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Abstract. This work presents a two-dimensional hori- spatially random recharge condition is considered for the in-
zontal plane model of seawater intrusion into a heterogevestigation. To achieve simple results of an analytical nature,
neous coastal unconfined aquifer under the spatially ranit is assumed that the seawater and freshwater are separated
dom recharge condition from a stochastic point of view. by a sharp interface (e.g., Dagan and Zeitoun, 1998; Naji et
The stochastic response of the coastal unconfined aquifeal., 1998; Al-Bitar and Ababou, 2005). In addition, follow-
is attributed to uncertainties related to the heterogeneity ofng Al-Bitar and Ababou (2005), a quadratic transform will
aquifer properties and spatial variability of the recharge.be introduced to linearize the seawater-freshwater interface
Based on the sharp-interface assumption, analytical expresquation, which is the key to our investigation.
sions for the variances of the seawater-freshwater interface The introduction of spatial random recharge causes non-
elevation and specific discharge in the longitudinal and transuniformity in the mean head gradient and results in nonsta-
verse directions are developed using the perturbation approxionarity in hydraulic head and velocity fields. Therefore, a
imation and spectral Fourier-Stieltjes nonstationary repre-nonstationary spectral approach (Li and McLaughlin, 1991,
sentations. We focus on the study of the impact of the hetero1995) based on Fourier-Stieltjes representations for the per-
geneity of aquifer properties and recharge on these results. turbed quantities is adopted to account for the spatial vari-

ability of nonstrationary head fields.

To the best of our knowledge, the closed-form expressions

1 Introduction developed by the application of the nonstationary spectral ap-

proach for quantifying the uncertainty of predication of the
Coastal aquifers constitute an important source for freshseawater-freshwater interface with consideration of hetero-
water supply, especially in arid and semi-arid zones (Beargeneity and parameter uncertainty have never before been
1999). Many coastal aquifers are nowadays facing the thregpresented. Note that Al-Bitar and Ababou (2005) have done
of seawater intrusion. Therefore, the assessment of the extestmilar analyses numerically in the case of zero recharge.
of seawater intrusion is essential for the planning and manCoastal areas often have moist climates and therefore may
agement of groundwater resources in coastal aquifers. Thesceive a large amount of rainfall. It is therefore of nature
extent of seawater intrusion in coastal aquifers is affectedo characterize the interaction between freshwater and sea-
by heterogeneity and parameter uncertainty (e.g., Dagan angater with the consideration of recharge effect. It is hoped
Zeitoun, 1998; Naji et al., 1998; Ababou and Al-Bitar, 2004, that the present results serve as estimates of the uncertainty
Al-Bitar and Ababou, 2005; Al-Bitar, 2007). Motivated by of prediction of saltwater intrusion in helping the planning
this, the present study attempts to quantify the uncertainty ond management of the coastal groundwater resources.
predication of the seawater-freshwater interface taking into
account heterogeneity and parameter uncertainty.

Toward this goal, the steady problem of two-dimensional2 Mathematical formulation of the problem

flow in a heterogeneous coastal unconfined aquifer under the
We consider the steady state flow of groundwater in a hetero-
geneous unconfined coastal aquifer under the spatially ran-

Correspondence td:.-D. Yeh dom recharge condition. A stochastic frame of reference
BY (hdyeh@mail.nctu.edu.tw) is adopted to account for the spatial variability of the log
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hydraulic conductivity and recharge. The main assumptions Land surface
used to develop analytical expressions, namely the first two

statistical moments of seawater-freshwater interface eleva-

tion fluctuations, are:

Phreatic
== sufface
1. The zone of transition from freshwater to seawater is Sea level L ¢W(¢X)¢ U
relatively small compared to the aquifer extent and an
thickness. )
. . . . . &s l"'\. hy
2. The seawater wedge in the unconfined aquifer is quasi- Seawater | |\ Freshwater
static. \
\--‘!nterface
3. The freshwater flow is quasi-horizontal with a vertically
hydrostatic pressure distribution. ) =i Xo Impervious bedrock

As such, the transition zone separating the freshwater anffig. 1. Schematic representation of seawater intrusion into an un-
seawater may be approximated as a sharp interface and ttf@nfined coastal aquifer.

