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èzy
m

odelu

3
i h 9

x
�X�~os Y

} vH
} C

3
ij 9

x
�X�~os Z

} vH
}

M
anning

m
odelu

w
here �

is
the

w
etted

perim
eter,and��

, ��

and�
(the

M
anning

roughness)
are

m
odel

constants.

C
entro

Internacionalde
M

étodos
C

om
putacionales

en
Ingenierı́a

C
IM

E
C

9



P
arallelF

inite
E

lem
ent

M
odel

for
S

urface
and

S
ubsurface

H
ydrology,by

R
od

rigo
PA

Z
et

al.
10

�
C

oupling
Term

AL 9
pt��
i 2 5
6
X� 6H
8 C

K
W

m
odel.

AL 9
|t��
i 2 5
6
X� 6
X8 C

S
-W

m
odel.

w
hereF�

representthe
gain

or
loss

ofthe
stream

,and
the

m
ain

com
ponentis

the
loss

to
the

aquifer
and��

is
the

resistivity
factor

per
unitarc

length
ofthe

perim
eter

in
the

K
W

m
odeland

the
resistivity

factor
per

surface
unitin

the
S

hallow
-W

ater
m

odel.

T
he

corresponding
gain

to
the

aquifer
is

AB 9
6AL��

�� C

(4)

w
here ��

represents
the

planar
curve

ofthe
stream

and���

is
a

D
irac’s

delta

distribution
w

ith
a

unitintensity
per

unitlength,i.e.

�2<�
8 �
��<�
� 9

�2<�
2 K88 �K
u

(5)

C
entro

Internacionalde
M

étodos
C

om
putacionales

en
Ingenierı́a

C
IM

E
C

10



P
arallelF

inite
E

lem
ent

M
odel

for
S

urface
and

S
ubsurface

H
ydrology,by

R
od

rigo
PA

Z
et

al.
11

N
atural

N
eighbor

Interpolation.

�

A
po

w
erful

set
ofn:�

(exc
ept

at
the

nodes
w

here
the

y
aren g)

shape

functions
for

sm
ooth

interpolation
of

ph
ysical

properties.

H a
2 �
8:9

�� �
� 5

�2 �
8 H
�C
� 9
|C��
uuu

a
vector-valued

function.

A

F
igure

4:
S

upportand
N

aturalN
eighbor

shape
function.

C
entro

Internacionalde
M

étodos
C

om
putacionales

en
Ingenierı́a

C
IM

E
C

11



P
arallelF

inite
E

lem
ent

M
odel

for
S

urface
and

S
ubsurface

H
ydrology,by

R
od

rigo
PA

Z
et

al.
12

F
igure

5:
S

hape
functions.

x
x

1

2

3

4
a

b

c

d

e

f

5

3
A

  (x)

7

6

F
igure

6:���
 ¡¢£

¤¢

voronoidiagram
for�

.

C
entro

Internacionalde
M

étodos
C

om
putacionales

en
Ingenierı́a

C
IM

E
C

12



P
arallelF

inite
E

lem
ent

M
odel

for
S

urface
and

S
ubsurface

H
ydrology,by

R
od

rigo
PA

Z
et

al.
13

�

A
n

im
plem

ented
algorithm

as
a

C
++

function
using

C
G

A
L

g
eom

etrical

librar
y.

1.
C

onstruct
a

D
elauna

y
tess

ellation
w

ith
nodes

w
here

values
are

kno
w

ns

2.
F

or
each

nodex
�

w
here

w
e

w
ish

kno
w

the
vec

tor-valueH a
2 �
8

�

F
ind

the
face¥�

¦

suc
h

asx
� §
¥�
¦

�

C
onstruct

a
secondar

y
local

D
elauna

y
tessellation

w
ith

nodes
in¥�

¦

and
nodex

�

�

C
om

puteG
�2 �
8 ,

2 � 9
|C��
C uuuC�¨
8

�

C
om

puteH a
2<�
8

w
ithH a

2 �
8:9

�� �
� 5
�2 �
8 H
� .

C
entro

Internacionalde
M

étodos
C

om
putacionales

en
Ingenierı́a

C
IM

E
C

13



P
arallelF

inite
E

lem
ent

M
odel

for
S

urface
and

S
ubsurface

H
ydrology,by

R
od

rigo
PA

Z
et

al.
14

S
tream

and
A

quifer
H

eight
Interpolation

C
entro

Internacionalde
M

étodos
C

om
putacionales

en
Ingenierı́a

C
IM

E
C

14



P
arallelF

inite
E

lem
ent

M
odel

for
S

urface
and

S
ubsurface

H
ydrology,by

R
od

rigo
PA

Z
et

al.
15

F
em

C
om

pu
tations

�

T
he

larg
e

tim
e

and
length

sca
les

presents
in

surface-w
a

ter
and

ground-w
ater

flo
w

prob
lem

s
entails

to
a

larg
e

dem
and

of
com

putational

resources
.

�

C
onsidering

m
ulti-aquif

er
syste

m
w

here
se

ve
ral

layers
are

ad
ded

the

n
um

ber
of

unkno
w

ns
w

ill
be

10
to

20
unkno

w
ns

per
node

.

