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Spatial uncertaity
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Geostatistical
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Fig.1 Schematic view of the proposed model

Physical model

True structure
O Modeled at observed points

Fig.2 Schematic view of physical modeling
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Physical model
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Groundwater Effective porosity of 0.1
catchment area 100m,
of 90000m? Impervious boundary
g ...—28m
| | |
| | |
1 Zp . Zp
N Dy iy - _ & Y
v 5 '\? (L
|:> | 1 |
I | |
1 rJ i !
Y T 1 M | YU
v - .| - |
| | |
i | |
1 ZA | ZC |
(NI
| B | | Basement beneath
| ! | 1e prescribed
5 : : : boundaries
) 7
—9%0m Impervious boundary i
The lowest :
inclined basement :
i—30m

@ Prescribed boundaries of water level (0m)
(O Observed points of water level
[J Pumping wells (172.8m?/day)

Fig.4 Hypothetical groundwater basin
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Table 1 Identification results of permeabilities in the
cases1 and 2

Zone Za | Zs | Zc | Zp
Casel 208.4886
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Unit: m/day

150(m/day), 300(m/day) Z#®EL. T TOREI
U TIERAT 21TV, FigdTRUE 9 SOBRS TO®
BEAEERLE. BKEREASHIZET 2 ETF LR,
Casel: R Zs~Zp & T—HRI9ERBEKE

Case?2 : R Z4+Z5, Zo+Zp MEL—FRIGHEILEIR
LS 2 DORBLREERITMHHEE L.

RICFEROBHTFEERANT, % Case HITEKEE
ZFE L/, Table LILEOBELREREERT.
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DKBFEREMNO 2B HEEE{To 7. ZOFRITLST,
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B3R TFIMEERT, ARLD, ERORMICSE
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BEIELINGET S ETHREOBESR LLTNS
&M B, BiLEOERNEHARENRTRER
3, INLOTFHREREFELIHROBNRZETES.

51, HEEEEE Fig TITRT, ERPERIIFig6T
FRTBDERM—THY, TI—N—IRVEDHEEHEE
HEETRT, L, BERRRSEVITAELSTOR
LERLIBETHILF T ONTIERERITTRN LS
DHEN S B2 THEDICABLTNS, TOBS
ETAHARHEIIE 4 OHOAZ ZEECHETH S
ERABLTTHTH B, FENS, Casel DIERITHEE
PEORMBIEBA/NS L, T, BELZTOBERR
WLIZFDORLS THB Z M5 b BNEEEICHET
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START
Zo

: Initial state value

Elmg‘al éaluf?o Xy : Initial estimate error

0) 0> %0 covariance matrix
| Q, : Initial plant error

Bo/o1 = &g _covariance matrix

p — 5 Ry : Initial ot?served error

0/-1 0 covariance matrix

Filter equation :
Ber1ye = £ (Be)

}

F, = (6mt+1)
3:13#, mt:ﬁt/t

]

Estimate error covariance matrix :
P = FtPt/tFtT +Q;

Observation matrix

u=H tﬁt/t—l

Kalman gain:

K;= Pt/t—lHtT[HtPt/t—lHtT + Ry

l

Filter equation :
Bipp = By + Ky, — HiByps1)

Estimate error covariance matrix :
Pt/t = Pt/t—l - KthPt/t—l

Last date?

Fig.5 Extended Kalman filter—-FEM

Table 2 Identification results of permeabilities in the
cases3, 4 and 5

[ Zone | Zo | Zs | Zc | 2Zp
Case3 214.9693

Cased 138.4683 374.3410
Case5 || 100.0000 | 200.0000 | 300.0000 | 400.0000

Unit: m/day

3.4 Bk RE SR 4 KIEOE(ERE
BOBKBEDHE, FigdDZa, Zr, Zc, Zp

EEXFA—BAREOREE LT, MHIZ100(m/day),

200(m/day), 300(m/day), 400(m/day) #&EL =, ¥

A & FIRRIC L TR & R L 7o, BAKHRERS)
BT 5 EFIIAEIL,
Case 3 : fHI{Z4~Zp £ THHEZBEKE,
Cased : fHKZa+Zp, Zo+Zp PB4 HARFEKIE
Caseb : fHI#Z4, Z5, Z¢, Zp HME& IZIGEEAKE
EW3 3 DO E ERATHHFE L,

eV TRIEIFARIC & Case HICEKFERZRE L .
Table 2ICZ DRAFEHREZELT. ARNMSHLSMIC
Case5 |IZE@EZRIETETHEY, Case2 &FHU <M
EFNEGTERBHEMESHREZLEA D, TOMD
Case 3, 4 T, RIEHEN 57 IVEAE (KAL) 2EH
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Fig.6 Variation in water levels at the point E in the
casel