Ghyben-Herzberg approximation can be used to relate the

seawater-freshwater interface elevation and the freshwater ta- Based on the Ghyben-Herzberg approximation, we can re-
ble. Note that as approaching the sea, the vertically hydrojase the elevation of the freshwater head to that of the inter-
static freshwater is not possible and the assumption of esseRz e 55
tially horizontal flow is no longer valid.

s s — 1+6 1
As a consequence, the steady-state mass conservation bf= ’O—‘hs - un = %hx - 5’7 4)
the incompressible of fluid in the freshwater zone of the un-  ©/ rs
confined aquifer takes the form (e.g., Bear, 1979) In Eq. @), py is the freshwater density,, the saltwater
density, andé=p s/(os—p ). For the analyses below and
L[K(X)(hf—n)a—hf} throughout the paper, we will use;D=1000Kg/n? and
X1 X 0s=1025 Kg/n?. Thus, substituting Eq4j into Eq. (1) leads
0 ahs to the following equation:
+— | KX (ht—n)— [+ W(X)=0 1)
9X> X2 h? n. 0 n 0
) N —{—[K(X)(l—h—)—(l—h—)]+—[K(X)
subject to the boundary conditions v 98Xy s 9X1 s X2
n, 9 U _

wherev=5§2/(1+8). Equation 5) can be simplified by using
the ¢-transform (Al-Bitar and Ababou, 2005)

where X1 and X» are horizontal Cartesian coordinatesis n 2
B(X) = (1— —) ©)

the elevation of the seawater-freshwater interfagds tthe
freshwater head is the hydraulic conductivity in the fresh-
water zone is the recharge raté&(1 = X is the location of
the intersection of the interface with the substratum, And . .
is the elevation of the sea level. Here and subsequently, bola-hIS allows us to rewrite Eq5) as

face letters denote vector quantitie®, is the domain size  »? {8% 929 aan(X)%+ aan(X)ac/):| N W(X) —o (7)

)
The idea behind it is that it is easier to compute the statisti-
cal moments of interface elevation fluctuations inghield.

in the X;-direction, between the two randomly prescribed 2v | 9x2 " 3X3 = 0X1 9X1 = 9X2 0Xa K

head boundaries;k= H; and h = H; and H;, is the depth

subject to
of the freshwater level above the substratumXat= X;. ) 5
To simplify the analyses, it is assumed thdt and H,in 2 h_L_
boundary conditions?) and @), respectively, may be ap- Plxi=x, =9 hy 1 0<X1<Xg ®)
proximated as{; =< H; > = h; andHy; =< H; >=h; by blxi—0=0 )
1=0=

neglecting zero mean perturbations, where> stands for
the expected value operator. Note that B.i¢ the Dupuit-  Note that Eq. §) is obtained by substituting Eqgl)(and ©)
Boussinesq flow approximation for steady freshwater flow. Ainto Eq. @). The partial differential Eq.®) with boundary
schematic representation of seawater intrusion into an uncoreonditions 8) and @) constitutes the start point for devel-
fined coastal aquifer is illustrated in Fig. 1, whéVedenotes  oping solutions characterizing the variability of the interface
the source term in Eqlj. elevation fluctuations in the sequel.
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i i 0% 9% _ of
3 Stochastic equations W W e J(X1)+2u 2 f 2Uh2eF (20)
To develop the first two statistical moments of fluctuations in
¢, the local parameters in E7)( such as the log-hydraulic Wherew y = @/e” andJ = —a®/9X1.
conductivity and recharge rate, are regarded as realizations of The first Eq. {9) is a deterministic equation that can be
second-order stationary random fields typically representedolved with the boundary condition$4) and (L5). The sec-
by the sum of a mean and a small zero-mean perturbation: ond is a random partial differential equation for output fluc-

tuations in¢ in terms of variations in inputs K and W.

