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Analysis of Mean Transition Time and Its Uncertainty Between the
Stable Modes of Water Balance Model
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Abstract[ ] The surface hydrology of large land areas is susceptible to several preferred stable states with
transitions between stable states induced by stochastic fluctuation. This comes about due to the close coup-
ling of land surface and atmospheric interaction. An interesting and important issue is the duration of
residence in each mode. Mean transtion times between the stable modes are analyzed for different model
parameters or climatic types. In an example situation of this differential equation exhibits a bimodal proba-
bility distribution of soil moisture states. Uncertainty analysis regarding the model parameters is performed
using a Monte-Carlo simulation method. The method developed in this research may reveal some important
characteristics of soll moisture or precipitation over a large area, in particular, those relating to abrupt

changes in soil moisture or precipitation having extremely variable duration.
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Fokker-Planck FEquation(FPE)3} exit(transi-
tion) probleme| A A% FH= AW AE fx
= B EA BN gaevle] AAzA
549& B9std # A7 B3R sHEvIe 5
7] Alole] H#E HolAlZH(mean transition time),
F 7HE71e A&7zt S AujgAA e 7§
¥ 293 AA3 o BAEPY 715 Yo
disted P& AJelizte) I HolAjhg BAMstn
=3 MonteCarlo 29 HH& ALl oy
ol #% E384/d (uncertainty) & #A3c}.

2. 25X 3 SYEH 29

Rodriguez—Iturbe %(1991a,b)& H& diFx]
Ao AEH FE& dH37] 93 BA 288y
¢ 2EE AXPed 2 2Ee BTy e 8
28 7T 9 Ao 25 A g qs)
A3 R4S A8ka Qlok. A B QloiAM 7
S FERE olFd | FEF AR
FHAE R 93 okjdvn & 4t ok
E4A AN WL 3 ARdAMY EY £F
(soil moisture) 2] A|7td W3 E HdHsla Al2ad
AqMe] A&H F4dd K& S HAF Ut

dsd(tt):a<1+scg))(1—es'(t))—bs°(t) 2.1)
a:npz"r and b:% (2.2)

A7 s(t) = AT g9 B Addd 2
3}, n& EY 78, Ire EYY FEYH &%
ZHol[L], P.& °l% Z$&[L/T], E= A4 3
BAE[L/T], Qe AEH: AF, 28 e 1, €
& ¥l $A Agoltd. Rodriguez—lturbe %
(1991) & ¥ a=1/Q & AM3ld FRH W
& IF AL =Y3tded ol av W
ast BEUA 05 ZHe N HSAL 28 #
A (uncorrelated Gaussian noise process)©]t}.
oA FR8A B4 UAHQRLoRYH
g3t e FA%H nE wHAL A&+ 3
o},

ds(t) =[a(l—es(t)) +aas(t)(1—es(r))
—bse(t) Jdt +oas(t) (1 —es'(t) )dW,
(2.3)

EE 3
ds(t) =G[s(t)]dt+og[s(t) JdW,

rr

(2.4)

o714 dW.= WA 2834 (white noise proc-
ess)oln ¥ G[-]l= FHARZ Y ¥Fol gle Al
25lo] $4EH ANE Jehla B gl-1e F
de7e) 29 W nasT k.

3. X|uf YHAS R

B mld 87 5o =goeM &
HEH vE Aol FATH ni WAooz
gH =How 2] 242 FHE g<rFH](soil mois-
ture content) ] FAAH FEREI} ol &
= FPEo <8 33 4 Ude}. Gardiner
(1985), Arnold(1974), Matkowski(1977),
Schuss(1979) %9 FA#4(stochastic pro-
cesses) O|E& 7IEOE dlo] F7 U W4y
(24)2HHY old }g3t= o3 & FPES
dg 571 AUrt.

M_(ai,gz _gs_[c(s,t)f(s,t)]

1

+§62%;[g2(s,t)f(s,t)] (3.1)

A f(st)E AIRE toll dolM el d4enig)
FEUT Foltt. B A Q0N EY
FEo Aol dEd o oyl Hole] A%
o2 Hold & k. WF oaf ofr|d F4H|
9] AFo] #A A (potential barrier) & T
PG Az olFt=tl AeIx el Al (thresh-
old)o] =37 % ¥ Hoje dolvix gxu ¥
uh} 243 o] FAl & ol Holrt doju=x
< ¥Ee Axel o8 AFAYD F $ 2den
FARAY o|2& 7|Eog sl Ho] AZtY] BA
3 v EE {§=¥ 471 Ut (Gardiner, 1985



2} Demaree, 1990)
3.1 Al2dle| B4 S AL A=A

FPE®] ola] FA|€ $pH)e gho] olmgt 3o
Ro| dnp} 25t BFE2E3E ol e A
Z2% 71F 4Pl 8 dFoz Holgled 3
g Al e oujolp g g gt &
T ded oleis FAlo d|E2 FPES H&gto
24 QoA 7 Ak Az t=0 4o $HeH] 9
Z71%k0] sgt 3t thg g UEFse T (ab)ol
Hoh}d @ RFRt 1 gho] B REZEXE GotEy|R
aAt.

