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Abstract

To assess the uncertainty of contaminant transport models = 2lid ) (225 O Silw and Glp dlesl LB Jao Sl
in column experiments it is essential to select reliable models = yiiicl LB (oloyial)ly s 5 oan¥T Jlisl 5 oSk laanls
for simulating column experiments and estimation of reliable i o L ) .
parameters in order to identify the processes governing o dnngi L olpon Coabad pas (e 35 () B Al e (5500
contaminant transport. So the overall goal of this study is to ., 5 Jeime bl cae pols Jsl Joo piis Gy Goyb
specify the uncertainty associated with the model - i T i
development by defining several conceptual models and S aallae ol 5> el Jal Jao slayiall 5l0)5l 0 cn e 9 Jie

selecting the most probable model and the best estimate of disee ogrie Jo o 250 g oo p Cushad pas oy

contaminant transport model parameters and model o ]
prediction. For exploring uncertainty in column experiment =~ 9 MIML «0 =i 9l Jolss sl Jaa CDE2 5 CDEL : ol

we considered four models from the literature including the = oslizul glie 5| Syxio pé —Symie Dol pé sla o MIM2
equilibrium and non-equilibrium convection dispersion . <
models i.e. CDE1 and CDE2 convection-dispersion models (KIC 5 BIC AICC AIC) Jao jlne ol slog by, sl 03,5
and MIM1 and MIM2 mobile-immobile models. The model | .cé,3 )5 solavul 3,90 (30l oggie slaJde Jlinl Sbj5,l )y

selection criteria were used to evaluate the probabilities of the ) L )
four models. Using the full covariance matrix that considers dsloes 5 Glime Bl (gl ) dletel LB s 4 olitod (sl

residual correlation has caused definitive recommendations ol @b 0,8 Gls oy o Sloj (Suwed (Jdo @Yl

on the basis of AIC, AlCc, BIC, and KIC statistics and the 13 54 CDE2 Jto b oy cabe 3 4 amd
model probability. The result showed that for the slow flow = <%» J&> ORZ QR S mexes ) o

case due to the satisfaction of the equilibrium assumption the = Jas YU by Cepw Cundg j0 g S bow 0 (58 ol by

CDE2 and for the high flow case MIM1 were receiving the . o L. |
highest model probability and the least uncertainty. Finally it Slebre X3l oo Conlad pis (265 5 Jlol 025V s MIML

is concludes that the reliability of the model’s data = 5,8 b |y @l ol 3 (v Couo dbye d Jio OVl

interpretation can be improved by considering alternative | Lo 5 el bl 4 8 F aes e o cules
transport processes and quantifying uncertainty in the 3 Je loodls s 51 ol - 85 ond Ly

experiment. Abee GRIB 0l sl de Cuslad pas (85 )l ) 5k
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Table 1. Parameter estimation and RMSE result
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Models A 06 B ® T RMSE Grade
CDE1 86.60 +6.62 0.0437 4
g=111 CDE2 36.39+3.47 0.3730.01 0.0247 3
MIM1 25.00+£2.19 0.536 +£0.02 0.193 +0.02 0.0121 2
MIM2 25.02 +2.25 0.535+£0.02 0.194+0.02 1.431+0.01 0.0120 1
CDE1 21.09+0.64 0.0161 4
CDE2 22.00+£0.05 0.551+0.01 0.0126 3
g=2.69 MIM1 9.89+3.16 0.600 +£0.09 1.195+0.21 0.0125 2
MIM2  9.27 £ 3.59 0.585+0.1 1233+0.25 2.876+0.01 0.0124 1
1.0
¢ Observation
CDE1
08 @ A X e CDE2
c —MIM1
% MIM2
"é 06
§ 04
g
0.2
q=2.69 cm/d
0.0 ';'""u«...., ,
0.0 1.0 20 3.0 4.0 5.0 6.0 7.0
Effluent pore volume

Fig. 1. Measured and Simulated break through curve
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Table 2. The result of model selection criteria and model probability for Experiment =111
0=111 Curdg 13 Jdo s Y] 9 Joo LG jlro galG -Y Jooo

=111
Models CDE1 CDE2 MIM1 M(:MZ P-CDE1 P-CDE2 P-MIM1 P-MIM2
AlIC -185.83 -218.08 -259.05 -257.08 0.00 0.00 72.80 27.20
AlCc -185.69 -217.63 -258.13 -255.48 0.00 0.00 79.00 21.00
BIC -184.43 -215.27 -254.85 -251.48 0.00 0.00 84.40 15.60
KIC -197.84 -223.49 -259.34 -251.47 0.00 0.00 98.10 1.90