INK (X)={InK (X)) + f(X)=F + f (X) (10)  Equations 19) and @0) provide the framework required to
W(X)=(W(X))+o(X)=o +w(X) (11)  develop the first two moments gf fluctuations in terms of

the spatial covariances of the input hydraulic parameters.
where< > stands for the expected value operator. The spa-

tial persistence of the random fieldsklrandW, can be fully

characterized in terms of the covariance between two loca4 Spectral solutions of the perturbation equations
tions. The spatially correlated random heterogeneity in the

InK andW parameters results in spatially correlated random! "€ @pproach followed is to solve the perturbations E@)

fluctuations in thep-field to fully characterize the first two moments @fluctuations.
In attempting to arrive at a solution of EqR(Q), one must

d(X)=(d(X)) +(X)=P(X) +¢(X) (12)  know the spatial behavior of the mean gradigfit(1) in

wheregp(X) is the zero-mean perturbation. Eqg. 0). Thus, Eq. 19) must be solved first in order to de-

A stationary process is one whose joint probability distri- VelOp an expression fof (Xy).
bution is invariant when shifted in space. This implies that The solution of Eq.19) is given by
there is some kind of repetition of a similar structure to the 52 (h; 2
variability at different locations. Thus, there is the prospect® = —voNER+ |:UCUN§L +— (— - ) ]51 (21)
that the statistical properties of the flow field can be inferred 51
from the analysis of one large realization. The validity of where&1 = X1/hy andé; = X /h;. In the above, we have
one large realization assumption requires that the correlatiomsed the boundary conditions4) and (15). Equation 21)
length of the random fields is much smaller than the domainholds for 0< &, < &5 (Wheret g = X/hy). Using the above
size. expression, we can easily obtain

A first-order approximation of the mean boundary value

problem results from substituting Eqsl10{—(12) into J= _B [UWNSL+ (}LL — ) } (22)
Egs. 7)—(9) and taking the expected value as follows: 3X1 hs EL hs
21520 3520 - With Eq. (22), the solution of Eq.Z0) can now be developed
i [W + W] = 0 (13) using the principle of superposition (e.g., Farlow, 1993) and
1 2 the spectral representation (e.g., Bakr et al., 1978; Li and
subject to deterministic boundary conditions McLaughlin, 1991, 1995) based on Fourier-Stieltjes repre-
P 2 sentation for the perturbed quantities in wave number do-
Dlx,—x, :52<—L—1) 0< X, <Xg (14) ~ main. - . o
hs Superposition is a useful tool in analyzing linear ground-
®|x,—0=0 (15)  water problems (e.g., Townley, 1995; Trefry, 1999). The

_ _ principle of superposition states that a complex equation can
Subtracting this mean boundary value problem frompe divided into sub-equations and the solution to the original
Egs. ()—(9) and dropping all products of perturbations leads equation is then obtained by summing the individual solu-

to a first-order stochastic boundary value problem tion to each of the sub-equations. Based on this principle,
W % 9%  If 9P 90 of af ad f © _o16) _the perturbationp in E.q. (20) can be separated conveniently
20| ox2 Vox2 Tax10x1 T x5 0%, = into two components:
¢lximx, =0 0<X, <Xg @7 PRO=er0Te (23)

~0 18 where the first term on the right-hand side (RHS) of E§) (
¢lxi=0= (18) reflects the effect of the variation of the log-hydraulic con-

For convenience, th&; direction is aligned with the oppo- ductivity, while the second term reflects the effect of the vari-
site direction of the mean flow so that Eq&3) and (L6) ation of the recharge. This leads to separate differential equa-

reduce to tions for the two components of

9% @y 29  3%p; of

—s=—2v—5 19 s+ —=—-J(X1)+2v 24
0XF h% (19) ax2 T oxz " axg Y hsf (24)
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- _— =220 ——
X2 9x2 h2e” small, it is expected that the perturbation-boundary effect is