4 Line : Exact N
}: Symbols : Proposed

3 o: Uni—zonal

Water level(m)

20 40
Elapsed time(day)

Fig.7 Estimation error ranges at point E in the casel
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2, V,OfiENZ)EIZ Case 3 & Case4 TOEERET
IMR%ERT, ARLD, EROKMICBLTY, +HO
FMRVEIL D bEBCEL, OHIDFRXEILDBE S
CERITENC ENRTRNS, +&V, XEODER
NE & DAMITBIT B EHAEE R EHE L =R 0OE,
Thbb, EHFAEENGEERE LU TGEETES, Th
13 Case 1 TORREFIRT, HREMEOBEW LANERT
E5, FIZETINEEDKETL Case 3 DFHVTEEFITHEN
T3, E-HIlE & OREICBNTIX Case 4 DFHEER
DM Case 3 L D HHEEALNEHNEEAS.

A5z, #EEMEE Fig9IcRY, RS FigsT
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EREECHBETHD LARLTBRWZEE RN, FX

4 Line  : Exact 7]
v | Symbols : Calculated

CElp Modeled .
§ + : Uni-zonal, x: Bi-zonal |
f 214 4 Proposed -
2 v : Uni-zonal, O: Bi-zonal |
3

| L 1 il

20 40
Elapsed time(day)

Fig.8 Variation in water levels at the point E in the
cased and 4

4 ] 4 v i T ' M J
4 Line : Exact ]
Symbols : Proposed

Elnl v: Uni-zonal, o: Bi-zonal N

Water level(m)
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Elapsed time(day)

Fig.9 Estimation error ranges at point E in the case3
and 4
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52 TEREICHETETNAS I LAAA 3.
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LT3,

HEBILHRE T OWTHEE L. TERET

o
8 = —i;_ (11)
THIND, ZIK0 1dw(z) DERREETHS. 612
EEOFIE L BEATIRE & 72 BRI T H B2,
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Fig.10 Effects on bias of spatial uncertainty in the
casel
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BrEELI, ERFORRD OFBIIEDERVED, £
OHEFHEEEZ B, Lo,
1 b
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Case 1128175 1/|8:| DEE% Fig.10iZ, Caseld &
Case 412 BT 51/|6,| PEBE Fig 11ITRT, ZTIT
Fig. 11T X EIOf 7= 2#§h Case 3D, OHIDfTU 2
EH Case 4 D 1/|6,| #FNTNERT. £9Fig.10icH
WTItFig 6% BRI 5L, RBMMOET VAR EK
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FBEIT L6 I RNEL B TVB T &AM B, Th
i1, BIEITRERICBNTa BHEDELLTHRN
KRHELST, 1/)0:] RAELASSBEL, FOLBHIE
LERDODASRBITEREH T O Ebo TN I &b
5, bAt1/|6:| OBILICKEM—E TH 3 Z LA,
EoT, MM AZIEORRIENID OBARIAS
SHTHY, HRIC/NS I EOIEENID OBAZHRA
INERHTWBTENELS,

RIZFigllZ B35 &, Case8 L Cased TiREBHIT
Fig HEFHOEBERARZITSNS, Casel &
Case 3 IXFICEELIL TWBA, EHISEAIZ0.31RE/N
<o THD, £EEHNEE 80Case 3L Cased Tt
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Fig.11 Effects on bias of spatial uncertainty in the
case3 and 4
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FAETIE, WTFARBEFIICHLT, TFINEE
EHTTDLOIRYE - HABESETNEEATEHIL
T, WFAMORBETINRSTTINVEFRHELD bIKE
AhELI2D, ROMTRUEHGENREZHETE
BEnolk., SHRIBERECEALT, ZAETOR
PAZEITS FETH S,

1 81
FRAEBTRETIOBREREAERLE
#3¢ Boussinesq HFEIN (9) ZRAWDA, BEEABICT
Lz, T T TS X THEIAL Boussinesq H1E3 (A1-2)
EROWTHAT S, HERBEORERT, R (AL-3)
DERMET, BBDdo ICTHYTDh — s,

h—s=(1—0)hs+0hss1 —s

(A1-1)