Table 3. The result of model selection criteria and model probability for Experiment g=2.69
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AlIC -229.11 -245.67 -239.79 -237.92 0.02 93.1 4.9 1.9
AlCc -228.95 -245.19 -238.79 -236.19 0.03 95.1 3 11
BIC -227.78 -243.01 -235.79 -232.60 0.05 96.8 2.6 0.5
KIC -238.44 -248.22 -246.84 -239.43 0.5 65.7 33 0.8
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Fig. 2. ACF and PACT plots for exploring the number of p in AR (p) model(CDEL1)
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Table 4. The result of model selection criteria and model probability for Experiment g=111 after correlation
Loy 13 (Sumod Bis 51 ax 97111 YU S puw Comdg 13 Joo ey OV Ll g Jio GG jLro gl -F Joaa

g=111
CDE1 CDE2 MIM1 MIM2 | P-CDE1 P-CDE2 P-MIM1 P- MIM2
AIC -12350  -131.95 -173.89 -171.92 0.00 0.00 72.90 27.10
AlCc -12336  -131.50 -172.97 -170.32 0.00 0.00 79.00 21.00
BIC 12210 -129.15 -169.69 -166.31 0.00 0.00 84.40 15.60
KIC -129.97  -129.46 -165.50 -157.68 0.00 0.00 98.00 2.00

Table 5. The result of model selection criteria and model probability for Experiment g=2.69 after correlation
Ladld 43 (Ssod Bis 51 oy 4=2.69 (b S pw Curidg 43 Jo s SVl g Joo SBG] jlre gl -0 Joos

g=2.69
CDE1l CDE2 MIM1 MIM2 P-CDE1 P-CDE2 P-MIM1 P-MIM2
AlC -155.29 -166.22 -160.17 -158.41 0.40 93.20 4.50 1.90
AlCc -155.14 -165.74 -159.17 -156.67 0.50 95.00 3.60 1.00
BIC -153.96 -163.56 -156.18 -153.08 0.80 96.30 2.40 0.50
KIC -157.05 -159.88 -158.13 -150.86 14.60 59.80 24.90 0.70
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Table 6. The result of RMSE and model ranking according cross validation result
e (2w Como 1 azg o oolul 1 Jdo (g jliiel g Silasyo (il i gl i -5 Jgo

Model RMSE Ranking Model RMSE Ranking
CDE1 0.046 3 CDE1 0.033 3
_ CDE2 0.063 4 _ CDE2 0.032 2
g=111 MIM1 0.037 1 4=2.69 MIM1 0.037 4
MIM2 0.043 2 MIM2 0.03 1

Table7. The result of model selection criteria and model probability for cross validation in Experiment
g=111 by Experiment g=36.7
Curdg b g=111 YU G s S0 (Suiw Como Curidg )3 S e S Lods] g Joe 5] Jloo U5 -V Jgos

0=36.7
CDE1l CDE2 MIM1 MIM2 P-CDE1 P-CDE2 P-MIM1 P- MIM2
AlC -115.5 -94.0 -137.6 -127.8 0.0 0.0 99.2 0.8
AlCc  -1154 -93.6 -136.7 -126.2 0.0 0.0 99.5 0.5
BIC -114.1 -91.2 -133.4 -122.2 0.0 0.0 99.6 0.4
KIC -122.5 -101.3 -138.1 -125.4 0.0 0.0 99.8 0.2

Table 8. The result of model selection criteria and model probability for cross validation in Experiment
g=2.69 by Experiment q=2.71

Curdg b 07269 (b o g BT M0 (Suuw Como Curdg 43 Jo sy Y] g Jo SBG] Jlre 200l -A Joos

q=2.71
CDE1 CDE2 MIM1 MIM2 P-CDE1 P-CDE2 P-MIM1 P-MIM2
AIC -132.3 -133.8 -131.0 -128.0 26.6 56.5 13.7 3.2
AlCc  -1321 -133.3 -130.0 -126.3 31.3 56.5 10.6 1.7
BIC -130.9 -131.1 -127.0 -122.7 44.6 48.6 6.1 0.7
KIC -135.1 -136.4 -133.0 -131.0 28.9 56.9 10.4 3.8

IAS L o) 0 ylowid e e Jlw oyl ) O @alio Wil
Volume 13, No. 1, Spring 2017 (IR-WRR)
WY



Anamosa PR, Nkedi-Kizza P, Blue WG, Sartain JB
(1990) Water movement through an aggregated,
gravelly oxisol from Cameroon. Geoderma
46(1):263-281

Anderson MP, Woessner WW (1992) Applied
groundwater modeling—simulation of flow and
advective transport. Academic Press. Inc, New
York, 381 p

Bear J, Verruijt A (1987) Modeling groundwater flow
and pollution. Springer Science & Business Media.
Berlin, 414p

