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Abstract

The inverse transport problem is very difficult and challenging to solve due to some special characteristics, including the lack of solution,
non-uniqueness and instability. Regarding to these complexities, usually some simplifications are made in solution process, which ultimately
leads to identification methods that cannot be extended for real-world applications. This study aims to develop a practical method for
pollution source identification in rivers under realistic conditions, which considers irregular cross-sections, unsteady flow and both physical
and chemical transport processes. The stochastic framework of proposed method provides the possibility of estimation of source
characteristics in greater time instances than available observation data as well as consideration of uncertainty due to error in those data.
Considering that direct solution is also required in the solution of inverse transport problem, at first flow and transport equations is solved by
finite difference numerical scheme. Then, inverse transport equation is solved to identify active pollution sources using the geostatistical
method. Results of application of the method to three hypothetical examples and two sets of real data indicated the great accuracy and
numerical stability of proposed method in reconstruction of source characteristics even in complicated real-world condition and using sparse
and erroneous observation data. Furthermore, the identification uncertainty was considered through 95 percent confidence interval.

Keywords: Advection-dispersion equation, Inverse problem, Reconstruction of pollution source characteristics, Unsteady flow.
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Table 1. Simulation parameters related to example one

k(st)
L (km 2 U (m/s D (m? T(hr At (s At (s
Parameter (km) A(m?) (m/s) (m*/s) (hr) ©) :© Case 1 Case 2 Case 3
12 10 0.7 20 3 30 300 0 5x10° 5x10*
0.07 11
[ Observation 1 tb
L a r
0.06 | ) data k=0 83 o ) i;(sg\t/erd
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Figure 2. Example one. (a) observation at x=3 km for three cases; (b) true and estimated release history with 95
percent confidence interval for case one; (c) true and estimated release history with 95 percent confidence interval for
case two; (d) true and estimated release history with 95 percent confidence interval for case three
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Table 2. Error indexes of example one

Index Case 1 Case 2 Case 3

k=0 k=5x10"° k=5x10"*
R? 0.9919 0.99186 0.9885
RMSE (g/s) 0.0235 0.0236 0.0273
MAE (g/s) 0.01519 0.01521 0.0169
de (g/s) 0.2160 0.2163 0.2988
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Table 3. Simulation parameters related to example two

L (km A (m? U (m/s D (m?s T(hr At (s At (s k (st
Parameter (km) (m9) (m/s) (m?/s) (hr) (s) 5 (S) (s
12 10 0.7 20 3 30 random 5x10°
0.07 1.1
1 (b)
0.06 (a) OOOO 0.9 exact
0.05 o g.g
oo f T 06
C i Sos
o 008 o 0.4
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0.2
0.01 | o o 01
0 6—-0————0-08-—6—0 0 ‘
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Figure 3. Example two. (a) observation data at x=3 km; (b) true and estimate release history with 95 percent
confidence interval
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Table 5. Simulation parameters related to example three

Bed resistance D T At At K (s9)
1/3; 2
Parameter (s/m_) ) ) O & 9x10°
0.025 50 24 60 600 6
7 1609.95
70 F Discharge J
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3 E =
< 1 1609.8 %
j=2 E pu
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s E 2
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2. ] 1609.7 =
1 1609.65
50 . . d 1609.6
Time (hr)

Figure 4. Boundary conditions of flow model

Table 6. Error indexes of example three

Index S, S,
R 0.9998 0.9997
RMSE (kg/s) 0.0377 0.0964
MAE (kg/s) 0.0226 0.07
de (kg/s) 1.9 4.34
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Table 4. Error indexes of example two

R? RMSE (g/s) MAE(gls) de (g/s)

Index —5 9553 0.0542 0.0283 0279
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Figure 5. Example three. (a) observation data at X=4 and 8 km; (b) true and estimate release history with 95
percent confidence interval of S, ; () true and estimate release history with 95 percent confidence interval of s,
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Table 7. Simulation parameters of Uvas Creek experiment