, . ) largely limited to a small zone next to the medium boundary.
The solutions of Eqs26) and @5) can be determined using  \ymerical simulations of two-dimensional seawater intru-

Fourigr-Stigltjes representations for the pertqrbeq quantitieSgion in randomly heterogeneous unconfined aquifers by Al-
By using this approach, the random perturbations in B. ( pitar and Ababou (2005) illustrate that the theoretical stan-
and @) are assumed to be second-order stationary randorgarq deviation ofp deduced from infinite domain spectral

processes and repres.ented by the following two-dimensionaly| itions matches with the numerical standard deviation of
wave number integral: ¢ approximately away from the sea and the salt-wedge tip.

2 2 . I . .
pw | 09w @ (25) assumption that the variations in parameters are relatively

) This implies that the assumption of negligible perturbation-
f(X)= / eiR'Xde(R) (26) boundary effects is applicable, only far enough from the sea
K and the salt-wedge tip.
°° Finally, the perturbatio follows from Eq. 3) through
o0 the application of Eqs.3@) and 32) into Eqgs. £8) and @9),
w(X)= / X4z, (R) (27) respectively:
—00
o0
i (X) / (X)L o R®—2Ry expli R - X]
. = — l - V———— LI
(X)) = / e ®Xaz,(R) (28) v VR2 R4 h2
expliR- X
wheredZ¢(R), dZ,(R) anddZ,(R) are the complex Fourier de(R)JrZhZUF / Xq;2 ]dZw(R) (33)
amplitudes of 'K, W andg processes, respectively, aRe 5€ %

(R1, R2) is the wave number vector. Here and subsequently, i fintert | i
the integration is over two-dimensional wave number space -1 Variance of interface elevation

The mean gradient af is dependent o1 as indicated .
. . ) The expected value of the productg@gnd its complex con-
in Eq. 22). This space-dependent mean gradient causes th P b © P

fgate gives the variance of fluctuationsgin
random output fluctuations in Eq24) to be nonstationary. jhoate g s

However, these perturbed quantities in E2¢)(can be pre- Y R?  (R2—2R1)? ,w?2
sented using the nonstationary spectral representation (Li and(f(X) = / JZR—Al1 + 4T uzh—f
McLaughlin, 1991, 1995) as 0 §
co 2
v Sww(R)
pr(X)= / W,r(X,R)dZ¢(R) (29) Sff(R)dR+4h?62F f R4 dR (34)
—00 —00

where W, (X, R) is a transfer function to be given. Thus, Where $7(R)is the spectrum of I and $,,(R) is the spec-

substituting Eqs.26)—(29) into Eqgs. 24) and @5) and in- trum of recharge rate. In Eq34), the log-hydraulic conduc-

voking the uniqueness of the spectral representation gives thIéVity and recharge fields have been assumed to be uncorre-
a

following equations ted. _ ,
With Eqg. ), the first two moments of fluctuations can

W, 3%W,p -Bi
(g_f gj _ [iKlJ(Xl) +2Uw_12v} expliR-X] (30) be related to those af by (Al-Bitar and Ababou, 2005)
X2 9X3 h? 102
11 ﬁ=hs[1—x/5( —éfzﬂ (35)
L)
The solution of 80) is found to be M=o (36)
Ry R2—2R, wy ) Thus, the equation for the variance of the interface elevation
Wor =— ljﬁ +t2v R* 2 expli R-X] (32)  can be determined from Eq84) and @6).
S

Taking the advantage of a closed-form expression, the4.2 Variance of specific discharge
perturbation-boundary effect op is assumed negligible
(e.g., Li and McLaughlin, 1995) in obtaining the solution
of Eq. 30). Since the perturbation approach used to quan- ahs

tify the perturbed fluctuations in variables is based on the¥i = _K(hf_”)a_xi (37)

