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SUMMARY

An optimizing reduced implicit difference scheme (IDS) based on singular value decomposition (SVD)
and proper orthogonal decomposition (POD) for the two-dimensional unsaturated soil water flow equation
is presented. An ensemble of snapshots is compiled from the transient solutions derived from the usual
IDS for a two-dimensional unsaturated flow equation. Then, optimal orthogonal bases are reconstructed by
implementing SVD and POD techniques for the ensemble of snapshots. Combining POD with a Galerkin
projection approach, a new lower dimensional and highly accurate IDS for the two-dimensional unsaturated
flow equation is obtained. Error estimates between the true solution, the usual IDS solution, and the reduced
IDS solution based on POD basis are derived. Finally, it is shown by means of a numerical example using the
technology of local refined grids that the computational load is greatly diminished by using the reduced IDS.
Also, the error between the POD approximate solution and the usual IDS solution is proved to be consistent
with the derived theoretical results. Thus, both feasibility and efficiency of the POD method are validated.
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1. INTRODUCTION

Unsaturated soil water flow is the flow in the portion of the Earth between the land surface and
the phreatic zone or zone of saturation, which is an important form of flow in porous media. The
unsaturated flow problem is described by a nonlinear partial differential equation (PDE) based on
Darcy’s law, and numerical discretization methods are the most effective tools to solve this nonlin-
ear PDE. Several studies of soil water flow problem have been presented. For example, Xie et al. [1]
developed an unsaturated soil water flow numerical model based on a mass-lumped finite element
method. Luo et al. [2] presented another numerical model to compute soil moisture and water flow
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flux together by means of a mixed finite element method. In these studies, one-dimensional unsatu-
rated flow equation was employed; thus, there are fewer degrees of freedom, and the computational
load is low. Lei et al. [3] applied an alternating direction implicit difference scheme (IDS) to solve
the two-dimensional unsaturated flow equation for soil moisture content. However, the IDS for the
two-dimensional unsaturated flow equation involves a large number of degrees of freedom. So, an
important related problem is how to alleviate the computational load and reduce the time required
for calculations and memory resource demands in the actual computational process in a way that
guarantees sufficient accuracy in the numerical solution.

Proper orthogonal decomposition (POD) is an effective method for approximating a large amount
of data. The method essentially finds a group of orthogonal bases from the given data to approx-
imately represent them in a least squares optimal sense. In addition, as the POD is optimal in the
least squares sense, it has the property that the model decomposition is completely dependent on
the given data and does not require assuming any prior knowledge of the process. Combined with
a Galerkin projection procedure, POD provides a powerful method for deriving lower dimensional
models of dynamical systems from a high or even infinite dimensional phase space. A dynamic
system is generally governed by related structures or the ensemble formed by a large number of
different instantaneous solutions, and the POD method can capture the temporal and spatial struc-
tures of dynamic system by applying a statistical analysis to the ensemble of data. POD provides an
adequate approximation for a large amount of data with a reduced number of degrees of freedom;
it alleviates the computational load and provides substantial savings in memory requirements. POD
has found widespread application in a variety of fields such as signal analysis and pattern recognition
[4, 5], fluid dynamics and coherent structures [6—8], and optimal flow control problems [9, 10]. In
fluid dynamics, Lumley first applied the POD method to capture the large eddy coherent structures
in a turbulent boundary layer [11]. This method was further applied to study the relation between
the turbulent structure and a chaotic dynamic system [12]. Sirovich introduced the method of snap-
shots and applied it to reduce the order of POD eigenvalue problem [13]. Kunisch and Volkwein
presented Galerkin POD methods for parabolic problems and a general equation in fluid dynam-
ics [14, 15]. More recently, a finite difference scheme (FDS) and a mixed finite element (MFE)
formulation for the non-stationary Navier—Stokes equation based on POD were derived [16, 17],
respectively. Finite element formulation based on POD was also applied for parabolic equations and
the Burgers equation [18, 19]. In other physical applications, an effective use of POD for a chemical
vapor deposition reactor was demonstrated, and some reduced order FDS and MFE for the upper
tropical Pacific Ocean model based on POD were presented [20-24]. An optimizing reduced FDS
based on POD for the chemical vapor deposit (CVD) equations was also presented in [25]. Except
for POD, the empirical orthogonal function (EOF) analysis is another effective method to extract
information from large datasets in time and space [26,27]. However, to the best of our knowledge,
there are no published results addressing the POD approximated solution of IDS (i.e., reduced IDS
solution) for the two-dimensional unsaturated soil flow equation and the error estimates between the
true solution, the usual IDS solution, and the reduced IDS solution based on POD basis.

In this paper, POD is used to reduce the IDS for the two-dimensional unsaturated soil water flow
equation, and the error estimates between the true solution, the usual IDS solution, and the reduced
IDS solution are derived. The paper is organized as follows: Section 2 is devoted to describing
the IDS for the two-dimensional unsaturated flow equation and generating snapshots from the IDS
solutions. The optimizing reduced IDS based on POD technique for the two-dimensional unsat-
urated flow equation is derived in Section 3. Error estimates between the true solution, the usual
IDS solution, and the reduced IDS solution are derived in Section 4. In Section 5, some numerical
examples using the technology of local refined grids are presented to validate the theoretical results.
Finally, conclusions are provided in Section 6.

