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Comparison between the Spatially Integrated Model and the Spatially
Distributed Model in the Nonpoint Source Contaminants of Groundwater
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Abstract

The spatially integrated model (SIND which can evaluate temporal variation of groundwater quality is
proposed in the stream aquifer setting entered by nonpoint source contaminants. And the developed SIM
included unsaturated soil zone and was tested against the spatially distributed model (SDM) of the
coupled advection dispersion and Richards equations for the various hydrologic and aquifer simulating
conditions. The result of the comparison showed that the average concentration responses of saturated
aquifer and groundwater outflow between the SIM and the SDM was in good agreement, except for the
cases of the large dispersivity ratio and thick aquifer system. And it is shown that for the cases of the
large dispersivity ratio and thick aquifer system the performance of the nonlinear SIM 1s better than that

of the linear SIM for evaluating the average concentration of groundwater outflow response.

Keywords © aquifer-stream interaction, groundwater quality modeling, nonpoint source poliution, unsaturated flow
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1. Introduction

In this paper, the spatially integrated model
(SIM) considering the unsaturated soil zone is
proposed and tested for the cvaluation of
response i the
The

for developing this kind of spatially integrated

nonpoint  contaminants

groundwater-stream  system, motivation

models is due to a simple structure of the
model such that the data requirements for the
with  the

models.

model are minimized compared
distributed

However, since the SIM neglects the spatial

transport  groundwater

coordinates, only  temporal responses  for the

averaged concentration of groundwater

outflow and  saturated  aquifer  can  be

determined.  Hence, the spatially  integrated

model might be very useful for the long-term
and/or preliminary assessment of groundwater
outflow quality for nonpoint source pollution
when the available data and resources are
[imited.

Perhaps, Gelhar and Wilson (1974) were the
first lumped

rescarchers  to propose  the

cocameter model based on water and mass

balance  eguations, and complete mixing

assumption.  For the present context, the
lumped parameter model is the same meaning
as a lincar reservoir model or the SIM. In the
past, the lumped parameter model of Gelhar
(1974)

studies  for  the

and Wilson has been applied for a

number  of evaluation  of

nonpoint  source  pollution in  the saturated
unconfined  aquifer- stream  setting  (Mclin,
1981; Duffy and Gelhar, 1985, 1986). And
Duffy and Lee (1992) tested the linear

reservoir  model in the situation of
heterogeneous  and  saturated  unconfined
aquifer- stream system.

since  the  SIM for  assessing  groundwater

outflow quality has not included the important
ctfect of unsaturated soil zone, there is a need to

develop and to test the SIM in order to account

for the effect of unsaturated soil zone. In this
linear SIM  which
accounted for unsaturated soil zone and tested the
performance  of  the SIM
comparison with the spatially distributed model
(SDMD. For the performance test between the SIM
and the SV, the

concentration of saturated aquifer <C, >

paper, we proposed  the

lincar through the

responses of aver age

and the

average  concentration  of  groundwater  outflow

<C,>

simulating

compared under a variety of
The

considered in the modal test were the variations in

were

conditions. sirmudation  factors

the dispersivity ratio, stream  penetrating  depth,
aquifer thickness, rainfall rate, and soil type. Since
the linear SIM have compared poorly with the
SDM for the cases of large aquifer thickness and
the large ratio of longitudinal dispersivity to the
transverse  dispersivity, the nonlinear SIM - was
introduced and compared with the SDM. It was
shown that the response errors between the SIM
SDM
nonlinear SIM. The limiting elements for the model

and  the were reduced by applying  the

testing might be the effects of heterogeneous and

anisotropic  medium, transient  flow, chemical

reaction, and other sources/sinks.

2. Structure for Models

2.1 Spatially Integrated Model (SIM)

The SIM has the physical basis and can be
developed by combining the integral mass balance
cguation  with  the well-mixing assumption  for
unsaturated and saturated tlow zones. The integral
balance unsaturated  and

Mass cquations for

saturated flow zones are given by

Ay (.
LV, (8) - <Clt))

(la)
= 1H)xLCi(t)>—R(t)x<CAt)>
A (v (- <ct)y)
ar”* (1h)
=R(OXCC,(1)>— Q)< LCt)>
B NG U
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V1)
storage, I(t)
rate, R(#)
and Q1)
outflow. The space averaged input concentration is
CC(8)> . The
concentration of unsaturated soil zone <C,(£)> is
defined by

where 1s the unsaturated soll moisture

storage, 1s the saturated aquifer water
1s the space integrated infiltration
is the space integrated recharge rate,

is the space integrated groundwater

indicated by spatial  average

f[ fuze( x, )C( x, t)dzdydx
f{ f,,ze( x, Ddzdydx

<C(t)>=

where 8(x, f) is the soil moisture content, and
uz represents the domain of unsaturated soil
zone. The spatial average concentration of recharge

