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based on Bayesian formula and information entropy is proposed for the problem that the monitoring value of monitor—

ing wells is insufficient or the correlation between monitoring values and model parameters is weak. The two—dimen—

sional groundwater contaminant transport model was numerically solved by GMS software. To reduce the computa—

tional load of the numerical model repeatedly in the optimization design of the monitoring wells and the identification
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process of the pollution source, the Kriging method was used to establish the surrogate model of the numerical model.
As an optimization index, the optimal monitoring schemes of different monitoring types were selected, and the moni—
toring cost and inversion accuracy were taken as reference factors for the corresponding monitoring schemes. Then,
the differential evolution adaptive Metropolis algorithm was used to identify the pollution source. The case study re—
sults show that: The determination coefficient of the Kriging surrogate models of the 7 monitoring wells was greater
than 0.98, which indicated that the Kriging surrogate models can well replace the original numerical model. The
scheme 1(single well No. 3) based on the lowest monitoring cost has an information entropy of 12.772; The scheme 2
(the combination of well No.2 and No.3) taking the monitoring cost and inversion accuracy into account has an in—
formation entropy of 9.723 ; The scheme 3(the combination of well No.2,3 and 5) with higher inversion precision has
an information entropy of 9.377. Both the posterior distribution ranges and the standard deviation of model parame—

ters from scheme 1 to scheme 3 were gradually reduced, which verifies that the information entropy is an effective

measure of the uncertainty of the posterior distribution of the parameters.

Key words: monitoring well optimization ; contamination source identification; Bayesian approach;information

entropy ; optimal Latin hypercube sampling; differential evolution adaptive Metropolis algorithm ; Kriging
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BAE R Kriging BACEB ALY Zeig A (BLEY CL,
(@100.5)=0.002 462) , % 3 Fi7R.

&3 MEFERSHBER S HEE] 100 il G NETE
Tab.3 100 sets of training input data obtained

from the prior distribution

F5 X, Y. T T, C,
1 106.21 361.1 9.0344 21.461 2918.8
2 192.44 399.55 11.377 19.595 3056.8
3 174.86 310.88 10.952 18.533 3183.7
4 167.33 300.34 8.051 7 18.001 3152.8
5 209.20 278.73 11.830 18.461 3072.0
6 65.497 281.98 9.496 7 19.773 3118.8
7 211.57 287.51 8.697 1 20.216 2914.2
8 145.15 244.03 9.264 4 18.768 2 816.7
9 63.006 292.82 9.386 0 18.289 31283
10 94.898 37243 8.261 0 19.945 2 931.1
100 82.607 388.8 8.239 20.773 30199

2)53 5% 7 BRI 57 Kriging A UBLRL. s
7 3 100 HSHUPHIRA GMS Hiefk 1531 7 IR
A0 S A T] 00 B R A TS Qe Uk A, RSN
Kriging Z UL Hi(E. % 100 2H % A (B i {8
VERUILFEALICA MATLAB 44, #/H DACE T.H
FEUF 25 W Y Kriging AL 11 25

TEAR TS B0 e 36 Bl A a JH AL T8 S 75 il
FETTEERH 2] 10 S BB REAS 5 AH
(% 4), HIRAUA GMS Fffr , 155] 7 IR WA
R4 NFRSYHERSHHFE 10 BRIBBNERE

Tab.4 10 sets of testing input data obtained

from the prior distribution

F5 X. Y. T T, C,
1 130.45 335.27 11.48 21.513 32004
2 71.545 386.01 10.945  20.959 3109.5
3 191.75 349.01 93234 21938 2 986.3
4 1742114 293.6233  11.921 18.165 30955
5 151.16 379.6 8.6528 18.678 3045.7
6 106.86 276.58 9.068 7 19.006 2 870.5
7 206.3 2589 9.9243  20.254 3278.7
8 85.136 316.25 8304 4  19.443 3168.5
9 179.27 361.59 10.255 19.945 2834.2
10 121.09 254.18 10.608 20.8 29254
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B2 i, Bl b i Ty =« HEC LR
AR ARASTRL ] A5 b WP A AST TR R TR AR