The vertically integrated flow equation has the form

Hydrol. Earth Syst. Sci., 14, 71927, 2010 www.hydrol-earth-syst-sci.net/14/719/2010/
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where Q; is the specific discharge in th¢ direction. With

the application of Eqs4j and 6), Eq. (37) becomes

1h2 3¢
S g " 38
Qi > Kox, (38)

The first-order approximation of mean equation for the inte-
grated specific discharge is obtained by substituting B@. (
and (2) into Eq. 38) and taking the expected value (e.g.,

Gelhar and Axness, 1983)

g it ] oo

Dropping products of perturbed quantities, the mean-
removed form of Eq.40) is

1h2 . 3¢ dD
=S gy, 40
M= [ax,* ox, (40)

h2 R1R> wN (R2 R]2_)R2
szZZieF{[—J oz Hi2v W2 —
dZ¢(R)+i2v 2 FdeZa)(R)} (45)

wheredZ; (R) is the complex Fourier-Stieltjes amplitude of
gi. Using the representation theorem with Edgl) @nd @5)
leads to the following specific discharge spectra in the longi-
tudinal and transverse directions, respectively,

2
hy 25| 2 R? 1602w 2 (R?— R?)?R?
50101 = JAH1--2) +
01017 4,2 R2 h? R®

Substituting Fourier-Stieltjes representations for the specific

discharge perturbations,

@]

gi = / expliR-X1dZ o, (R) (41)

—00

and the representations in EG3) with its gradients

9 IR [
Q@ Vo N il .
L =4 —expiR-X1dZ s(R)—
X 2 /le ol 1dZ ¢ (R) /
—00 —00
Ry
[zJ——4 R4 h2 ]leexp[zR X1dZ s (R)
1 v R
I .
—00

o0
3 R R?>—2R
—(p=/|:J—1—i2U—1ZZN:|R expli R-X|

X2 R? R* 2
—00
[ R
.2 .
dzf(R)+2h2 s fzﬁexqu-X]dZw (R) (43)
—00

into Eg. @0) and using the uniqueness of the spectrum pre-

sentations yields

h? R? @y (RP—R?®R;
dzglzieF{[J(l—R—; — -

]

dZ;(R) +2u (44)

www.hydrol-earth-syst-sci.net/14/719/2010/

1
Srr(R)+ ﬁsww(R) (46)
h? R?R2  42w? (R2—2R?)2R2
Sty (R)+ Sww(R) (47)

where S¢(R) and $,w(R) are the spectra of K and recharge
rate, respectively.

Finally, the variance of specific discharge in the different
directions can now be developed using E¢k) (@nd @7)
through the following

]

05, = / So:0:(R)dR (48)

—00

In the remainder of this paper, we will focus on developing
closed-form analytical solutions for the variancespdiuc-
tuations and integrated specific discharge.

5 Closed-form solutions

In order to evaluate the variancesgfluctuations and spe-
cific discharge explicitly, the spectras8&R) and $,,(R)
must be specified. For this analysis, the randof pertur-
bation field under consideration is characterized by the fol-

lowing spectral density function (e.g., Mizell et al., 1982; Li
and McLaughlin, 1995; Li and Graham, 1999)
4
FiR
Spr(R)=—F——— 49
ff( ) 7T(R2+Ol]25)4 ( )

wherea ¢ = 3m/(16A ) ando§ anda ; are the variance and
correlation scale of I, respectively. Note that Eq49) is
found by taking the Fourier transform of an exponential cor-
relation function of the IK process.