<C(t)> s defined by

f.fyb(v(x” 8 n,)C(x, )dB
ffrh("("f’ t) - m,)dB

where 7b is the domain of recharge boundary

surface. The Darcy velocity vector along the

recharge boundary #b is represented bv v(x,, #)
and the unit vector normal to the recharge
boundary by #,. Thus, the term (w(x,, ¢) - n,)

means the recharge water flux into the water

table. The spatial average concentration of
saturated aquifer < C,(#)> is  defined by
[ [ ] 60x nCCx Dazdyax

CC(t)>= =

[ [ T.04 % Dadvas

where sz represents the domain of saturated
aquifer and 8,( x, #) is the saturation moisture
content. The spatial average concentration of

groundwater outflow <{C,(#)> is defined by

f.,ﬁ,b(”(xa’ ) n)C( x,, 1)dB
[j (v(x,, t) n,)dB
. ob

CCt)>=

WAL 2 1998 4]

where  0b represents the domain of boundary

surface  for groundwater outflow. The Darcy

velocity vector along the outflow boundary ob 1s

represented by o(x,, ¢) and the unit vector

normal to the outflow boundary by #,. The term

(v(x, )+ n,) indicates the groundwater

outflow flux from saturated aquifer.

When the field is

steady state, the following
dv,(t)

satisfied: P =0=I¢t) — R(¢)

flow assumed to be

conditions are
and

avit)
dt

Ha) and 1(b)

= () = R(t) — ¢) Hence, the FEqgns.

can bhe transformed as follows.

d<Ct)>  Kp R(1)
(2a)

d<C{t)> R Q1)
(Zb)
If we assume the well-mixing assumption of

Ct)=C,(t) and C,#)=C{¢) and use the
definition for T, = V,/Rand T,= V./ @ then we
obtain the SIM 3(a)~3(d) from Egns. 2(a) and
2(b).

dCAD> _ <(Clt)> KT,

P = T T, (3a)
d{CAt)>  d{C(t)

dt - dt (3b)
d<C{t)>  <LC.(t)> B CC(t)» (30)

dt N T, T, '
d<Ct)>  d{C{t)> .

dt - dt &)

In the Egns. 3(a)~3(d), the dynamical bchaviour
for C¢t) C.(¢t)
and C,(f) variable is also completely determined

is completely determined by

by C.(#) such that the system is governed by
C,(t) and C(t). Two

parameters involved in the SIM are average solute

two state variables
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(T, and

time of saturated  zone

residence  time  of  unsaturated  zone

average solute  residence

(7). And  these conveniently

r=V/Q

parameters  are
estimated by 7T,= V,/R and
2.1.1 Dimensionless system

The SIM 3@ ~3(d) can be transformed into a

dimensionless SIM - for  the  generalization  of
solution  results  such  that  the  following
dimensionless vanables cam be defined
.t e SCD>
= T CC(t)>= C. ,
K * o <C;(l‘)> ~ * _ <C\(t>>
CCHE» = C LCE)> = c
o LC (D> o LG
CCA)>= C. LG = C.
where  C, Is a characteristic  concentration.

By substituting these dimensionless variables

into  the Eqns. 3(a)~3{d), we obtain the

dimensionless form of SIM as follows.

&Cury T

dt* T,
d<C(t)>

(G <)) (4

_ A LAr )y y
d[* df* 1]))

M:<Cf(i*)>*<6‘f(z‘*)> (1)
dt

d{CA")>  dCCr)y ,
(llf* - df* (‘kl)

A svstem of ordinary differential Eqns. 4a) ~

) 1s solved  with  the

(<C0)> and
CCIE)y
and 7.,

lincar and can be

given  initial - conditions

CCH0) .

and  parameter

input  concentration

values  of T,
2.2 Spatially Distributed Model (SDM)

For the present context the spatially  distributed

model 18 meant o he an advection-dispersion

equation  which  requires spatially distributed

parameters and conditions. In the soil and aquifer

180

system, the advection—dispersion eguation  without
the effects of sources/sinks, and reactions might
be described by coupling Fick’s law and the mass
conservation principle (Bear, 1972, Bear, 1979) as

follows.