12
R>=0.9979 ¥
10} pd
. /.//
8 d
6 e
o
I A
4 o
2 /
0 ‘ A 1
0 2 4 6 8 10 12
¥1.0
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Fig.2 Output comparision between Kriging surrogate

model and numerical model

it — LA AT A L, 23Sz T Tk E
BRI VIR R TTIRR2E 3 AR hRxt 7 iR
T AR B EA TR B P A, 25 2R AN 5 B,

160

DY ZHCR = 1 e
z (yi,,‘ —;fi)z

j=1
160

Horfry: = 2 y:,/160 R 049
QP4 iR 22
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160
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j=1

x5 7REMNHF Kriging HERZEH
RERBEFEHEIRE
Tab.5 The determination coefficient and average absolute

errors of Kriging surrogate models of the 7 monitoring wells

Hzi PLiE AL RECEES ¥Jimin e
1 0.995 3 0.19 0.29
2 0.998 1 0.19 0.24
3 0.997 2 0.23 0.33
4 0.997 6 0.22 0.30
5 0.984 8 0.03 0.03
6 0.996 7 0.01 0.02
7 0.997 9 0.08 0.11

3¢ 5 B8 AT 201, Kriging 25 AR R0 i 45
fer . EL 7 HR A8 W - 2 248 0 5% 22 1K Y (E
0.14, F-HpkE 250 R* = 0.996 8. 1ES B i b il
FEAR AR S, i T2 Kriging BRACRER, # AR
ZALFERAE AR 2 Ol iR 2. kst @ (i=1,2,
oo, 7)) HRAG TR WM MY Kriging B CHIRIIR2E & T
RRIEASE N0, (o )?), H¥E E(e/)=0,3TJ7 %
o/ =RMSE,; BN &R & 2 IR N O,
(")), B¥ME E(e") =0, % " =001. | T#
RIEIRE &/ MRS & FHE AL, W50 (i=
1,2, D I RIRE £, = &' + &R IES
434 N(O, (o) )*+(a”)?) 5 BT A 2 1.1 5t
()RS T 25 Ce).

2.3 WA RMELIET

7 WRHFT 152 7 21 WA , AR iGi=1,2, -+,
7L W DA S SR I W o, A5
(i=1,2, -, DF G, HR AT R —Fh
WEM Ty 28, AT W 7 238 €5 (i=1,2, -+, T Fl.
M i=1,2, -7, & REBERR W g U R
43, WEDNZEHRIIEA 7 28 MR 1.2 35 m] 1, A28 Wi
T R B SR AE € Gi=1,2, -+, 7)) Fh Wi
7 5 HL i R B A o/ N B W 6L A S /)
A W) 7 A Ry e R W T 8. [l nTARE AR T

minE(MP):—lnp(a)+min U(MP) (19)
A MP R T .

FRPEEC(12) (14) (15) 53 R AFAS R Wil 7 2 1)
FEE E(MP).R T 5T DUt X 515 B
B WA BT8O, LA B E(MP) 5 R 45
TAHXHRZE Y MRE(MP) A48FRXT C:Rh Wi 75 %8
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TP, NSEL o W SE5 oA Blis FHH T RS
FRE T R BEALIF B3 2 A5 2 20 41 S80VE R HL 5L
SRR 6), XN T RPN J7 %8, 20 4 FLSE S48
it Kriging AL 42 T 20xC7 2H % B2 sl {E
= i WA , 32 ) DREAM B35k (R4 AT

B 10)REHSE o, Hh 5D /J\ﬂj%’fﬁ{tf“jﬂ
12 000, 75 SR BHR A BE 10 000 B FITA S 8011

SIPEFIWEAEARR<1.2. 00 T GRERS B , FUR Ch AR B R
HE# THE 5 S 2 000 AT R g1t
B HSEUE BEM T My, K2R 6 TIEIS
B a —IHUA MRE(MP)ZEIAZ, AN F

MRE(MP):(FEHZ? 1Mk )=a k)| &’Ej{k"‘( )| J1100

(20)
e We ] HEEB B ok RARSE o B9 &
Ao a2 (20) 153 )l I 5 S8 04 e T 4G
MRE(MP), {5k 7 fx.
®6 NSEBHERSHPEE 20 AEXSH
Tab.6 20 sets of real parameters obtained