Hydrol. Earth Syst. Sci., 14,721R2010
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In addition, the spectral density function to characterize

the amplitude of recharge rate fluctuation is assumed to be fﬁff;:;ﬁ“ﬂ
described by (e.g., Li and Graham, 1999) 4,=0.075
10-3 Bl =1.025
302a2R4 £,=20
R)=—2%2%_— 50 . ch=01
Swu)( ) ]T(R2+(X(%)4 ( ) %1076 ;.tf—Ol
wherea,, = 37/(16),) andoi andAi,, are the variance and 10-7
correlation scale of the amplitude of recharge rate fluctua-
tion, respectively. 10-8
5.1 Firsttwo moments of interface fluctuations : n 55 5
4
Using Egs. 49) and 60), integration of Eq. 4) over the
wave number domain yields Fig. 2. Dimensionless variance of seawater-freshwater interface el-
) evation as a function of dimensionless position for various values
16 v 3c h f
2_ 292 2 2 v _ o L 22 of uy.
0y = (3 ) oupllvonii— SonéL 2$L(hs 7]
512 , 5 > 16 4 2 4
T2V @yl +4(§) v “wez_wf (51) It is evident from the last term on the RHS of E§2) that

the interface elevation variance always increases wjtat

wherej p=hs [hy and p,=ho lhs. Thus, from Eq. 86), it 3 fixed location. However, analysis of E§2] from the field

yields parameters shows that the increasing rateZmith respect
to the change im,,,
or 16 ,001% 1 v 8% hi 20 98 e
= =() ——{Slvovdi—SonéL— 5 - (= —-D7]
h? 37 ® 4 2 261 hg 3%2 16\% 402 &2 .
128 16 ,v2u? o2 7 — = (—) T (55)
+QUZW§/M§}+(§)4 o o (52) h£0 g, 3 D e

where @ is defined previously by Eq2(). Equation 62) is reIaFiver s_mall s.uch thgt_the impact of, onthe_interface
suggests that the variation of the interface increases linearl'€vation variance is negligible compared to the impagt of
with the heterogeneity of the medium. on the same parameter.
It follows from Eq. @) that the head variance is related to ~ The mean elevation of the seawater-freshwater interface
the variance of seawater-freshwater interface elevation by esulting from Egs.Z1), (35) and (51) is presented graph-
ically as a function of position in Fig. 3, which shows that
2 1, larger parametets y results in reduced mean elevation of
Of = 8_2677 (53) the | . ) ST
interface. This agrees with our physical intuition that
large recharge in the coastal unconfined aquifer reduces the
seawater intrusion. In this paper, the position of the wedge
tip is independent of the heterogeneity of the medium due
aﬁf 16 20]%;@ 1 v 52 hy - to the neglect of perturbation-boundary effect. Note that the
w2 (37 52 (glvonéi—SoNEL— ZE(Z_D ] simulation results of Albitar and Ababou (2005) showed a
3 1s 16 02t o2 S|.gn|f|cant increase in .the. mean &f; with heterogenglty.
+72U2w§,,u§,}+(7)4 2 w Tﬂ; (54) Figure 4 shows the reliability of the mean model subject to
O 37 80 e spatial heterogeneity.
In addition, the mean elevation of the interface can be ex- The analysis leading to the results is restricted to the
plicitly determined after substituting Eq21) and (51) into  case of relative small hydraulic conductivity variations (weak
Eqg. 35). The behavior of the variance of seawater-freshwaterheterogeneity) so that the second-order terms may be ne-
interface elevation in Eq5@) as a function of position for glected in the flow perturbation equation. In addition, the
various values ofu is illustrated in Fig. 2. It indicates perturbation-boundary effect is neglected in the development
that the interface elevation variance decreases with positionpf analytical results. Therefore, there arises a need for com-
while it increases withu ¢ at a fixed location. The increase paring analytical results with numerical simulations to give
in the interface elevation variance witty at a fixed location ~ some indication of the range of applicability of these results.
can be explained by the fact that an increasg jinproduces  Note that Al-Bitar and Ababou (2005) have conducted the
more persistence of interface elevation fluctuations, whichnumerical validations for stronger heterogene&t@ = 1.6)
leads to larger deviations from the mean. and higher (Al-Bitar, 2007).