Comegna V, Coppola A, Sommella A (2001)
Effectiveness of equilibrium and physical non-
equilibrium approaches for interpreting solute
transport through undisturbed soil columns. Journal
of Contaminant Hydrology 50(1):121-138

Engelhardt 1, Aguinaga JG, Mikat H, Schith C, Liedl
R (2014) Complexity vs. simplicity: groundwater

model ranking using information criteria.
Groundwater 52(4):573-583

Finsterle S, Zhang Y (2011) Error handling strategies
in multiphase inverse modeling. Computers &
Geosciences 37(6):724-730

Foglia L, Mehl SW, Hill MC, Perona P, Burlando P
(2007). Testing alternative ground water models
using  cross-validation and other methods.
Groundwater 45(5):627-641

Foglia L, Mehl SW, Hill MC, Burlando P (2013)
Evaluating model structure adequacy: The case of
the Maggia Valley groundwater system, Southern
Switzerland. Water Resources Research 49(1):260-
282

Giacopetti M, Crestaz E, Materazzi M, Pambianchi G,
Posavec K (2016) A multi-model approach using
statistical index and information criteria to evaluate
the adequacy of the model geometry in a fissured

carbonate aquifer (Italy). Water 8(7):271

Good Pl, Good P (2013) Resampling methods: A
practical guide to data analysis. Springer Science &
Business Media. Berlin, 265p

Haitjema H (2011) Model complexity: A cost-benefit
issue. Geological Society of America 43(5)
Hill MC (2006) The practical use of simplicity in

developing ground water models. Groundwater
44(6):775-781

Hoeting J, Madigan D, Raftery A, Volinsky C (1999)
Bayesian model averaging: A tutorial. Statistical
Science 14(4):382-401

S P )ln pae I 4 VL gl G Cundg
2 Joe a Jlaisl it (Spie g S e iSu o
C s Cundy 3 MIML b Jie .85 55 MIML oo
d>pe > omb by Cepw Cunsy > CDE2 9 YL ol
loJde ady & Cons |y Jlinl oVl 5 Joo (miw Cono

IERPRRRGH | PP

& w2l Gl 025 Glaggie ) Bub jl adlee ool
o Jse () Cupalad pie )y 9 JUH 00l sloJae iy o5
O el o Jho ppcalie g oyl Bl 4 e
Obs @l S algg ol 5l Jols sla inpin 3900 9 (275
s Jde (y odd duole Calire Y lais] 4y angi b oS s 0

Aold )0 0,k egrde Jlo S 4 dleel (0l (cegre

5 ome p Sniie doml 4 e wejp; O gile e
w)laslh_]uo]lg@l))sub"ﬁmow%@)s

RNV POSPIEN 198

Sl 5wl -0

555 BTl el AU oSl 5 MIng Ye jsudsyy
sla olanly cas Ve, Syl (e oEiulejl > Guoping Tang

eled oo ST g (S10,a8 Buiod Bl 5y 53 L] 033yl

1- Breakthrough Curves (BTC)

2- Convection Dispersion Model

3- Mobile Immobile Model

4- Fraction of Mobile Water (B)

5- Mass transform coefficient (®)

6- Model Averaging

7- Immobile

8- Dispersivity(L)

9- Pulse Duration (T)

10-Bayesian Model Averaging (BMA)
11-Maximum Likelihood Bayesian Model Averaging
(MLBMA)

12-Cross Validation(CV)

13- Oak Ridge National Laboratory

x5
Akaike H (1974) A new look at the statistical model

identification. IEEE transactions on automatic
control 19(6):716-723

IAS L o) 0 ylowid e e Jlw oyl ) O @alio Wil
Volume 13, No. 1, Spring 2017 (IR-WRR)

WY



inverse estimation of statistical data-and model-
parameters. Water Resources Research 47(7)

Rojas R, Feyen L, Dassargues A (2008) Conceptual
model uncertainty in groundwater modeling:
Combining generalized likelihood uncertainty
estimation and Bayesian model averaging. Water
Resources Research 44(12)

Schwarz G (1978) Estimating the dimension of a
model. The annals of statistics 6(2):461-464

Seber GAF, Wild C (2003) Nonlinear Regression. John
Wiley. New York, 768 p

Simmons CT, Hunt RJ (2012) Updating the debate on
model complexity. GSA Today 22(8):28-29

Singh A, Mishra S, Ruskauff G (2010) Model
averaging techniques for quantifying conceptual
model uncertainty. Groundwater 48(5):701-715

Tang G, Mayes MA, Parker JC, Yin XL, Watson DB,
Jardine PM (2009) Improving parameter estimation
for column experiments by multi-model evaluation
and comparison. Journal of Hydrology 376(3):567-
578