2. IMPLICIT DIFFERENCE SCHEME FOR THE TWO-DIMENSIONAL UNSATURATED
FLOW EQUATION AND SNAPSHOTS GENERATION

2.1. The two-dimensional unsaturated soil water flow
With an underground pipeline being infiltrated, the soil water moves around the underground

pipeline, and the problem is reduced to a two-dimensional unsaturated soil water flow problem
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of soil vertical profiles (see Figure 1). A homogeneous and isotropic porous soil medium is consid-
ered. As shown in Figure 1, the x-axis and the z-axis denote the horizontal (i.e., positive rightward)
and vertical directions (i.e., positive downward), respectively.

According to Darcy’s law, the two-dimensional unsaturated soil water flow problem can be
expressed as follows (see [28]).

0 d 07 9 907 9K (0) _
E = a [D(Q)E} + E |:D(9)§i| — T + S, (x,z2,1) e (0,M) x(0,M) x(0,T) (1)

where M, M ,and T are three positive real Qumbers, 0(x, z,t) is the volumetric soil moisture con-
tent, S; is the source absorption rate, and K(6) and D()) are the hydraulic conductivity and the
hydraulic diffusivity, respectively. K(0) and D(6) are formulated as in [29]

2b+3
K(0) = K, (ﬁ)

0
) 2)
KW, ( 0\"*?

where 6 is saturated soil moisture content, K is the saturated hydraulic conductivity, W is the
saturated water potential, and b is a parameter related to the soil property.
The corresponding initial and boundary conditions are expressed as follows.
B0 — b B — 6 ~ X z
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90, XE[M],M],ZE[Ml,M]

0(0,0,1) =6,  1€(0,T] 4)
30
—DO)5-+ K@) =0, z=0xe0.M]1€(.T] (5)
30 5
=D(®)5-=0.  x=0.z¢€(0.M].1€(.T] (©6)
0 5
=DO)5- +K©)=0.  z=M,xe(OM1€(OT] 7

Underground pipeline
()
L

-

z

Figure 1. Soil profile for the leakage from underground pipeline.
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—D(@)%:O, x=M,z€(0,M],te(,T] 8)

where 6y > 0 is initial soil moisture content, and z = M and x = M represent the lower boundary
and the right boundary of the domain, respectively. We suppose that 6y and S; are both smooth
enough to ensure the analysis validity.

2.2. The discretization of the two-dimensional unsaturated flow equation and snapshots generation

Obviously, Equation (1) is a nonlinear partial differential equation (PDE), and it is difficult to obtain
its analytical solution. However, obtaining an approximated numerical solution by numerical com-
putation method become very popular with the advent of computer technology. So, the numerical
computation of Equation (1) is conducted by means of IDS in this paper.

Figure 2 shows the rectangular soil vertical profile with width M and height M, which has been
discretized into J x K square cells. Cell nodes are described with a two-dimensional coordinate
system (j,k) (j =0,1,...,J; k=0,1,...,K).

In the following, we apply IDS to discretize Equation (1) at each cell node, and assume S, equal
to zero. The five case studies are listed as follows.

(I)  When k = 0 and Equation (5) are combined, the discretizations of Equation (1) on these nodes
are written as follows:

n+1 _ gn n+1 _ pgn+l1 n+l _ gn+l
91',0 91',0 —pn+l 9j+1,0 01',0 _ pntl 61',0 91'—1,0
At j+3.0 Ax? j=%.0 Ax?

n+1 Js J> on+1 - __

which yields
At i n+1 At At ng AL ng1) gt
(_ N Oicno T\ 1 322 Dot aeliciot Azsz,% b0

At At At
+ ( D"t ) 0710+ (——D’?Jql) 01T =0l ——K' L j=1,2...,J-1

T Ax2 T j+30 Az? " J3 N,
(10)
X
L 3
o 1 2 Jj=1 J j+1 J
M
1
k-1
< &
| k+1
K -
M
Figure 2. The rectangular soil vertical profile with width M and height M is composed of J x K square
cells.
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015t =6, j=0 (11)
+1 +1 +1 +1 +1
9.7,0 _9.7,0:_Dn+1 0?,0 _97—1,0 4+ prtl 9.7,1 _9.;1,0 _Lkn+1 =
At j=%0 Ax2 i3 AZ2 Az i
(12)
which yields
At n+1 At Al ni1 gt
(‘EDJ—;O ot (I 2 Pitso T aaPiy ) o
At At .