The head variance is simply found from Eg52)and 63)
to be in the form

Hydrol. Earth Syst. Sci., 14, 71927, 2010 www.hydrol-earth-syst-sci.net/14/719/2010/
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1.0
\ gf,/eil’zl)(lo—l] U§1/32F=1X10712
0.8 #,=0.075 12,=0.075
hr'h;=1.025 hilh,=1.025
£ =20 B 0.8 @y=1%10"
2 s 2,=0.1 hi =20
ks =01 s . Hy=01
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Fig. 3. Dimensionless mean elevation of seawater-freshwater in_Fig. 4. Dimensionless mean elevation of seawater-freshwater inter-

terface as a function of dimensionless position for various values@ce and intervals of confidenee2o ;.
of wN-

5.3 A note on the mean discharge

5.2 Variance of specific discharge The last term on the RHS of the mean discharge expression

o - _ o ~ (39) is evaluated by using the representation theorem with
The variation of the specific discharge in the longitudinal di- gqs. p6) and @2)

rection is obtained from substitution of Eq46], (49), and

50) into Eq. 48 7 . ’ ’
(50) into Eq. @8) <f88_;)i>=2_f{Ungl—E[vaEL+§—L<Z—i—1> “(58)

2 From Eqgs. 22) and 68), a second-order estimate of the mean
90, 1 2 3 [ £ v £ 8 (hL 1)%)? discharge in Eq.39) is then given by
—_— = -0 J— —_— _—(— — .
(hyeF)2 — 87711 2t VNS T ONSL = o s i
256 256 o2 O O oF I LN CU
_‘_le%/ff} Wez_ﬂ“‘czu (56) 01=0=¢" hy { |:ng1 ZZUNSL A 1 (59)

As expected, the mean specific discharge is not dependent of

The variation of the specific discharge in the transverse dithe form of the covariance of log-hydraulic conductivity.
rection following from Eq. 48) through the application of

Eqgs. 47), (49), and £0) is of the form 5.4 A note on results as a function of the flux boundary

o2 1 1 v 52 1 Using the conditionQ = —Q; at X1=X; (where the nega-
Q2 —crjz{—z [vonél— —onEL — —(—L —1)%1? tive specific discharge is taken toward the coast), in &), (
v

2~
(hse™)= 8 2 , ZIAE we obtain the following expression
256 , , 64 o2
e 1 [ i Ty (67) 52 p
On2 NESTT on2 2P S—L(h—L—1>2=vasL+2uQN (60)
s

Figure 5a and b show how the components of specific dis- P
charge variance in the longitudinal and transverse directionsVNere@n = Qr/(hse”). From Egs. §0), (21) and (51) can
respectively, vary with position for various values ofy.  P€ rewritten, respectively, as

The vari.ances of th_e longitudinal and transverse_specific disg — vwzv[—élz—i-ZSLEl] 120088 (61)
charge increase with the mean recharge rate in the down-

stream of the flow domain, while they decrease with the in- 16 510

creasing recharge rate in the upstream of the flow domain, 2_ 192 2 2 ey 2,24 2 2 2
This behavior is not different from the case of groundwater% =3 {[UwN(él S mvONT g ey wNMf}

flow in a heterogeneous semiconfined aquifer (Lu and Zhang,

2002). It can be concluded from the examination of the last +4<

two terms on the RHS of Eqsc§) or (57) that variations in

¢ andu,, do not appear to alter the longitudinal and trans- The mean interface elevation as a function of the flux bound-
verse specific discharge values significantly. ary is then obtained through applying Eq81) and 62)