0C 1 pove=v-

o (0D-vO) )

In Eqn. (3) 6 is soil moisture content; €M/
is a concentration of dissolved solutes; v [M/TY is
Darcy velocity: DILYT] represents the hydrodynermic

dispersion tensor given by

O0D=an v|8+ (a;—ap)vv/lvl+ 0a,t 6

where | ol is the absolute magnitude of o, @,
is  the  longitudinal  dispersivity,  ay 1s the
transverse  dispersivity,  «,, is  the  molecular

diffusion cocfficient. & is Kronecker delta tensor,

and 7 indicates the  tortuosity  that is  the

second rank symmetne tensor (Bear, 1979). It is
implicitly  assumed  in - the  following  numerical
analyses that the molecular diffusion is negligible.

Darcian

For unsaturated-saturated  flow,

velocity vector in Eqn. (9) takes the following

form

v=—K(W)vVh (7
where  K(B)  is  an unsaturated  hydraulic
conductivity that is dependent on  the matric
potential 2 or soill moisture @, The matric

potential or pressure head field in the Eqn. (7) can
he determined by solving Richards equation (1931)
that descrbes the unsaturated flow process. For
steady state flow, Richards cquation is given by
combining Darcy flux of unsaturaled flow with the

continuity cquation as follows.
v - [K(hvh+vZ]l=0 (8)
In order to =olve the Fen (), the characteristic

Kb -h

In this study we used soil

curves for the /oand relations

need to he wpxeifiod



hydraulic properties reported in Carsel and Parrish (1998 which investigated the effects of transport
(19833). controlling factors on the integral concentration of
groundwater based on  the coupled advection

3. Comparison of Responses between
Models

dispersion and Richards cquations. For all cases

examined in the analyses, the initial concentration

In order to evaluate the validity of the proposed — values  were  specified as zero and the input

SIM, a solution to the SIM #a)~Hd) is compared — concentration at the ground surface is mamtained a

with that of the SDM (5) and (8) for the various  constant throughout the simulation time. Numerical

transport  controlling  factors  and  conditions as  simulation aspects for solving the SDM can he

shown in Table 1. Fig. | illustrates the geometry  found in the references (Yeh, 19870 Yeh et al,
of the system in the two dimensional cross 1992 Yeh and Chang, 1993 Lee et al.. 1998).

secetion. This  groundwater—stream  connected 3.1 Cases of Dispersivity Changes

geometry 1s the same as that studied in [ee et al,
Fig. 2 shows the comparison of <C. > and

A * .
1 | il L 1 F . s - M and SDN
= ¥ ¥ + <C, > responses between SIM and SDM for
) 4 three different dispersivity ratios as summarized in
! AN EV Table 1. The root mean square error (rmse) was
\ ~— .
H \ T —— ] Td used for a measure of error between two models
AN .
~ A X 0 and defined by
S~ ——
——— e D i
v 2L~ )’
- C rmse -
B |4 »| n

where  <Cp(£)>,  is <CI> or KOO

Fio. 1. Tgvt?e:r:]megflls(:g?r:([G,::;Tﬁfg?tle_;n qth, responses resulted from SIM, and < CR(F )Y, s

JFEAquifer Thickness, dStream Depth) {Ci> or <Cy> responses  resulted  from

Table 1. The Simulating Parameter Values and Conditions

) ! Rainfall rate [ [ g
case | a (m) | a,/ay l du/H T HAL ‘ Cosoil wpe T, T,
! ‘ (m/hr) fyears) (vears)
1 1 0 [ 025 | 01 31210 Loarn_soil 1.36 13.81
B 0.1 1 " " " " § oo
3 50 300 " . i 8 “ .
L 1 10 0.1 . . § 132 1394
- - - 07 . . . 1Al 13.71
6 g 0.23 0.3 199 | 443
- . " . 05 | g ” 196 | 7375
5 : | - 01 | 52s10°" . 13.04 73.16
9 - ” | " " 1.04%10 i .95 37.82
10 v g " g sandy Loam |y o) 34.8%
soil "'*kﬂ4
. " " " ” . Silt Loam | e
S | A N 11.84
L I s0il |

( @; ~longitudinal dispersivity, @7=transverse dispersivity. L=aquifer length, H-aquifer thickness.
d,~stream depth. T ,~average residence time of unsaturated zone. T =average residence time of

saturated zone)
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Fig. 2. Comparison of Responses for the Different Dispersivity Ratios