=AY RIS R 1

(II) When j = 0 and Equation (6) are combined, the discretizations of Equation (1) on these nodes
are written as follows:

n+1 n n+1 n+1 n+1 n+1 n+1 n+1
eo,k - go,k —pn+tl 6]1,k - 90,k 4 pntl 90,k+1 - 90,k _pntl 90,k - eo,k—l
A The\T A Toaz ) Puel\T A

At 2k Ax? 0k+1 Az2
1 on+1 on+1 _
_A_z( O,k%—Ko,k_% L k=1,2,...,K—-1 (14)
which yields
Ar n+1 n+1 At n+1 At n+1 At n+1 nt1
(__AZZ Doy ) 0okt + {1+ 53 Poiss T 7z Pkt + 3xz Pk ) %o
At a1\ gt At oy ntl _gn AU oa cn+1
- (_ AxZD%,k Ok + CAz2 Do,k+% O0st1 = %0k — Az Ko,k+% B Ko,k_% ,
k=1,2..,K—1 (15)
Opr' =0, k=0 (16)
n+1 n+1 n+1 n+1 n+1
Oor — Ok _ pntt Orr —%x _ pnt Oox —Oor_1 n Lkn+1 k=K
At 3k Ax2 0k~ Az2 Az 0k—4
(17)
which yields
At s nt1 At v AL nt1 AL a1 gn+i
(_ azz Pox-y ) Poamn F M TP T 3z Posey ) o 3z Pl ) i
At -
_pn =" pn+1 _
= Qo,k + Az KO,k—%’ k=K (18)

(IIT) When k = K and Equation (7) are combined, the discretizations of Equation (1) on these
nodes are written as follows:

n+l _ pgn n+l1 _ pgn+l1 n+1 _ pn+1
GJ,K ej,K —_pntl 9j+1,K Gj,K _ pnrtl ej,K GJ—I,K
At J+5K Ax? =3 Ax2

—_ Dl’l-‘rl 07:"1;1 _97:"1_(1_1 _|_ L on+1 . 1 2 J _1 (19)
j,K—% AZZ AZ j,K—%’ J i ]
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which yields

At n+1 At n+1
(_AZZDf’K_é ikt e Picie ) Yok

At At
n+1 + D;’l-‘,]—(l_%) ejn-‘,l-(l

At n+1
H(1 Pt ae Pt i

1
Ax2J+3.

At At -
+(‘—2D"+1 )G?if,f Tkt K =T )

Ax2 j+3.K Az JK=%’
n+1 n+1 n+1 n+1 n+1
07k — 9k _ pntl 0k~ k _prtl 07k =07k +Lkn+l =0
At J+3K Ax2 J.K=3% Az? Az T JK=%
(21)
which yields
At n+1 At i At g n+1
(_AZZDJIK—E Okt {1+ Ax2D1+%sK+ AZZDJZK—% bk
At i n+1 At -, :
+ (_szDH;‘K 9j+l,K=9;l,K+A_ZKjVK_%, j=0 (22)
n+1 n+1 n+1 n+1 n+1
0 k _97,K__Dn+1 Oixk —9i ik _prt ik — 9 k-1 L R
YRR Ty ve T aE )t K=
(23)
which yields
At n+1 At i n+1 At g At n+1
(_AZZDJ,K—E Gkt a2 Pk e (U e Pt T aa Pikey )ik
At ,
= 9;’1{ + A_ZK;}I—Z’ j=J (24)

(IV) When j = J and Equation (8) are combined, the discretizations of Equation (1) on these
nodes are written as follows:

I +1 +1 +1 +1
u —_ pntl G;k — 8-’}—1,/( 4 pnrtl Qg,k-‘rl B Q;k
At J-5k Ax2 ) v —
A
_ pn+l 5 k—1 - Sn+1 _ pntl _ _
DJ,k—% ( AZZ ) AZ (KJ,k-i-é KJ,k—é)’ k 1,2,...,K 1
(25)
which yields

At n+1 At At At n+1
(‘_Azsz—; Ok P (M a2 Prisy T a2 Praey T A Patan ) Ok
At n+l At n+l

+ (_ Ax2 DJ_%,k QJ—I,k + _AZZDJ,k—i-% 0],k+1

At [ - -
_pn =" n+1 _ pn+l1 _ _
=07, Az ( el Kl’k_;), k=1,2,...,K—1 (26)

n+1 n n+1 n+1 n+1 n+1
91,1( —ej,k — _pn+l (QJ,k _91—1,k)+Dn+1 (91,k+1_91,k )_ U ont

- P\ T A e\ T Az Az Kk k=0
@7
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which yields
At n+1 At At i n+1 At n+1
(_AXZDJ—é’k 07 ikt 1+szD1_%,k+ AZZDJ,k-i-% 07k + _AZZDJ,k-i-% 07 k+1
At
_pgn _ =" pn+l _
=0k~ 7 Koy K50 (28)
+1 +1 +1 +1 +1
07k — 07k _ _pntl 07k — 07 1k _ pntl 07k — 07 +L15”+ k=K
At —3.k Ax2 J k=3 Az2 Az Jk=5’
(29)
which yields
At a1 \pnt At i \ gt At At i1 \pnt
(_AzzDJ,k—; A O A T LAV (e A Py Sy iyt
At -
_nn =" pn+l _
_91’k+AZKJ,k—%’k_K (30)