16\* o2
3 ) Vb (62)
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= 11 Let X be a coastal directed horizontal coordinate and the ori-
b =1025 gin be located distancg; from the coast. Then, thg coor-
4x10°8 = 5%107 =01 dinate can be related to th&, coordinate byX = X; —X;.
2 #a= 0075 Using this relationship, Eq66) implies
%3}10-9 o= 25X107 £,=20
(ne”) =01
pat (hs—n)?=h’®=v— (X2 X2)+2u&(XL X) (67)
1x10°8 ~T— which is equivalent to (9.7.7) in Bear (1972) for the homoge-
o neous medium case.
5 10 15 20 The presence of the seawater intrusion in coastal aquifer
4 constitutes a continuous threat to the water use. There is clear
®) a need to view the extent of seawater intrusion and the dis-
charge of freshwater to the sea as constraints for the selection
Lsx10- 0B/ & = 1x1 g of the optimal groundwater management scheme of a coastal
hifhs=1023 aquifer. In reality, the aquifer properties such as hydraulic
@y =510 ﬁ:;;}_ﬁ” conductivity and the forcing functions such as recharge are
% 1108 S £,=20 uncertainty quantities. Therefore, it is important to quan-
(hee™y ci=01 tify the levels of uncertainty associated with uncertainty in
) aquifer properties and forcing functions when designing the
5.%1079 exploitation of fresh groundwater. Our results provide the
guantification of the influence of aquifer and recharge het-
erogeneities on the extent of seawater intrusion and the fresh-
: m 5 o water specific discharge, which should be useful in design-
4 ing constraints for the groundwater management of a coastal

aquifer.
Fig. 5. Dimensionless variance of tife) longitudinal and of théb)
transverse specific discharge as a function of dimensionless position

for various values ofo . 6 Conclusions

into Eq. @5). In addition, with Eq. 60), we can easily ex- The goal of this study is to assess the impact of the hetero-
press the variances of seawater-freshwater interface elevatidneity of aquifer properties and recharge on the variation
in Eq. (62) and the longitudinal and transverse specific dis-0f the seawater-freshwater interface elevation and the spe-

charges in Eqs56) and 67), respectively, as cific discharge in the longitudinal and transverse directions in
o2 1672022 (1 128 two-dlmen5|onal heterogeneous coastal unconfined aqu.lfers.
h% = (5) f(p ! {Z[vzzw(&—&)—vQN]2+@v2wﬁu§-} Toward .thIS goal vye.have developed closed—form squtlpns
s for the fist two statistical moments of the interface elevation
+(E)4%L£ (63)  fluctuations and the specific discharge based on the pertur-
3 O e2F bation approximation and spectral Fourier-Stieltjes nonsta-
2 tionary representations. To achieve simple results of an ana-
01 _ ey lytical nature, a sharp-interface assumption and the Ghyben-
(hyeF)2 8 f{ [UwN(El §) —vON T’ Herzberg approximation have been adopted.
256 2 9 256 ow 2 It is found that the correlation scale of log-hydraulic con-
T o2 ONHY b+ 92 g2F Mo (64)  guctivity plays an important role in increasing the variabil-

ity of seawater-freshwater interface. On the other hand, in
the presence of recharge variations in correlation scale of

5 1,[1 256
e 2{ z[uwm&—&)—vQN]2+Ww§u§}

(hyeF)2 ~ 8%/ recharge do not appear to affect the variance of interface
64 o? elevation appreciable. The mean elevation of the seawater-
+— =22 (65) . . .
92 e2F 7 freshwater interface is reduced as the recharge rate increases.

For the case of flow through a homogeneous medium where The longitudinal and transverse specific discharge vari-
the domain is uniformly recharged at a constant ratewve ances increase with the mean recharge rate in the downstream
canset2 =0,ef'=K ando2 = 0. As such, coupling Eq2() of the flow domain, while they decrease with the increasing
with Eqg. (60) results in recharge rate in the upstream of the flow domain. In addition,

s 5 T, 5 0L they are not significantly affected by variations in correlation
(hs =) =hi®=v—[X] — (XL — X171+ 2v - X1 (66)  scales of log-hydraulic conductivity and recharge.
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