SDM; n is the number of data.
In Fig 2 the <CI>

and SDM are in close agreement, but the rmse

responses  between  SIM

ratiol @, /a4

SIM

increases  as  the  dispersivity

The <C5>

underestimated  that of the SDM and the rmse

Increases. response  of the

grows when the dispersivity ratio increascs. The

substantial  difference  for <5 > response
hetween models  exist for case 3 with the
dispersivity  ratio of 500. Hence, these results

suggest that the lincar SIM 4(a) ~4(d) is unable to
describe behaviour  of
<Cho

ratios. The physical reason for poor performance of

exactly  the  dynamic

vanable for various ranges of dispersivity

the SIM s that the degree of nonlinearity for
CCLy —<Cy>

dispersivity ratio increase, which was suggested

relationship increases as the

182

of Lee et. al
(1998). Later, we will propose the nonlinear SIM to
linear SIM.

by numerical simulation rtesults

improve the performance of the

3.2 Cases of Stream Depth Changes

In order to understand the effect of the stream
depth variations on the performance of the SIM,
the comparison of model responses is performed
for the different stream penetrating depths that is
specified as the part of the boundary conditions for
the SDM. Fg 3
{Cy>  and <C)D
and SDM. The <(C:>
agreement between two models and the rmse for
<Co>

response.

shows  the comparison of
responses  between  SIM

response 18 in good
response 1 smaller than that of <C;>

For casc 1 and case 4 of partially

penetrating stream  depth, the <CZ> response for
SIM is slightly smaller than the <C}>  response

i KRR LT
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/Ty

VT

Fig. 3. Comparison of Responses for the Different Stream Depths

for SDM, but the <(C)»

models in case 5 of the fully penetrating stream

response hetween two
depth shows an identical <Cj> response. The
physical that
outflow boundary enlarges for the fully penetrating
that the enhanced mixing

process at the stream boundary makes the < Chy-

explanation is the groundwater

stream  depth  such

<Cs*>

<Cs*>

00 05 10 15 20 25 30
t/Ts

LC relationship  lincar.  This  physical

mechanism is also revealed by the <CP -<Cp»

relationship from numerical simulation results of
Lee et al. (1998),

3.3 Cases of Aquifer Thickness Changes

Fig. 4. Comparison of Responses for the Different Aquifer Thickness

IV A% 19981 4]

Fig. 4 shows the comparison of <C.> and
1.0
0.8
FARR X )
o
T 04 — SDM
.......... SIM
0.2 mase=0.1203
A
*
o
<
Vv
rmse=().1458
0.0 T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
uUTs
183



CCry

to the changes in aquifer thickness or aquifer

responses hetwoen SIM and SDM - subject

aspect tatio H/L. The mmse errors of case 6
H/L=03 for both <Ci> and <C;>
responses are shown to be smaller than that of

casc 7 of H/L=02. The <C;> responses of the

with

SIM slightly overestimated the <CT > responses
of the SDM for both cases. However, the <Cj >
response exhibit a reverse pattern compared to the
CCL>
underestimated the response of SDM. And there 1s
s
between the SIM and the SDM. As for a large
dispersivity ratio, the poor performance of the SIM

response such that the response of SIM

a significant  difference  of response

lies in the fact that the linear relationship between
<Ci> and <C>

not hold for the

assumed in the SIM does

large  aspect  ratio.

3.4 Cases of Rainfall Rate Changes

The effect of the rainfall rate variations on the
of the SIM
shown i Fig. 5. The <C!>

performance was investigated as
response  belween
the SIM and the SDM is in good argeement with
a relatively small rmse. The <C, > response of
the SIM is seen 1o be underestimated compared (o
the <C,> response of the SDM. And the rmse
<CY>  and <C >
between case 8 and case 9 are shown to he very
other, So 1t that  the
performance of the SIM is compared with that of

crrors  of responses

close to cach implies

the SDM for different steady rainfall rates.

35 Cases of Soil type changes

Sandy Joam and silt loam soill were used (o test
the impact of soil types on the performance of the
SIM. The hvdraulic conductivity of sandy  loam

soil 1s about 10 times as that of silt loam and

characteristic  curves  for  soil  moisture-pressure
head and  unsaturated  hydrauhc  conductivity
pressure  head are very different between  two

184

soils (Carsel and Parrish, 1983). Fig. 6 shows the
comparison of <C,> and (C>
between the SIM and the SDM In case 10 of

responses
sandy loam soil the <C!>  response of the SIM

1s almost identical to that of the SDM, showing
smaller rmse value than case 11 of silt loam soil.