Section (m) Discharge (m®/s) A (M) D (m?/s)
0-38 0.0125 0.3 0.12
38-105 0.0125 0.42 0.15
105-281 0.0133 0.36 0.24
281-433 0.0136 0.41 0.31
433-619 0.014 0.52 0.4
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Figure 6. Uvas Creek (a) observation data at Xx=38 and 619 m; (b) true and estimated release history, with 95
percent confidence interval based on observation data at X=38; (c) true and estimated release history, with 95
percent confidence interval based on observation data at X=619

Table 8. Error indexes for example 4 (Uvas Creek experiment)

Index 38m 619 m
R? 0.9698 0.8927
RMSE (g/s) 0.0087 0.0174
MAE (g/s) 0.0034 0.0131
de (g/s) 0.1002 0.4579
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Table 9. Simulation parameters of example five

Bed resistance (s/m*?) D (m?/s)

T(day)  At(h) At (hr) )

Parameter

0.035 264

60 1 24 0
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0 15
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Figure 7. Boundary conditions of flow model

0.0005
0.0004 -
0.0003 -
0.0002 -

C (kg/m?3)

0.0001

O L L 1 L L 1 L L 1 L L
0 15 30 45 60
a) t (days)

15
1
>
< ; exact
T 05 [ - - - - recoverd

------------- 95%
O L L 1 1 1 L L
b 0 15 30 45 60
) t (days)

Figure 8. Karoon River (a) observation data at x=20 km; (b) true and estimated release history, with 95 percent
confidence interval
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Table 10. Error indexes of example five

Index R? RMSE (g/s) MAE(g/s) de (Kgls)
0.9996 0.00164 0.0379 4.989
I s 4 sl 0L @L:'s Al an S S (SYsb ‘5;479‘33

Lol pshne OG L 5 5 sdVT win S s
dals dadd G 5o Ol pl e s clale slaesls onils
RO I S W S B P P e
A Ol e Slalis gleesls 53 SAS|, 5 easVi
52 e 3,8 s S sl Jes B CEs L ol
e glag 5 o S s Lo sl Slasie LU
L;LACJJ ax S as sl Ol - b la sty
b 51 gl BB oSl Olge 2815 VL
s o alS | dals b 53 edig Sl k! eVl
b w58 lassy opl 5 eddaill Jde J-cpnl L
el Js3 B 5 ot 233 L etV e Dlasiie
e o BB Sl Gl s ol (el sk
Wbiss, S e W Gl ol SO e
b 4 B By a8 sl Ol (GYsb s e e
sla ol 3 eV ae Slasie 335 5 e
Gilﬁg@j\{twﬁ.@\a}&ja}hj%
SR ol o3 e iyl iy 45 S 015 e edelwsa
3 ey 058 o3 1y eVl me Slasie Ly
b as S SoS leas slag 5l cilee oV
Ob o il slans 55 Bl b GV b 5 2 0 by,
L s ol ot e @Sk e gl S
2 ket 5 Sop el Oblg 3T 8 S ks
oY adl S Ll Je BB 55 b eV esle JUaz!
& A GU bl Jagn pl s S cd S5
5 el 0 4l OF O O3 e e 53 b otV
Slaiagi o> odd &b O Olejen ol Eov

el a3 S 5 e

-

"

bl s, 5 eaYi mle oad mb 5 O bk
Dbk J 28 6l Sroal p S 53 oo ol
Rl ol LSL Sl sl s So Tl b
s 5 358 suail osSas ils 55z Al
St 5 s s O J s 03 ety
Sl s ol o3 el JE| s dslas >
s VT mlie labis ) shieey JUisl o sSias dls J
S eslinal Saeglinl 85 o, 3l babisy, s
Sl 53 oW1 wie laled we 53 Sl e L 53
S oo onl S el edd esy JSa e
5 1 el sVl e 51 Vel Cis s
sladad s & Slasiin juess OGS s
2l glalis glaesls sl S5 Sl
sl plald sla s 5 s S I3 sl e
s sl ileand sl ts, e st
L 5eS Ll oad &0 s Gl Sl Slaab)
ol #oedle b Slaalie gslaesls slaas (g5l
pde S iy Ol sy nl GVl ol
03 Wt Sl A0 e See dde D 3 g pe Zoakad
I w2l Slalie glassls
G\;» wlls s gy b Oslsolis sl
cladle gl sasalyl Bs, dsalbsg, s edoVi
oW1 osle) s SN o S b s b sdaie o 2
ANl ol RSl ok VT osle 5 odias i1y
Sy omaer 5 SBax Yy ale s e
S ) Bl el G s s (0L il