LB EICERLT, TRESZHBEOFLORR
FZBIBLANS by ZHER LR TICREETRHT
EBHTES, 2801l TidEdoXNBRFICHRAL
TW3, T, BIE{L Boussinesq HFERIZ

oh 8*h  0%h
)\E = kdy ('a? + a—yz) -+ € (Al—-?)
BR&KHE: h=h on Si
q=—-q0= kdo@- on S,

on

(7=72L, Su:/KprER, S, BEER
THD. I do lFPIRFEEERT, B VICBWTHEY
LR (A1-2) OFRRERD, THEBRERK ¢ I2&D
ZERICRERE L, BFRAZESNS A—F 0 (0<6L1) 21
WT h 2R (AL-1) 1255 &S EEMEEEKL, oh/ot
AU THMZS 27O &, R (A1-3)~(A1-8) 21832,

Ah¢+1 = Bh: + Wito (A1—3)
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A= AtM+as (A1-4)

B= A—tM (1-6)S (A1-5)

M= / ApT pdV (A1-6)
T

S = f kdo—— a¢ a¢ (A1-7)

Wero = — / q¢>Tds + / c6TdV  (A1-8)
Sq v

WERMBREZRD S LT, Bt + 1i1cBF2KERY
bbby DERSYE, KKt + 1 TORMB(BFL) L5
FEAR (B2 KABIL b8 L TEET 5.

hi
hiyr = (A1-9)
ht+1
ZHICMIREL T, FIERIC
hl
h, = ¢ (A1-10)
h?
A
A= | An Aw (A1-11)
A Ap
B B
B=| 1% (A1-12)
By B
w}+a
Wi = : (A1-13)
Wiie
&5, 2L,
A= tM,, +65; (A1-14)
1
B;; AtM -{1-6)S;; (A1-15)
(4,7 =1,2)

A (AL1-3) ZRATTRIRRICE WO,
Ain Ap hig | _
A2 Az hii
Bu Bu hi | ) @ (A1-16)
321 Bzz h? wf_,_g
L12%, h Lwi NEEAIER, Wi, WRABTHEHZE

KHEELT, R (A1-16) &2 hl ITDWTHEL &,

hip1 = AT [Buihi + Bishi — Azhiy, + wiy)

(A1-17)

882
#iik Kalman 7 1 L4 FEM OREEER 155
MR 1 OERE2SRUTREBRITAIF, 2R 5 &,
LUTFo4 DORBRETRNSBRENS,

[ 8h:'jt1 oh,.,
( oh, R} 615: L.-L
Fy= oL t="% oL t=5t [(A2-1)
t41 t+1
(#) BiR! (—ﬂf_)LFZ‘
n
I Jar (A2-2)
Jn Jip
iz
Jwn = AT Bny (A2-3)
1 [6B11 1 B
Jrr = Au [ 6L11 ht/t 6th2 hf
8A;; 1 dA
_Wl: ra1/t — aL” hiy | (A2-4)
Jin=0 (A2-5)
Jip =1, (A2-6)

L%, ZOTh BRUTOKSICLTRD B, Jup 25
R MVICERL,

JuL = "‘,...,'ﬁ _ A2-7
w=litei], (A2-7)
By MIVEEZDE,
8A;; 08, c .
Ls = ] BLC =6(In10)S;; (A2-8)
[ c 1]
ZZiT s Bk" ET3
RERizT U,
0Bi; _ - <. -
£oT

- o 71 a
~(In10)AT} [(1 -0 {Sllht/t + Sl2h?}

e 71 c
+6 {sllht+1/t + Slzhf+1 }] (A2-10)
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Statistical Evaluation of Spatial Uncertainty and Its Application to
Groundwater Flow Model

Toshio HAMAGUCHI

Synopsis
This study proposes a numerical strategy of analytical and geostatistical modeling for unsteady groundwater

flow with spatial uncertainty. A hypothetical aquifer is designed to get sufficient complexity to allow testing various

aspects of the modeling problem of spatial uncertainty. The true aquifer is divided into some constant-permeability

zones. The changes in the water levels to be calibrated are assesed in the modeled aquifers with heterogeneity.

The scheme to geostatistically model spatial uncertainty including modeling errors is herein attempted. All the

results to be discussed can be seen that the proposed estimates are successfully in best agreement with the true

ones.
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