(V) For inner cell nodes (j,k) (j =1,2,...,J —1; k=1,2,..., K — 1), IDS for Equation (1)
are expressed as follows:

n+1 n n+1 n+1 n+1 n+1
Ok =0k _ it <ej+1,k — 0k )_Dn-H (91',k _91'—1,k>

At J+3k Ax? j—Ltk Ax2
+1 +1 +1 +1
4 prtl O k1~ Ok _ pr+l ik — i 31)
Jk+% Az? jk=% Az2
L eni on+1 . L
- (Kj’kﬂ—[(j’k_é =12 =1l k=12, K~-1
which yields
At n+1 At n+1
(_ Ax2Df—%J< Oicikt CAx2 D1+%,k bisik
L on+1 At i At At n+1
+ (1 + Ax?2 Df+%,k + Ax2 -3k + Az2 Dj,k+% + Az2 Dj,k—% Ok
At n+1 At n+l
" (_ Azszvk—% Ot N Dik+y Ok
At ( - -
_pn _ = n+l1 _ pn+l - 1 = _
_O.i,k Az (Kj,k-l-é Kj,k—é)’ j=12,...,J-1k=12,...,K—1 (32)

2.3. Implementation of the numerical algorithm for two-dimensional unsaturated flow equation

The coefficient matrix of IDS (10), (11), (13), (15), (16), (18), (20), (22), (24), (26), (28), (30), and
(32) is strictly diagonally dominant, so the IDS has a unique solution. In the following, we give the
implementation of algorithm for solving IDS (10), (11), (13), (15), (16), (18), (20), (22), (24), (26),
(28), (30), and (32) from nth step to (n + 1)th step, which consists of five steps.

(Sl
=

1
n+tl _(pn+lpn+l \2 pn+l  _ o+l pa+l cn+1  _ [ pn+l gn+l
Step 1. Let Dji%’k_(Dj’k D) ,Dj’ki%_(Dj’k priL)) ,Kji%’k_(l{j’k Rrile)’s
1
andl%;?;i% - (1%;?;11%7‘;;1)2, G=01,2....J:k=012. . K:n=12,...N)
for the calculation of the IDS equations depending on given 9;.”,{ (j=0,12,....,J; k=

0,1,2,...,K; n=0,1,2,...,N —1).
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Step 2. Write 6 = 67, (. =k(J+ D+ (G +D.m=T+DK+1,i=12....m
j=0,12,...,J:k=0,1,2,...,K;n=0,1,...,N —1). For given 0" (i =1,2,...,m
n=2012...,N—1), compute D(6") and 15(9[’) with Equation (2) and endow with
D" = D(@") and K = KO") (i = 1,2,...,m;n = 0,1,...,N — 1). Similarly, the
coefﬁc1ent matrix of IDS (10), (11), (13), (15) (16) (18), (20), (22) (24), (26), (28), (30),
and (32) is a matrix depending on At, Ax2, Az2, and DI'*! K”

Step 3. Solve (10), (11), (13), (15), (16), (18), (20), (22) (24), (26) (28) (30) and (32) by replacing
D} +1and K "+1 in their coefficient matrix and right-hand-side term with D} and K7 (i.e.,
Dl” D,"+1 and KI' = K"t yields 0" (i =1,2,...,m;n = 0.1,2,....N ~1)as
pre-estimate value.

Step 4. Update D} *1and Igl" *1in coefficient matrix and right-hand-side term with pre-estimate
value /1 (i =1,2,...,m;n=0,1,2,. — 1) by Equation (2).

Step 5. Repeat steps 3 and 4 unt11 9”+1 (i=1, 2 ;n=20,1,2,. — 1) are found out.

Thus, we may take mx L group of values consisting of the ensemble {91.1 }1L=1 (1 <i <m) (usually

L <« N, known as ‘snapshots’ in POD method) from m x N group of {9[’}5:/:1 (1<i<m).

Remark 1

In real-life problems, the ensemble of snapshots is usually obtained from the previous experiments
or simulation results. We then restructure the optimal basis for the ensemble of snapshots by the
following POD and finally combine them with the Galerkin projection to produce a reduced dynam-
ical system model. Thus, the variation of soil moisture content can be quickly simulated, which is
of great practical value in actual real-life applications.

3. POD REDUCED MODEL FOR THE TWO-DIMENSIONAL UNSATURATED
FLOW EQUATION

In this section, we first find the POD basis from the ensemble of snapshots generated in Section 2
and then use the POD basis to construct a reduced optimizing IDS for two-dimensional unsaturated
flow equation.

3.1. Singular value decomposition and proper orthogonal decomposition optimal basis

The ensemble of snapshots {91.1 }1L=1 (1 <i < m) can be written as a m x L matrix A as follows:

911 912 QIL
gl 92 ... gL

a=| 2 2 7 (33)
9;’ 93’ err;

Singular value decomposition (SVD) is an important tool for finding the optimal orthogonal basis
of matrix column vectors. For the matrix A € R™*L there exists the SVD:

_ S 0 T
A_U(O O)V (34)
where U € R™ and V e RY*L are orthogonal matrices, S = diag{0,,02,...,0¢} € RYC s
the diagonal matrix correspondent to A, and 0;(i = 1,2,...,{) are positive singular values. The

matrices of U = (@1, ¢,....¢,,) € R and V = (¢1,9,....9;) € RE*L contain the orthog-
onal eigenvectors to the AAT and AT A, respectively. The columns of these eigenvector matrices
are arranged so that the corresponding singular values o; (i = 1,2,...,£) comprised in S are in a
non-increasing order. The singular values of the decomposition and the eigenvalue of the matrices
AAT and ATA satisfy the relations: A; = oiz (i = 1,2,...,£). The number of grid nodes is far