5o Wby, K5 So S Shua s dbbay,

b“‘JL'-[ V' |
- - - e

\v44 ;;l:.,.a,'-\"a,w- Voo

Yo



Sbbe Jg dezs dlor (5 alln ggs pie S 0

[MXM] W il | S s ile R
[MxM] Slea . jSle I

Uast 35l ol

[T] clale 5,8 o3l Slas alax) t,
[T] sstuls, Oles T

[T] Sl o8 Az

[Nx1] 215 ol S X

INXM] Jpgme S b bl o ile QU6)

Jlal J o6 p(2]6

INXM] S S ol 5

[IXN] 518N ol o by o Jls

A
M
[NXN] ol 035 pass gl il 1S \VJ
x

(Dummy matrix) [MxM] Sl e 5be
(Dummy matrix) [MxM] Sl s jile

0331 e pde Ad 4 bg e e all

a
Bl ods D w8l f
[Tl w6 Lok @lp syse Sl o8 At
[T] shalin glaesls cils 5 Sl rlf At
[T] sslwand S Obey e T

&bo

Avanzino, R. J., Zellweger, G. W., Kennedy, V.
C., Zand, S. M., & Bencala, K. E. (1984).
Results of a solute transport experiment at
Uvas Creek, September 1972 (2331-1258).
Retrieved from U. S. geological survey,
website: https://www.usgs.gov

Barati Moghaddam, M., Mazaheri, M., &
Samani, J. M. V (2017). A comprehensive one-
dimensional numerical model for solute
transport in rivers. Hydrology & Earth System
Sciences, 21(1), 99-116.

Butera, I., & Tanda, M. G. (2003). A
geostatistical approach to recover the release
history of groundwater pollutants. Water
Resources Research, 39(12), 1372-1380.

-

b“‘JL'-[ V' |
- - - e

B ool S

[L] 0 X

[T] ok t

[L7] L phaie oo A
[LT] ol o Q,

[L] o o ¢ 53, Z

LT J& oles g

tIMILY] ol 5 X 0 L3 saNTosle ke C (x,1)
[T sl 5,0 lss oo Kdecay
[LT] Sy D

o VT mlin 3l m

[T] ¢l i T ae b bl sad o (D)
Sy s GU 5()

Shaol Cud S,

tIMIT] Ol 5 X OlKa 5 o Lay oo VT = S
tIM/L®] ol 5 X O s Jlazl =6 K(xt)

ol b bk Sl Slaabsd sl N
Shalie glassls sl M

INX1] Jsgome ol il 5515 f

[Mx1] _slaslie sla osls Sls z

[MxN] JUsl e Sle H

[Mx1] U s s v

S ool

ey (g
1. Inverse problems
2. Advection-Dispersion Equation (ADE)
3. First-order decay
4. Preissmann
5. Quadratic Upstream Interpolation for Convective
Kinematics (QUICK)
6. Identity matrix
7. Lagrange multipliers

"

Y44 bl:.,.«,'-\"a,L«:.- Voo

IAN



10.

11.

12.

13.

14.

15.

Butera, 1., Tanda, M., & Zanini, A. (2006). Use
of numerical modelling to identify the transfer
function and application to the geostatistical
procedure in the solution of inverse problems in
groundwater. Journal of Inverse and Ill-Posed
Problems Jiip, 14(6), 547-572.

Butera, I., Tanda, M.G., & Zanini, A. (2013).
Simultaneous identification of the pollutant
release history and the source location in
groundwater by means of a geostatistical
approach. Stochastic Environmental Research
and Risk Assessment, 27(5), 1269-1280.
Chapra, S. C. (2008). Surface water-quality
modeling. Illinois: Waveland press.

Cheng, W. P., & Jia, Y. (2010). Identification of
contaminant point source in surface waters based
on backward location probability density function
method. Advances in Water Resources, 33(4),
397-410.

