7R 7h] dhsted o)ska 4= it = 4]
A Wk $aele] A MIME ol
olalE 4 YROH, = ol A] FA HEI 7}
gto]| uhel o] ZAl-H|o|BA] Fo o] Sa]EkF] ¢l WS
K47t o] 7KSPRA w4 119 BAE
A 4 GIlck B3t §20] o FA-HlolEA 9
o] Gl AL B3l FEe M2 BAS 2
A 4= 9lon, = £of AAFoZ BXEFlI QY=
7hohym mHle] RH o2 BEsku gl o
M= BHBE &4 AR

of ] Aol ol st Hmet uiE4o) AT
£ 3 9 NSl s BEE] BaE] glrk
(Hornberger et al., 2001; Borah et al., 2003). H]Z
theFet 29S8 Sol, A ThE ekl 24
oAe] AR T2 o)F ARE A A9 5ol o
T olof AT, 2 AFoA g oj2g

o] HATAE St EE2| 0|F A 107

1= SolA o) §29) o] 5718 57 wsle] v xs
o Aol A3 4 9le A0 v|ghech

ZAe 2

o] A FHAAALATY “A T/ $F2] 7
shakg S 9l 59 U4 9 v A A F3tet
L2 W " IR AL A G AY0E H
ot S50 7|13 X S s FF AT
(KIMST20190361)” 2] A| Q.0 2 o|Foj H& ).
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