a<s<b (3.2)
Sl BRstd o3 e 5 e AAZA
& A7 257 Ao RAAR F5 Fd
(absorbing barrier)o|gtn & # Ud=d] 5y
Zrol Al =23lde o ¥ REEE 1 ghol
AAEL 7FE= Zolth wekd 1 FAE
7 Fdolgln RE Fvt et 2HHo2 FA
o A &EL 0oln AARFH Frulgiel]
49 RE oA Eol& &R 00|t} g|gho]
A Fdol| =gt HH FEo & Fo g o]
A HI o]de] ddoz HEC oA gEr}
(FHrulghe] AHel XA 2E2Foag olF
ok ZRAEEAL). whebA F FEe A 3y
o He=A 7t Utk FHAZ v} FH (re-
flecting barrier)Qld] $<=v]o] gho] 44 R&
WAl 9= Folth. o] A ghpugke] FAHA
WALE I whebA] FAIE B &89 3F] 09
"ot geighe] 090 AAE AAE o #4v)3k
o] AAl =g =HE HA 9%(ZY T
H)o g o]FEA 91 QEFoR T olFE}
A gk mebA wiap geEe g4ea)gho] 091 AA
of A&slold 571 ot

3.2 H2(stationary) DEFoI|lM2] HHR Ho| Azt

Gardiner(1985) 2] exit problem QA &
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T As AR FEA A gL
Hle] AAzAE g8t Aste AA a9t b
&5 9ol o] Fernlgkol A ast bl =8
| 99 Re 2y AAdGn 71 & 71 9
o T oA F3b (a,b)oll Farwlghel EAldch
A a2 g A HoluA RS oW e
o} olefgk =zidle] AlZE tell A gHpu|v) o}A] F#
2t (ab)ol Y& 8F Z(s\)= o 2ok

f: £(s’, t]s, 0)ds’ =Z(s,t) (3.3)

Goulgel T (ab)E me wel Al Tekst

W 0he3t ol Al & + Aok
b

Prob(T>1) = f " (st]s0)ds’ (3.4)

Z Z(s,t)9 Prob(T>t)7} &35 oot} A~

Ro] A4 AHlolzR ¥4 Gs) Azl Faal
o Z(st)E the A% war,

gt—Z(s,t) =G(s)§§2(s,t)+%02g2(s)—g;—2—2(s,t)
(3.5)

ojufe} FAEHE o3 #rh

[=1 a<s<b

Z(s,0) -0 e A

(3.6)

Z(st)e T=td ggolnz Hi AU oF
AZE T(s)¢h nat RAE Tn(s)& thed go] 3
ojd}.

T(s) =I Z(st)dt (3.7)

T(s)=z t1Z(s,)dt (3.8)

2] 3.7& o)&3l 2] 35F (0, o) it F
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2ad b 2o T()ol td e Avlg
$R4E 78 & Ao

GOLT(®) +1g L T®=-1  (39)

Z2e o nat BUEE 7 F7} ey A
A o]FAZEY] BE RHEE ¥HEAQA HR|
g8 78 5 UfL Ve

G(9)2 Tu(s) +30%8H(8) 25T (8) = — 11T, (5)
(3.10)

olid= Freruigtol obd F3t (ab)el A3 ad
Aol o] wkAL F¥oltn ZHAsriz gt @
H 9] W3y} &0 R st HolwA e
g of2% /M8 BEY vle #% 2 of
# AL 7t Ak WA a=09X WAL P
of Atk 7T F7t gloy ojwel A 2HE
2 037 2o

%zm,o:o, Z(bt) =0 (3.11)

4. Axueiel SEHME] Alol HWF {olA|zie|
ALt

4.1 W2 HoIATe S8

HojAzte] nat ZlE Tne AW} 34 3.10
1 old] gt AAlG EAE Fo=A FE 47t
Atk ZA F¥ bE T Ax(a)FUE FH 5
T(c) g ze] Holof i FAEAE

T(s=b)=0, |, _,=0

Is (4.1)

ol WA FH bE ¥ £ ¥H 2
z(a)Aeze) Holo| g AAzAL T 2
o}.

—by=0 Do =
T“(S-—b)—O, ds|s=l-0

Az £EYE Atols] B Mol A n=
1& A3kl 78 47} Utk

Gy d 1, Ao
(8) g5 T(®) +350°8 () gz T(s)=~1  (4.3)

99l ojat AulE WAL MR tE AAXRYE
€ AL Ae F e dxl AnjE wAHo=w
BEYE 71 Aok o] AAIRD EAle shooting
method2} Runge Kutta method& Al&3le =
7} e o] ZAE E7) $3te] IMSL(Inter-
national Mathematical and Statistical Librar-
1es) 9] IVPRK(fifth—to Runge—
Kutta integration technique)& AR&3}t}.