De Marsily, G. (1986). Quantitative
hydrogeology;  groundwater  hydrology for
engineers. SanDiego, California: Academic Press.
El Badia, A., Ha-Duong, T., & Hamdi, A.
(2005). ldentification of a point source in a
linear advection—dispersion-reaction equation:
application to a pollution source problem.
Inverse Problems, 21(3), 1121.

Fakouri Dekahi, B. (2016). Effect of floods and
management of pollution sources on temporal and
spatial variations in water salinity of Karun River
(Mollasani to Farsiat). Water and Irrigation
Management, 6(2), 295-314. (In Persian).

Ghane, A., Mazaheri, M., & Samani, J. M. V.
(2016). Location and release time identification of
pollution point source in river networks based on
the Backward Probability Method. Journal of
Environmental Management, 180, 164-171.

Gzyl, G., Zanini, A., Fraczek, R., & Kura, K.
(2014). Contaminant source and release history
identification in groundwater: a multi-step
approach. Journal of Contaminant Hydrology,
157, 59-72.

Huang, R., Han, L.-x., Jin, W.-l., Peng, H., Pan,
M.-m., & Zhang, H. (2015). The Reverse Based
Identification of Source Intensity Changes in
Sudden Pollution Accidents in Medium River.
Nature Environment and Pollution Technology,
14(3), 673.

Jamshidi, S., & Niksokhan, M. H. (2015).
Waste load allocation in Sefidrud using water
quality  trading. Water and Irrigation
Management, 5(2), 243-259. (In Persian).
Kitanidis, P.K. (1995). Quasi-linear geostatistical
theory for inversing. Water Resources Research,

-

"

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

S il 55 B35 3 e3liial b (Bl Bl b Cow iliagy 53 0an VT e plulid ) glitens oty VT Ul dolee o sSna J>

31(10), 2411-2419.

Kitanidis, P. K. (1996). On the geostatistical
approach to the inverse problem. Advances in
Water Resources,19 (6), 333-342.

Mebhri, Y., Mehri, M., & Soltani, J. (2020).
Evaluation of combined Models with
Optimization Approach of PSO and GA in
ANFIS for Predicting of Dispersion Coefficient
in Rivers. Water and Irrigation Management,10
(1), 45-59. (In Persian).

Michalak, A. M., & Kitanidis, P. K. (2002).
Application of Bayesian inference methods to
inverse modelling for contaminants source
identification at Gloucester Landfill, Canada.
Developments in Water Science, 47, 1259-1266.
Michalak, A.M., & Kitanidis, P.K. (2003). A
method for enforcing parameter nonnegativity in
Bayesian inverse problems with an application to
contaminant  source identification.  Water
Resources Research, 39(2), 1033-1046.

Michalak, A.M., & Kitanidis, P.K. (2004a).
Application of geostatistical inverse modeling
to contaminant source identification at Dover
AFB, Delaware. Journal of hydraulic Research,
42(S1), 9-18.

Michalak, A.M., & Kitanidis, P.K. (2004b).
Estimation of historical groundwater contaminant
distribution using the adjoint state method applied
to geostatistical inverse modeling. Water
resources research, 40(8), W08302.

Skaggs, T.H., & Kabala, Z. (1994). Recovering
the release history of a groundwater contaminant.
Water Resources Research, 30 (1), 71-79.
Snodgrass, M. F., & Kitanidis, P. K. (1997). A
geostatistical approach to contaminant source
identification. Water Resources Research,
33(4), 537-546.

Sun, A.Y. (2007). A robust geostatistical
approach to contaminant source identification.
Water Resources Research, 43(2), W02418.
Sun, A. Y., Painter, S. L., & Wittmeyer, G. W.
(2006). A constrained robust least squares
approach for contaminant release history
identification. Water Resources Research,42
(4), W04414.

Sun, N.-Z. (2013). Inverse problems in
groundwater modeling (Vol. 6). Netherlands:
Springer Science & Business Media.

Wu, W. (2007). Computational river dynamics.
London: CRC Press.

Zhang, S.-P., & Xin, X.-k. (2016). Pollutant
source identification model for water pollution
incidents in small straight rivers based on
genetic algorithm. Applied Water Science, 1-9.

b“‘JLJ V' |
- - - e

Y44 ;;l.:,.g.h,w- Voo

IANY