from the prior distribution

F5 X, Y. T T, C,
1 81.445 266.32 11.202 19.934 3011.6
2 154.68 272.08 9.106 1 21.293 2 905.6
3 211.85 306.9 9.856 18.914 31535
4 68.409 243.52 10.413 19.752 32028
5 136.61 368.58 10.714 20.395 3 186.7
6 173.72 390.85 11.569 18.36 2 840.1
7 190.65 291.92 9.262 2 19.551 29672
8 140.44 283.7 11.952 18.445 30378
9 100.69 324.16 11.132 21.105 32756
10 61.521 376.01 10.282 21.679 3240.5
11 196.38 347.49 8.128 5 20.685 32655
12 90.543 263.18 8.809 1 21.54 28154
13 113.57 300.91 10.111 21.966 2 939.1
14 124.81 319.86 8.674 5 19.082 3103.5
15 121.8 335.98 9.494 3 20.135 3073.7
16 96.349 367.22 8.350 7 20.461 2 888.5
17 215.98 341.87 10.833 19.306 2 864.6
18 167.95 396.6 11.749 18.061 2993.6
19 158.91 252.55 8.459 2 18.613 3150.0
20 185.84 355.8 9.637 20.92 3 089.4

x7 FHNEBTEENF R E(MP) MRE(MP )&
Tab.7 E(MP) and MRE(MP) of every monitoring

scheme within different monitoring types

Fmo M EMP)  MRE wp By MEE
I 15123 0094 5 14286 0.095
2 13004 0.063 6 15000 0.097
LJE 3 12772 0069 7 14047 0082

(1,3)  10.847  0.046 (3,5) 10475 0.054
(1,4) 11221  0.053 (3,6) 10785 0.052
(1,5)  12.680  0.088 (3,7) 10075 0.043
(1,6) 12652 0071 (4,5) 10658 0.050
(1,7) 11174 0.047 (4,6) 11101 0.052
2 IR
(2,3) 9723 0.045 (4,7) 11066 0.052
(2,4) 11314 0058 (5,6) 12.660 0.074
(2,5) 10379 0052 (5,7) 10822 0.052

(2,6) 10.643  0.052 (6,7) 11.303 0.055

(2,3,7) 9397 0.043
(2,4,5) 9591  0.053
(2,4,6) 9.817  0.057
(2,4,7) 10.039 0.046
(2,5,6) 9.864  0.048
(1,3,4) 9549 0.046 (2,5,7) 9.447  0.046
(1,3,5) 10.200  0.049 (2,6,7) 9.647  0.048
(1,3,6) 10.268  0.049 (3,4,5) 9399  0.046
(1,3,7) 9.671 0.045 (3,4,6) 9481  0.043
3MRIF (1,4,5) 9.967 0.043 (3,4,7) 9549  0.043
(1,4,6) 10.006  0.043 (3,5,6) 10.190 0.053
(1,4,7) 9.823 0.044 (3,5,7) 9.498  0.047
(1,5,6) 11.666  0.068 (3,6,7) 9.615 0.043
(1,5,7) 10.134  0.047 (4,5,6) 10.092 0.050
(1,6,7) 10.256  0.046 (4,5,7) 9.669  0.046
(2,3,4) 9.461 0.046 (4,6,7) 10.074 0.049

(2,3,5) 9377 0.044 (5,6,7) 10.369 0.055

WIS (2,3,5)
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E(MP)

(a) 1 HRIFWE s

R*=0.800
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E(MP)