�

A
rough

estim
ate

sug
g

ests
that

triangulations
in

the
order

of
100,000

to

1,000,000
triangles

should
be

used,
therefore

,the
expec

ted
n

um
ber

of

unkno
w

ns
lie

betw
ee

n |f:©

and|f:ª

.

�

S
ystem

solution
strate

gy:
D

om
ain

D
ecom

position
M

ethod,
i.e

.
a

m
ixture

of
iterativ

e
and

direct
solver

s.
W

e
iterate

a
G

M
R

E
S

m
ethod

on
the

interface
unkno

w
ns

and
solve

w
ith

a
LU

factorization
in

the
subdom

ain

interior
s.

C
entro

Internacionalde
M

étodos
C

om
putacionales

en
Ingenierı́a

C
IM

E
C

15



P
arallelF

inite
E

lem
ent

M
odel

for
S

urface
and

S
ubsurface

H
ydrology,by

R
od

rigo
PA

Z
et

al.
16

N
um

erical
R

esults

�

K
W

M
runs.

T
he

first
exa

m
ple

is
periodic

cas
e

w
ith

w
et

and
dry

sea
sons.

A
w

et
seas

on

of
200

days
w

ith
a

precipitation
rate

of
1,000

m
m

/y
ear

(the
ann

ual
avera

g
e

in
last

years)
is

introduced.

A
m

esh
of

96,131
triangular

elem
e

nts
and

48,452
nodal

points
is

used.
A

t

tim
e1 9

f5 9
«f �

abo
ve

the
aquifer

bottom
andH 9

|f �

abo
ve

the

strea
m

bed.
T

he
ph

ysical
constants

are:¬ 9
�
|f q
y

,e 9
�
u® |f q
�,

¯° 9
« |f q
y

.
T

he
tim

e
step

adopted
is±1 9

|

day.

W
ith

7
process

or
P

entium
IV

1.4-1.7
G

hz
and

512
M

b
R

A
M

(R
am

b
us)

connected
throug

h
a

sw
itc

h
Fast

E
thernet

(100
M

bit/sec,
latenc

y=²2 |ff8 )
w

as
3.6

sec
onds

in
avera

g
e.

T
he

sec
ond

exam
ple

is
a

case
w

ith
no

raindrop
and

a
constant

rec
ha

rg
e

of
5

m
ete

rs
in

upstream
bound

aries
.

C
entro

Internacionalde
M

étodos
C

om
putacionales

en
Ingenierı́a

C
IM

E
C

16



P
arallelF

inite
E

lem
ent

M
odel

for
S

urface
and

S
ubsurface

H
ydrology,by

R
od

rigo
PA

Z
et

al.
17

F
igure

7:
A

quifer
m

esh.

C
entro

Internacionalde
M

étodos
C

om
putacionales

en
Ingenierı́a

C
IM

E
C

17



P
arallelF

inite
E

lem
ent

M
odel

for
S

urface
and

S
ubsurface

H
ydrology,by

R
od

rigo
PA

Z
et

al.
18

�

S
hallo

w
-W

ater
runs

1.
A

n
im

perm
ea

b
le

river
w

ith
a

parabolic
bum

p
in

the
bottom

and
a

w
a

ve
train

perturbation.

2.
A

n
sm

all
scale

strea
m

/aquifer
sys

tem
w

ith
long

w
a

ve
perturbation

and

rainfall
periods.

C
onc

lusio
ns

�

T
he

prim
ar

y
goal

of
the

present
w

ork
w

as
the

de
velopm

e
nt

of
a

larg
e

sca
le

hydrological
m

odel
for

surface
and

subsurfac
e

w
ater

flo
w

.

�

M
ore

acc
urate

ph
ysica

ldata
are

being
obtained

through
intensive

m
ea

surem
ents

w
ork.

�

F
uture

w
ork

inc
ludes

m
ulti-la

yers/m
ulti-aquif

er
syste

m
s,

pollutant

transpor
t,

etc.

C
entro

Internacionalde
M

étodos
C

om
putacionales

en
Ingenierı́a

C
IM

E
C

18



P
arallelF

inite
E

lem
ent

M
odel

for
S

urface
and

S
ubsurface

H
ydrology,by

R
od

rigo
PA

Z
et

al.
19

A
ckno

w
ledgm

en
t

T
his

w
ork

has
rece

ived
financial

suppor
t

from
C

onsejo
N

acional
de

Investigaciones
C

ientı́-ficas
y

T
écnicas

(C
O

N
IC

E
T,A

rg
entina),

A
g

encia

N
acional

de
P

rom
oción

C
ientı́fica

y
Tecnológica

(A
N

P
C

yT
)

and

U
niversidad

N
acional

del
Litoral

(U
N

L)
throug

h
grants

C
O

N
IC

E
T

P
IP

198/

G
erm

en-C
F

D
,S

E
C

yT-F
O

N
C

yT-P
IC

T-6973
P

R
O

A
and

C
A

I+D
-U

N
L-P

IP
-02552-2

000.

W
e

m
ade

extens
ive

use
of

freely
distrib

uted
softw

are
as

Lin
ux

O
S

,M
P

I,

P
E

T
S

c,
N

ew
m

at,
G

M
V

and
m

an
y

others.

C
entro

Internacionalde
M

étodos
C

om
putacionales

en
Ingenierı́a

C
IM

E
C

19