Copyright © 2011 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2012; 68:1324-1340
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1332 Z.DIETAL.

larger than that of transient moment points (i.e., m >> L), that is, the order m for matrix AAT is
far larger than the order L for matrix AT A. However, their non-null eigenvalues are identical;
therefore, we first solve the eigen-equation of matrix AT A to find the eigenvectors @ ; (j =
1,2,...,L),and then the £ (£ < L) eigenvectors ¢ ; (j = 1,2,...,{) corresponding to the non-null

eigenvalues for matrix 4 A T are obtained by the relationship:

1 ;
o, =—Agp;, j=12...¢ (35)
gj
lAx]a
TxTs
vector norms). According to the relationship between spectral radius and the matrix norm || e |22,
if Mg <r =rank A (r <{ < L), there is the following equation:

Define the matrix norm || e [, 8 as [|A|¢8 = SUpP x#0 (where || || and ||  ||g are the

O(Mg+1) = MiNpni(B) < My |A — Bllaz = |4 — Apy |22 (36)

My
where Ay, = Uiq)i(piT, ¢, (i =12,....,Mp)and @; (j = 1,2,..., My) are first My column
i=1
vectors of matrices U and V', respectively. It is obvious that the minimum distance between the
matrix A and B is 0(az,+1) and the matrix B is obtained with A s, defined in Equation (36). A a7,
is the optimal representation of A, and the optimal bases should be found in the structure of A py, .
Using the property of eigenvectors, it is well known that ® = (¢1,¢2, e ,¢Mﬁ) (Mg<L)isa

group of optimal bases that approximately represent the matrix 4, and {¢ j}?iel are defined as the
POD optimal bases.

. T
Denote the L column vectors of the matrix A by a = (0{, 95, e 9,1,,) (I=1,2,...,L)and g
(I =1,2,..., L) byunit column vectors except that a component is 1, whereas the other components
are 0. Then by the compatibility of the norm for matrices and vectors, we have

la' = P, (a) 2 =1 (4 = Ag,) e1ll> < 14 = A, 2
=O'M9+1=,/AM9+1, I=1,2,...,L (37)

My
where Py, (al) =y (¢ j,al) b, (¢ It a’ ) is the canonical inner product for vector ¢ ; and vector

Jj=1
a. Inequality (37) shows that Py, (al ) is the optimal approximation to a’, and the error between
them is less than or equal to \/Aaz,+1.

3.2. Reduced implicit difference scheme based on proper orthogonal decomposition for
two-dimensional unsaturated flow equation

The following work addresses how to use the POD bases found in order to restructure the reduced
IDS for the two-dimensional unsaturated flow equation. Write

0() = (6:1(1),02(2), ..., O (0))T (38)

where 0;(t) = 0;,) ( =k(J+ D+ (G +D)m=UJ+DK+1),i =1,2,....m;j =
0,1,2,...,J;k=0,1,2,...,K;t € (0,T)). Combine the equations (I), (I), (II), (IV), and (V),
the discrete equations being rewritten as the following vector formulation:

At

A(-)”“:O”—i—A—ZF(O”“),n=0,1,2,...,N—1 (39)

where A is a coefficient matrix about 8”*!, F ((-)”+1) is the vector function obtained from the
discrete equation. Put
n __ n
0" = ool (40)

Copyright © 2011 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2012; 68:1324-1340
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T
where 0 (1) = (01(1), 02(1),.... 0 ()", ® = (¢1. ... bpy,)  and otpg, = (1,02, ... 0ag,) "
Inserting Equation (40) into Equation (39) and noting that ® is the orthogonal matrix consisting of
the POD bases, we can obtain the reduced IDS which has My (Mg < m) unknown variables:

At
+1 _ +1
Ao} = oy, + F (qm';wg ) (41)

where n =0, 1,2,..., N, and the initial values are 0‘9\49 =@790,
Remark 2

Compared with Equation (39), it is obvious that Equation (41) has much fewer unknown variables.
After one has obtained ocﬁ,lg from Equation (41), one can obtain the POD optimal solutions, which

are formulated as 0™ = ® oy, by Equation (40), where 8™ = (07™.6;m, ..., 0,’;”)T(i =k(J+D+
G+D),m=UJ+)(K+1),i=12,....m;j =0,1,2,...,J;k=0,1,2,...,K;n=0,1,2,...,
N — 1). One only needs to solve Equation (41) with My x N (Mg <« L < m) freedom degrees
instead of the usual IDS (39) with m x N freedom degrees. Thus, both the computational load and
memory requirements can be greatly reduced.