(b) 2 IR M M 75

10.0 10.5 13.0

R*=0.552

100 105 115 120
E(MP)
(¢) 3 HRFEWsim iy %8
£ AT E(MP) #= MRE(MP)#) &t 6-B

fitting diagrams of the relationship between

9.5 11.0

gk
e wp By MR wp o EMp) MRE
(1,2,3,4) 9325 0044 (1,4,6,7) 9520 0.041
(1,2,3,5) 9344 0044 (1,5,6,7) 9918 0.049
(1,2,3,6) 9368 0.043 (2,3,4,5) 9277 0.045
(1,2,3,7) 9302 0042 (2,3,4,6) 9305 0.044
(1,2,4,5) 9404 0.046 (2,3,4,7) 9344 0.044
(1,2,4,6) 9412 0045 (2,3,5,6) 9333 0.045
(1,2,4,7) 9407 0045 (2,3,5,7) 9264 0.042
(1,2,5,6)  9.624 0044 (2,3,6,7) 9296 0.042
(1,2,5,7) 9343 0041 (2,4,5,6) 9423 0.050
413 (1,2,6,7) 9371 0044 (2,4,5,7) 9325 0.043
(1,3,4,5) 9356 0043 (2,4,6,7) 9475 0.047
(1,3,4,6) 9383 0044 (2,5,6,7) 9374 0.046
(1,3,4,7) 9368 0.043 (3,4,5,6) 9344 0.045
(1,3,5,6) 9994 0.050 (3,4,5,7) 9301 0.044
(1,3,5,7) 9446 0045 (3,4,6,7) 9358 0.043
(1,3,6,7) 9498 0.044 (3,5,6,7) 9442 0.047
(1,4,5,6) 9703 0.044 (4,5,6,7) 9560 0.048
(1,4,5,7) 9432 0.041
T 2357
 (1.2.3.4.5) 9263 0042 (1.3,4,5.7) 9284 0.041
(1,2,3,4,6) 9269 0042 (1,3,4,6,7) 9298 0.043
(1,2,3,4,7) 9280 0.043 (1,3,5,6,7) 9.393 0.046
(1,2,3,5,6) 9319 0043 (1,4,5,6,7) 9.389 0.042
(1,2,3,5,7) 9256 0.040 (2,3,4,5,6) 9259 0.043
(1,2,3,6,7) 9265 0042 (2,3,4,5,7) 9252 0.042
S (1,2,4,5,6) 9330 0.044 (2,3,4,6,7) 9275 0.042
(1,2,4,5,7) 9281 0.040 (2,3,5,6,7) 9.259 0.043
(1,2,4,6,7) 9300 0.043 (2,4,5,6,7) 9.297 0.043
(1,2,5,6,7) 9310 0.042 (3,4,5,6,7) 9280 0.044
(1,3,4,5,6) 9322 0.042
F % (2,3,4,5,7)
 (1.2.3.4.5.6) 9253 0.041 (1,2,4,5,6.7) 9265 0.041
(1,2,3,4,5,7) 9247 0.039 (1,3,4,5,6,7) 9270 0.042
6IRI (1,2,3,4,6,7) 9255 0.042 (2,3,4,5,6,7) 9.249 0.043
(1,2,3,5,6,7) 9250 0.041
s (123,457
TIJF(1,2.3,4,5.6,7) 9247 0041
SRR 7 L IR O 52 IR A

W75 %I 3 IRIHFLA W 5 T B9 MRE(MP)5
E(MP)#ATEMRIE , S5 ILIE 3 Fn3k 8. T 4 R
#QEA'WIB" JrEE,5 IR A Wi Jr 2 DL K 6 BRI

AWM ET E(MP)EEHEE , [FEF MRE(MP)

E(MP) and MRE(MP) within different monitoring types

%8 RF

EMEET MRE(MP)5 E(MP )& il &5 12

Tab.8 Linear fitting equations between

MRE(MP ) and E(MP ) within different monitoring types

il UaTE PUE R R
1 HRIF: MRE(MP)=0.014E(MP)-0.110 0.875
2 It MRE(MP)=0.012E(MP)-0.076 0.800
3 T MRE(MP)=0.009E(MP)-0.037 0.552
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Fig.4 The change curve of the information entropy

of the optimal monitoring schemes under different

monitoring types with the number of monitoring wells
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Tab.9 The posterior distribution ranges of model

parameters under three monitoring schemes

By EEE SRR 53 A5

5 0 R

w~ n X, Y. T, T, C,

1 12772 8  [60,124] [240,288] [8.12] [18,22] [2800,3 300]
2 9723 8  [60,92] [256,272] [8.5,12] [18,21.5] [2 800,3 300]
3 9377 8  [60,92] [256,272] [9.5,12] [18,20.5] [3 000,3 300]
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Fig.5 The posterior distribution histograms of model parameters under three monitoring schemes
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Tab.10 Posterior statistical results of model parameters and convergence judgment indicators under three monitoring schemes

e E2 g
SHAI ﬁ{iz W e L ;ﬁ{iz W o ;ﬁ{iz Bl oS
% EMEKE o wExE R o % EfEKE

X=814 8614 5771 428
Y=2663 259.86 242 3.80

[85.95,86.33] 1.01 82.15 0.87
[259.70,260.03] 1.05 265.11 0.46
T=814 988 1181 039 [9.86,9.90] 1.03 10.63  5.06
T=814 1997 0.8 042 [19.95,19.99] 1.01 1930 3.18
C=3011.63047.89 121 50.41 [3 045.68,3 050.10] 1.03 3 053.00 1.37

49.61 [3 050.83,3 055.18] 1.07 3 209.49 6.57

[82.10,8220] 1.03 81.13 039 054
[265.09,265.13] 1.07 26520 042 024
[10.62,10.65] 1.08 11.12 075 0.12 [1L.11,11.12]  1.02
[19.29,1932] 1.10 1931 3.5 0.15 [19.30,19.31]  1.02
18.17 [3 208.70,3 210.29] 1.01

[81.11,81.15]  1.00
[265.19,265.21]  1.01
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