Tang G, Mayes MA, Parker JC, Jardine PM (2010)
CXTFIT/Excel-a modular adaptable code for
parameter estimation, sensitivity analysis and
uncertainty analysis for laboratory or field tracer
experiments. Computers & Geosciences
36(9):1200-1209

Toride N, Leij FJ, Van Genuchten MT (1995) The
CXTFIT code for estimating transport parameters
from laboratory or filed tracer experiments. US
Salinity Laboratory, 132p

Tsai F, Li X (2010) Reply to comment by Ming Ye et
al. on “Inverse groundwater modeling for hydraulic
conductivity estimation using Bayesian model
averaging and variance window”. Water Resources
Research 46(2)

Van Genuchten MT, Wierenga PJ (1976) Mass transfer
studies in sorbing porous media |. Analytical
solutions. Soil Science Society of America Journal
40(4):473-480

Ye M, Neuman SP, Meyer PD (2004) Maximum
likelihood Bayesian averaging of spatial variability

models in unsaturated fractured tuff. Water
Resources Research 40(5)

Ye M, Neuman SP, Meyer PD, Pohlmann K (2005)
Sensitivity analysis and assessment of prior model

probabilities in MLBMA with application to
unsaturated fractured tuff. Water Resources
Research 41(12)

Hu Q, Brusseau ML (1995) Effect of solute size on
transport in structured porous media. Water
Resources Research 31(7):1637-1646

Hurvich CM, Tsai CL (1989) Regression and time
series model selection in small samples. Biometrika
76(2):297-307

Kashyap RL (1982) Optimal choice of AR and MA
parts in autoregressive moving average models.
IEEE Transactions on Pattern Analysis and
Machine Intelligence (2):99-104

Kass RE, Raftery AE (1995) Bayes factors. Journal of
the American statistical association 90 (430):773-
795

Liu P, Elshall AS, Ye M, Beerli P, Zeng X, Lu D, Tao
Y (2016) Evaluating marginal likelihood with
thermodynamic integration method and comparison
with several other numerical methods. Water
Resources Research 52(2):734-758

Lu D, Ye M, Meyer PD, Curtis GP, Shi X, Niu XF,
Yabusaki SB (2013) Effects of error covariance
structure on estimation of model averaging weights
and predictive performance. Water Resources
Research 49(9):6029-6047

Lukjan A, Swasdi S, Chalermyanont T (2016)
Importance of alternative conceptual model for
sustainable groundwater management of the Hat
Yai Basin, Thailand. Procedia Engineering
154:308-316

Nettasana T( 2012) Conceptual model uncertainty in the

management of the Chi River Basin, Thailand.
Thesis, University of Waterloo

Neuman SP (2003) Maximum likelihood Bayesian
averaging of uncertain model predictions:
Stochastic Environmental Research and Risk
Assessment 17(5):291-305

Newman SP, Wierenga PJ (2003) Comprehensive
strategy of hydrogeologic modeling and uncertainty
analysis for nuclear facilities and sites. Project,
University of Arizona

Padilla 1Y, Yeh T, Conklin MH (2000) The effect of
water content on solute transport in unsaturated
porous media. Water Resources Research 35
(11):3303-3313

Parker JC, Van Genuchten MT (1984) Determining
transport parameters from laboratory and field
tracer  experiments.  Virginia  Agricultural
Experiment Station 84(3)

Riva M, Panzeri M, Guadagnini A, Neuman SP (2011)
Role of model selection criteria in geostatistical

IAS L o) 0 ylowid e e Jlw oyl ) O @alio Wil
Volume 13, No. 1, Spring 2017 (IR-WRR)

VWY



assessing  groundwater  conceptual
uncertainty. Groundwater 48(5):716-728

Zhang Y, Yang Y (2015) Cross-validation for selecting
a model selection procedure. Journal of
Econometrics 187(1):95-112

Zhang Y, Yang G, Li S (2014) Significance of
conceptual model uncertainty in simulating carbon
sequestration in a deep inclined saline aquifer.
Journal of Hazardous, Toxic, and Radioactive
Waste 19(3)

model

Ye M, Meyer PD, Neuman SP (2008a) On model
selection criteria in multimodel analysis. Water
Resources Research 44(3)

Ye M, Pohlmann KF, Chapman JB (2008b) Expert
elicitation of recharge model probabilities for the
Death Valley regional flow system. Journal of
Hydrology 354(1):102-115

Ye M, Pohlmann KF, Chapman JB, Pohll GM, Reeves
DM (2010) A model-averaging method for

IAS L o) 0 ylowid e e Jlw oyl ) O @alio Wil
Volume 13, No. 1, Spring 2017 (IR-WRR)

VWWo