<Co SIM
overestimated that of the SDM. For the <Cp

In case 11, the response  of the

responses, the rmse of silt loam 1s slightly smaller
SIM
describes reasonably the response of the SDM for

than that of sandy loam. Overall, the

different soil tvpes.
4. Concluding Remarks and Discussion

The spatially integrated model is proposed

to assess  the  average  concentration  of

saturated  aquifer <CD and the average

concentration of groundwater outﬂ()w<C:>

from nonpoint source contaminants in stream

connected groundwater system. Compared to

previous  studies, this  study  included an
unsaturated  soil zone in the  model
development  and  testing. The performance

test shows that the SIM responses are fairly
compared with the SDM responses.

variable
<Ciy

vanable. And for a large dispersivity ratio and a

In general, the rmse crrors for < C, >

are larger than the mmse crrors  of
thick aquifer condition, the SIM describes poorly
the dynamic behaviour of <Cj, > varable of the
SDN, showing a relatively large rmse error. This
poor prediction of the SIM is in contrast to the
result of Duffy and Tee (1992) who investigated
the comparison of the SIM to the SDM only in
the saturated aquifer condition. They showed that
the dynamic <C; > hehaviour between the SIM
SDM
various dispersivity ratios and aquifer aspect ratios
of less than 4. The lincar SIM A(a) ~Ad) does not
account for the increased degree of the nonlinear

and the was in good agreement under
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Fig. 5. Comparison of Responses for the Different Rainfall Rates
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£ 0.6 case 11 :%0.6- casellSD
] ~—— SDM n == SDM
v 044 wwmmen. STM v 04 e STM
0.2 rmse=0.05197 0.2~ rmse=0.04068
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Fig. 6. Comparison of Responses for the Different Soil Types.

and <Cj,>

dispersivity ratio and aquifer aspect ratio increase.
So there 1s a need to improve the predictive ability

relationship between < C: > as the

of the SIM for the wvarious ranges of the
dispersivity ratio and aquifer aspect ratio
parameters. Instead of assuming

W3R H29 1998% 4/

d{C(£)> _ d<Ci(t)>

7 7 in the SIM 4(a)~

4d), we can use the nonlinear functional
relationship between <C; > and <C;> defined
as

185



Table 2. Coefficients of Nonlinear Fitting Model
CCH=a < CO+ a < CO+ ay < CO*+ 4, < C '+ a;< €27 for Three Cases

case a ada as ay s
3 2.28985 -2.16116 0.872929 0 0
6 3.75039 -10.3155 18.1163 -16.0476 5.49555
7 5.12257 16.6901 30.3236 —26.8797 9.1376

CC=a1<CO+ ayd CO + as< C*
+a < C + as < CDY
coefficients

As  shown in  Table 2, the

a,, a», as, ay, awere determined by the fitting

<CCT>  and (G
obtained from the numenical analysis of the SDM.
And then  the

relation with respect to time provides the nonlinear
SIM as follows.

procedure  using data

differentiation of the functional

d ;t* S * * * *
ACLED T oy CU)) 9

dr* T,
d<Cut)>  d{Cty ,
M ={CH)>—CI(E) (9e)
dt
1.0

Z’} 0.6 case3
—— SDM
v 04 O SIM
0.2 rmse=0.07496
¢
W11 T 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
74
1.0
0.8
FARKX) case 7
5y —— SDM
v 044 5 SIM
0.2 rmse=0.04115
0.0 LI T I i I 1 1

00 05 1.0 1.5 20 25 30

(7N

K t*
*&M“ =[a,+2a:{Ci{t")>+
dt
B, CTUN T+ KO+
d<CE)>

< A
5az< C:(1)>7] o

Od)

Fg. 7 shows the performance of the nonlinear SIM
9a)~AHd) for case 3 of a, /a5, case 6 of
H/L=03, and case 7 of H/L=05 We can
<Cho»
variable by comparing Fig. 7 with Fig. 2 and Fg. 4.

recognize  the reduced mmse  errors for

In this research the effects of heterogeneous and
anisotropic medium  properties, and complex  input
concentration conditions  have nol vet  examined
such that further testing and development of the
SIM are needed. And in order to apply the SIM

for the assessment of nonpoint source groundwater

LO— s
0.8
+g_ 0.6 case 6
T 04 — SbM
e SIM
0.2 rmse=0.02514

0.0

0.0 05 1.0 L5 20 25 3.0

Fig. 7. Comparison of Responses between the Nonlinear SIM and SDM
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problem there is a need for parameterizing the
coefficients of the SIM in terms of measurable
physical variables.
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