sixth—order

4.2 M2 CHR FIIX|9] BYZ=Z0| Uit Yy Mol
AlZHe ALt

gl o8 ofr|g W%eo] BAHEH A o
3 ¥ &} (equilibrium solution) 2}= @8] F71e] A
33k Brug 2UEE RS oA o]
F AAE Alole] B HolAE T3] A
Wio] s oA oA RE e Azxst &
&3 V1FZA e P HoAIREE 3 BY|
2 3t &% 71%d digte gy HolAzte
AE f8 AFRE Y W4 gle] oy}
t}:c=05, =10 r=6.0, =27, 181 o=
1.0year (o] FE& opn&F &Y Il 7
%2748 Jebd, Entekhabi, 1990). ©|&7%
(advective precipitation) P,o} #A| ZdtAler E,
+= 1.0m/year9} 1.5m/yearg AMR-E+IL E9%<]
fraZo] nZr& 1.2m& 7Pgetct. meba] 3
A A a2t bel gte 47} 0.833/yearo} 1.25/
yearo]i A4 ¢=0.55 Pierce(1958)9 <ja #|
e A3 A&l v AS-9 483 kol
A E e AAEe] HEAE 0.54019 ALt
g 5/Q F& 0294 oA A& B9t A
H 7Fs-ef oF 17% Y& ougich
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Figure 4.1 Time evolution of soil moisture content
for the humid case
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Figure 4.3 Predicted mean transition time for the

humid case
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T8 57 ded FEAL Ydy g AFE
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oz HFH ALE ofusia g

Az 7324 et e Hi o)Azt Al
Abe g8 o3 e ge ARSI T: c=1.0,
e=1.0 r=6.0, Q=05 1181
(Entekhabi, 1990). o|57$ P, o} &) Subisk
E, = 0.4m/year$} 2.2m/yearg& A3l ¥
o) §aZo]l nZrg 05m=z 7RSI whelA
A4 a ¢ b 247 0.8/years} 4.4/yearz A4t
H901 A4 ¢=0.55 Thornthwaite 5(1955)
# Budyko(1956)f ojsf Altd HEmd 7
o} Agae gtolth. A" ] Ade HEA
£ 0.260]1 A4bE s/Q3L 0.5290d oj AL A
T8E A7t AA A9 o 34% UE oniEta
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Figure 4.4 Time evolution of soil moisture content
for the humid case
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Figure 4.5 Probability distribution for the humid
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Figure 4.6 Predicted mean transition time for the
humid case
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of o dFsHold 47k vk (Rubinstein,
1981). Monte-Carlo %.9] 3}gol A FHeu]e]
EEXFFIL Mg oE gk diste wsiEo
2)7] W&o ztzte] A& (realization)ol] tjdls
A Aol thz A vrehdel] frofstefof ditt o
ghA] A 9] AEf tiste] 7H 2 A FHE
gt yrix)e] Aol tig Hd HolARMES
7V 2 A el dxE=E =AU

FHT 71F) didte W crh X 0459
A 098 1A= 75 Y E & Aoy 7}
Astn MonteCarlo 222 & ZAxr} 19y 5.1
of Yeht Qlch. ¥ c7b e g(<0.5)d B
o H HolA7to] ¢=0.5% we} vlmate] FHES
AL & #7F d=u M5 et 058 Hujes A
& A& & AAd EYoln F8F 71FE 9N
&w W crb 0580 & A9 Aade d 58
NEE 7ML YA c=0.5Y w9} vlustd 71 3
T HoAZte BaFa Qi g WdsEd] st
o Qztsled] Bl 19 5.22 HE o5 £¥X U
(0,1)E Zr= WF e distd HT HolA 3o
Hslelx]l Fe8& & b ded ol ¥bF €9
Hg HolAztell FFE nXA] R vt
HE o] disiAdE 35 7712 ¥SIAIA Elitt
HF5T 7132 o AR Ae@ A
(feedback factor) Q= 2.7¢]x W& <=H|gt
o] FFX| & 0.540[ch. Tr AA F-el UM
Aege] 53971 15% 9 35%Atoleta g Q)
2 Qo] W= 1.07 3.04}ol7} HEd FF B
¥ U(1.0,3.0)& zt= Aed Aol izt Hol
Alzboll gt Gg do} Bk},

A adl st o] P,=1.0m/year& A}
£330 EY9 faZel nZrg 0.8mPE 1.5m
742 @A A meEbd Al ae] HHE 0.6/
year®2E| 1.25/year7} | x|qF Rdllo] ¥4 ad uf
% ulsly] S Monte-Carlo®Alo| M= 0.7/
year®8 1.0/yearAtole] gh& Abgatdrh. ®ls:
A A% boll ddtd AA FEAF E,=15m/
year®} f& 70l nZr=0.8m-1.5m2] & A3}
o A5 bel WY 1.0/year-1.88/yeard& T3}
o1 MonteCarloZodMe ¥ bl HAE L
0/year € 1.8/year7t x| A&t Ha A
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Figure 5.1 The results of uncertainty analysis of
parameter ¢ for the humid case
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Figure 5.2 The results of uncertainty analysis of
parameter € for the humid case
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Figure 5.3 The results of uncertainty analysis of

parameter ¢ for the humid case
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