4. ERROR ANALYSIS

In this section, the error estimates between the true solution {6 (i,,)} =, usual IDS solution
0", and the reduced IDS solution 6*" based on POD bases are provided, and three theorems
are obtained. We assume that the source term S, is smooth enough. Because 0 < 6 < 6 < 6,
and D(0) and K (6) being sufficiently smooth, the solution ¢ for Equation (1) in €2 (where
Q = (0, M) x (0, M)) belongs to Sobolev space H"t2(Q) (r > 1). However, because the compu-
tational domain is quadrilateral, 6 € H?(21) (where Qy = ([0, M1] x [0, M1]) U ([0, M1] x [M —
My, M)U(M —My,M]x[M—M;, M))U (M — My, M]x[0, M1]), My =2max{Ax,Ay})in
the vicinity of the corner point on 0€2, according to the regularity of the nonlinear parabolic equation
solutions [30]. Thus, the approximation error in the vicinity of the corner point (e.g., the subdomain
Q1 C Q) exists only in first-order accuracy, which is presented as the following result.

Theorem 1
The usual IDS solution 6 € 8" for the two-dimensional unsaturated Equation (1) has the following
error:

|En (6]) | =10 (i.ta) — 07| = O (A1, Ax?, AZ%),  if (xj.2%) € R/ (42)

En (87) | =16 (i.1a) — 67| = O (A1 Ax, AZ),  if (xj.2%) € (43)

wherem = (J+1)(K+1),1<i<mandl <n<N(@G=k(J+1)+(G+1):;j=0,1,2,
nJik=0,1,2,...,K).

Proof
First, if (xj,zx) € @/, 6, € H"T2(2/ Q1) (r = 1) as we discuss in preceding text. Expanding
each term of Equation (31) at node (x, zx) in a Taylor expansion, we have

30\"1(—An? (320\"T"  (—An? (930"
no_pgntl L _an (2 v halhd 44
i =k + )(3f)j,k T (3f2)j,k T (8[3)j,k * @
pr+t _ prtt (AXY) (9D "+1+1 Ax\? (9D ”+1+1 Ax\? (93D ”+1+
gk Ik 2 J\ox /21 2 ax2 ) 31\ 2 ax3 )i
(45)
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90 \" " 1 20\ 1 30 \"*!
gntl  — gntl 4 (A had —(Ax)? —(Ax)3 .o (46
jrik = O (A0 ax / j k +2!( 2 0x2 )k +3!( x) 0x3 /) ; k " (0

prt e (AX) (DY L AN (DN L (Ax) 3D\
j—tk T Tk 2 ox ) 2! 2 ax2 ), 31\ 2 0x% )

(47)

a0\t 1 20\"t" 1 339\ !
+1 _ pn+1 _ 2 _ 322
ol =0t —l—(—Ax)( ) + 57 (-Ax) ( ) + 5 (-A) (aﬂ),,k +

8X jk 3x2 jk
(43)
prit _pnet, (A2) (0D "+1+1 Az\? (9D ”+1+1 Az\? (8*D ”+1+
Jhty Ik 2 J\oz ) 20\ 2 9z2 ) 31\ 2 923 ) ik
(49)
90 \"*t 1 2o\ 1 #3o\" !
pntl  _ gn+l A [ = (A2 = (A3 =—= 50
jhr = O (Ao n T 5187 52 i TR T ©0
prtt _pre_ (A2 (D "+1+1 Az\? (02D\"T" 1 (Az\? (9D "“+
j,k—%_ ik 2 Bz ik 2! 2 822 jk 3! 2 8Z3 jk
(51)
d0\"t 1 2o\t 1 30\ !
gntl —gntl 4 (A7) [ — —(-A2)? | — —(-A2)? | —
ikt =0+ CAD 5 i METREE N i METIR 2 e i
(52)
gt gty (A2) (9K "+1+1 Az\? (9K "+1+1 Az\? (93K "+1+
Jk+g Ik 2 0z | . 21\ 2 9z2 | . 31\ 2 az3 |
Jk Jk Jk
(53)
~\ hn+1 2 25 n+1 3 35 n+1
gntl _fpntl Az 0K +1 Az 0°K 1 [(Az °K n
Jk—3 ik 2 0z | . 2! 2 9z2 | . 31\ 2 9z3 |
Jk J.k Jj.k
(54)
Inserting Equations (44)—(54) into Equation (31), we have
~ 1
0 ()2 () 4 KO A a2\
at  ox ax 0z 0z 0z ik 2 \or? ik
1 30 #*D\"T" 1 20 2D \"" 1 330 oD\ !
+ —(Ax)? (——) + —(Ax)? (——) + —(Ax)? (——) +
24 dx 9x3 ) ;p 8 0x2 9x2 ), 6 9x3 9x ) ;&
1 303D\ 1 #2002D\""" 1 336 oD """
—(A2)? [ === (A — == (A2 —== e (55
289 (az az3)j,k (82 (82.2 az2)j,k 582 (az_3 az)j,k e 9)
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Note that 6; = 0;x(i = k(J + D)+ (G +1D),m = + 1)K+ 1),i = 1,2,....m;j =
0,1,2,...,J;k = 0,1, 2,...,K). Thus, when the usual IDS (32) approaches the PDE (1), the
truncation error (TE) is given by

TE = O (At, Ax?, AZ?) (56)

Second, if (x;,zx) € Qi, then 0, € H*(Q2;) as we discuss in preceding text. According to the
definition of Sobolev space H?(£2), Equations (46), (48), (50), and (52) can be written as follows:

i 020(E1, 2k th+1)

1 2
+ E(Ax) ( axz

90
0 =005+ (Ax) (ﬁ) ) . &€ (xj,x; + Ax) (57)

J.k

0\ 1 P0(E2, 2kt
9;@1171( = 9;.’7;1 + (—Ax) ( ) + 5(—Ax)2 (M) . e (xj—Ax,xj)

a jk 8x2
(58)
0\ 1 320(x 7, N1y tus1)
n+1 __ +1 2 Jo s tn41
0 k1= '97,k + (Az) (&)]‘,k + 2—!(AZ) (T) s M € (2k, 2k +AZ) (59)

0\t 1 920(x;, 02t
0l =0T + (—Az) ( ) + 5(—Az)2 (M) , M€ (zk— Az, zk)

az ik az2
(60)
Combining Equations (44) and (1), we have
TE = O (At, Ax,Az) (61)
|

Theorem 2

Let " (n = 1,2,...,N) be vectors constituted with solutions of usual IDS (39) and 6*"
(n = 1,2,...,N) the vectors constituted with solutions of the reduced optimizing IDS (41). If
n €{1,2,..., L}, the error estimates are obtained as follows:

107 —0*" |2 < \/AMy+1, ne{l,2,...,L} (62)

Else if n & {1,2,...,L}, when #; (1 </ < L) are uniformly chosen from ¢, (1 < n < N), and

H % ‘ and ‘ % are bounded (i.e., % ‘ < C and ” % < (), the following error
2 2 2 2
estimates exist:
—— AtN

||(')”—9*"||2§ AM9+1+YC, n¢{1,2,...,L} (63)
where || @ || is a vectornorm, 1 <i <mandm = (J + 1)(K + 1).
Proof
Let

X =span{¢, P, ... b, } (64)

Then, for column vectors a’ (1 <1 < L) of the matrix A, by Equation (37), we have a = 91, and

My

My
there is a Py, (91) = Py, (al) =y (¢j,al)¢j => (¢j,(-)l) ¢ ; € x such that
Jj=1 =1

10" = Pagy (") 2 < JAagpsr,  1<I<L (65)

Copyright © 2011 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2012; 68:1324-1340
DOI: 10.1002/fld



1336 Z.DIET AL.

My
Iftn=1€{1,2,....L},0" = Py, (0") = ) (¢]~,(-)”) ¢ ; is obtained by the formula (40) and
=1

107 —0*" |5 < \/Amy41, n €{1,2,...,L} (66)

Ifn &{1,2,...,L}, we assume that #, € (;_1,1;), and 1, is the nearest point to #;. " and 0*" are
expanded in a Taylor series expansion at point #;, respectively.

(41); therefore, we have

0
0" =o' —sAt8 a(fl), W<l <y (67)
20*
0" =0* —sAs 3?2), <8<y (68)

where s is the number of time steps from ¢, to ;. If ; (1 < [ < L) are uniformly chosen from

N 90(51) LM ()

tn (1 < n < N), we have s < 5. Moreover, when HTlﬂz and HTZ

30(1) 30™ (£2)

[0 < a5
obtain that

2are bounded (i.e.,

5 < (), by subtracting Equation (68) from Equation (67), we can

”en_e*nnzz el—e*l—SA[ (ae (gl)_ae (§2))
ot ot 2
20 (¢1) 00" (&2)
07 — 0™ |2 + sAt 5 |,
90 (£1) 90" ()
87 =87z + s |:H ar ||, ' ot 2i|

AtN
$”AM9+1+TC’ I’l¢{1,2,...,L}

O
Theorem 3
Under the assumptions of Theorem 2, let \/Ap,+1 = O(At); the following error estimate holds
10 (j.k.ta) —07%] = O (At + ,/AMGH,sz,Azz) J<n<N, if(xj,zx) € R/
(69)

10 (j.k,ta) =073 = O (At + \/AMG-H,AX,AZ)JS” <N, if(xj,zk) €1 (70)
where 1 < j <Jand1 <k <K.

Proof
Note that the absolute value of each component of a vector is not more than any norm of the vector.
Combining Theorems 1 and 2, we have

10 Gutn) = 07" =10 (i, tn) — 0] + 0] — 07" <0 (i, 1) — 0| + 10" — 0"
=0(Af+\/lM9+1,Ax2,AZ2), l<sn< N, if(x;,zx) €/

10 (i, 1) — 0| =10 (i,1n) — OF + 60" — 0" | <16 (i,1,) — O | + |OF — 0;"|

=0(At+,/AM9+1,Ax,Az), I<n<N, if(x;,zx) €2

|

Copyright © 2011 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2012; 68:1324-1340
DOI: 10.1002/fid



AN OPTIMIZING IMPLICIT DIFFERENCE SCHEME BASED ON POD 1337

5. NUMERICAL EXPERIMENT

In this section, a numerical example of the two-dimensional unsaturated soil flow model is con-
ducted to validate the feasibility and efficiency of the POD method. The computational domain
consists of a square vertical profile with dimensions 50 cm x 50 cm. 6 and 6, are 0.16 and 0.48,
respectively. Let M| = M 1 = 1 cm such that the initial value is continuous. The source term S;
is taken as 0. As the singular boundary source 6(0,0,¢) = 6 is used, the single moderate grid is
not suitable for the numerical test. In accordance with Theorem 1, the uniform horizontal (vertical)
space step is 0.1 cm for the whole domain [0, M] x [0, M], and the uniform horizontal (vertical)
space step is 0.01 cm for the subdomain [0, M;] x [0, M1]. The uniform time step Az is 0.02 h. We
obtain 20 discrete values (i.e., snapshots) at time t = 1 h,2h,3 h,...,20 h by solving the usual
IDS (39).

When ¢ = 20 h, we obtain the solutions of the reduced IDS (40) and (41) depicted on the right-
hand sides of Figure 3, where the number of POD bases My is 7, whereas the solutions of usual
IDS (39) are depicted on the left-hand side of Figures 3 (because this figure is almost equal to the
solutions obtained with 20 POD bases, it is also referred to as the figure with full bases). Figure 4 is
the result of rotating Figure 3 by 180°.

In order to further compare the difference between the usual IDS solutions and the reduced IDS
solutions, the contour isolines of soil moisture content and the figure of wetting front (i.e., § = 0.2)
are illustrated. Figure 5 shows the contour isolines plot of soil moisture content when ¢ = 20 h.
The usual IDS solutions are depicted on the left-hand side, whereas the reduced IDS solutions with
seven POD bases are depicted on the right-hand side. The wetting front (i.e., # = 0.2) is drawn once
every 4 h for 20 h, the results of which are shown in Figure 6.

The phenomenon that the vertical movement is faster than the horizontal movement is illustrated
in Figure 6. Likewise, the usual IDS solutions and the reduced IDS solutions are depicted on the left-
hand side and right-hand side, respectively. Figure 7 shows the mean absolute error (MAE) between
solutions obtained with different number of POD bases and the solutions obtained with full bases.
By implementing the numerical simulation of the soil moisture content for 20 h, we find that the
central processing unit (CPU) time consumed by the usual IDS is 112 s, whereas that of the reduced
IDS with seven POD bases is only 1 s (i.e., the CPU time required by the usual IDS is 111 times
larger than that of the reduced IDS with seven POD bases), and the MAE between the solutions
does not exceed 4.6 x 1073, which is the result of numerical computing, whereas /Ag = 0.03 and
the error 0.052 obtained by Equation (63). Moreover, we find that the MAEs on [0, 1] x [0, 1] are
approximately those on €\ ([0, 1] x [0, 1]), which shows that the results obtained for the numerical
example are consistent with those obtained for the theoretical ones, but the numerical results are

o
»
o
t

o o
s =
S o
(2] =
r

=
3
e
X
A

Soil moisture content c:::n'lci cm'a}

g2

Soil moisture content (::m:i cm'g}

wm =
[=
3

0
Z{em) 00 Kicm) Ziem) 00 Xiem)

Figure 3. When ¢ = 20 h, the soil moisture figure for full bases solutions (left-hand side figure) and Mg =7
solutions of reduced IDS based on POD (right-hand side figure).
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Figure 5. Whent = 20 h, the contour isolines plot of soil moisture content for full bases solutions (left-hand
side figure) and Mg = 7 solutions of reduced IDS based on POD (right-hand side figure).
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Figure 6. The variation of wetting front (i.e., & = 0.2) in 20 h for full bases solutions (left-hand side figure)
and My = 7 solutions of reduced IDS based on POD (right-hand side figure). In each subplot, the result is
plotted once every 4 h.
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Figure 7. The mean absolute error for different number of POD bases.

better than the theoretical results (also see Figure 7). Also, the memory requirements in the com-
putational process are greatly reduced. It is also found that the POD method is very effective in
solving the two-dimensional equation with high number of degrees of freedom. Although what we
have done here is a re-computation in order to validate the POD method, when it comes to actual
problems, we may structure the snapshots and POD bases with interpolation or data assimilation for
samples from experiments and then solve directly the optimizing reduced IDS. Moreover, because
the two-dimensional unsaturated flow equation includes 6 (usually the empirical saturate value of
soil moisture), Oy (usually taken as the residual value of soil moisture), and other parameters, POD
basis is dependent on these given data, which vary with them.

6. CONCLUSIONS

In this paper, an optimizing reduced IDS for the two-dimensional unsaturated flow equation is pre-
sented by implementing the SVD and POD techniques into the usual IDS of the corresponding
equation. The ensemble of data is compiled from transient solutions obtained with the usual IDS.
However, in actual applications, the ensemble of snapshots is usually obtained from the physical
system trajectories by drawing samples from experiments and interpolation (or data assimilation).
We then implemented the SVD technique for deriving POD basis from the ensemble of data and sub-
stituted the usual IDS with the optimizing reduced IDS, based on the POD basis. Because only few
bases in the POD basis are used, the reduced IDS is optimal. We have analyzed the error between
the POD reduced IDS solution and the usual IDS solution. It is shown by using a numerical example
that the error between the POD approximate solution and the full IDS solution is consistent with
the theoretical error results derived. Thus, both the feasibility and efficiency of our reduced IDS
are validated. The theoretical and numerical results in this paper also demonstrate that the method
has extensive potential applications in solving complicated systems of nonlinear PDEs by using the
POD method to structure the optimizing reduced IDS from the usual IDS.
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