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Abstract A mew method for the optimal design of
groundwater quality monitoring netaorks is introduced
in this paper. Yarious indicabor parameters were congid-
ered simulianesnsly and tested for the Tapusto-Valle
aquifer in Mexico. The steps followed in the design
were (1) establishment of the monitoring netwodk ol-
jectives, (¥) definition of 2 groundwater quality concep-
ezl model fior the study ares (3) selection of the peram-
eiers o be samplad, and () salection of a monitosing
network by choosing the well positions that minimizs
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the estimate error varance of the selected indicabor
pararmeters. Egqual weight for each parameter was given
o moat of the aquifer positions and a higher weight to
prionty zomes, The objective for the monitoring neteork
in fhe specific application was to obiain a general recon-
naiszance of the water quality, including water types,
water origin, and first indications of contamination.
Water quality indicator parameters wers chosen in ac-
cordance with this objective, and for the selection of the
opiimal monitoning sites, it was sought to obtain a low-
uncerizinty estimate of these parameters for the entine
aquifer and with more certainty in priofity zomes. The
optimal monitoring nefwork was selectad using 8 com-
hination of geostatistical methods, a Kalman filier and a
heuristic optimization method. Resulis show that when
monitoring the 69 locations with higher pricrity onder
(the optiral monitoring network), the joint aversgs
standard error in the sowdy ares for all the groundwater
quality parameters was appeoinstely 90 % of the ob-
taimed with the 140 available sampling locations {the set
of ibot wella), Thizs demonstrates that an optimal design
can help to reduce monitorng coats, by aveidng redan-
daney in dats sequisition,

Keywords Optiral monitorng meteork - Geostatistics -
Kalman filter - Groundoater quality - Prioeity 2ones

Inireducton

I this paper, we inroduce & Kalmsen filter (EF) meth-
odology for dee optimal design of groundwsater guality
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momitoing neteorks, n which variows mdicator peram-
eters and priority zoses are congidensd sinmltaneowsly,
We test it @ the desipn of a sampling network for the
Tramnrio-Falle aquifer in Mexioo,

Background

Groundwater monitoring network design congists in
choosing observation well positions and whenever it is
possible also the monitoring frequencies to achieve
prodetermined monitoring objectives, When an optinsal
dezign is required, optimization criteria ane established
and an optimization method is used © choose sampling
well positions andior sampling frequencies that mini-
mhiee of maximize it. A spatial design is shown in this
paper by selecting only sampling positions.

In general, monitoring objectives imvolve estimating
parameters at unobserved posgitions or times, and thee-
fore, interpolation or estimation methods are fregquenty
used in the design.

Opitimial groundwaler monlioring nefwork devign

There are several published papers for the optieeal de-
sign of groundwater gquality or groundwater quantity
monitoring networks, Barly research focused on
methods w locate pew monitoring wells. Afteraard,
methods were developed to identify sempling plans o
mininize the spatial and'or temporal redundancy in
existing monitoring networks (ASCE 2003).

Hermera and Pinder (2005) defined dwes main ap-
proaches for the design of groondwater monitomng pet-
works (selection of pogitions and s monitoring poo-
gram) as (1) hydmological, besed on site hydrobogical
conditions ondy; (2) statistical, based on inferences ob-
taimed from stetistical ansbysis of dets: and (3) modeling,
based on resulis of groundwater flow and'or ramsport
nchizls,

The literature review shown below focuses on the
stafistical framework becanse the methodology present-
ed in thiz paper is of the same kind Methods for the
design of monikdng networks for groundwater qualiog
and quantity, relevant for our research, ane inehoded.

In dhe salection of positions and frequencies, ot
rescanch wse methods that optimize 8 function of the
eatimabe emor vanfiance for & specific amea. Within the
atatigtical approach, most research are based on
genatatistical technigues that consider spatial comala-
tions between groumndoeater data Some recent examplbes
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for waber quelity monitoring designs are Chadalavads ef
al (2011, Li et al. {2011}, and Herge (2009). On the
other hand, some examples for groundwater gquantity
monitoring designs ane Komser of al, (2005) and Zaidi
et al, (2007 All these papers focus on the optimal
design of monitoring setworks for & single variable
(eg, the concentration of a solute in groundwater or
the water level) in a spatial context whens only positions
were selecied. Lin and Rouhani (2001) designed differ-
ent groundwater guality monitoring networks for the
two amalyzed contaminants, trichloroethylens and
tetrachlorsethn e,

Omly a few reporied resesrch heve triad o ncorpo-
rate various water quality parameters dusing oplimizs-
tion of 2 single monitoring netaork design. basouemi
and Kerachian (201 0) claimed that the ransinformation-
based methodology they presented hag dwe ability to
consider varipos variables at the same time, bat i wag
not demongtrated in the paper Dutta ef al, (1998)
emploved varions water quality parametess o Sogpest
diffesent monitoring sltermatives, but in the optimization
process, only the parameter with lanper variance wasg
considersd. Predosi ot al (2012) applied map ol pelrs
and mnking score in a geographic information system
(GIS) procedune o mtegrate aguifer vulnerability and
lewvels of groundwsater pollation i a mondioring netoark
design, considering variows water quality parameters.

Weh et al. (2006) developed a methodology that is
rebevant for the problem we address. They employed a
maltivariate anabyais o design a spatial monitoring net-
wirk for nime water quality paramebers. VWariahles wen
standardized before the anslysis. A coregionalization
matrix of the groundwater quality parameters was cal-
culated using the direct and cross vaniograms that incor-
poraie Py struchares to consider short and long spatial
scabe variations, The eigenvalues and the vafance pro-
the principal component analysis (PCA) and factorial
tion problem that has three key characteristics was
posed, which makes it different from the methods pre-
viously reviewed First, the objective funciion seeks to
mimimize dwe eqtimete ermr variasce of megionalized
factors {obtaimed using factorial kriging) instead of
using the estimate error variance of original variahles,
Second, the optims]l monitoring network design can e
carriad out by considering different combinations of
regionalized factors regardless of spatial scaleq. Third,
this weighting for each regionalized factor (RF) during
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e optimization is ssgigned according to e variance
proportion that represents. This differs from the kriging
and cokriging-based methods, which use a subjective
wizight of regional variables, A penetic algorithm is used
o get the optimal design.

The methodology introduced in this paper is based on
e method of Hesrera | 1998) that was modified for is
use in the design of an optimal monitoring metwork
(O fior various water quality paramebers. A flnction
of the estimate emor varianoe was employed as the
criterion o choose the sampling wells of & monitoning
nebawork. Unlike Herrera (1998) that derives the ale-
ments of a covarisnee mairix for the congidered water
quality parameter from 2 aumerical tramsport model, a
covariance matrix was calculated for each waber qualiny
parameter from a geostatistical analysis in this paper.
Furthermone, we consider jointly the spatial corselations
of vasiows groundwater guality parameters and its oor-
responding priority sones (theat will be described in the
Materials and methods gection) n an automated proce-
dure et pses 2 beuristic optimization method in com-
bination with a Kalman filter o minimize a joint-
normalized varance of all the parametess, Initial devel-
optients of the methodology introduced i this papes
were presented in Herrera ot al, (2004) and Finez
(2003).

Materials and methads

The steps followed in the OMN design wers (1) eqtals-
lishevent of the monitoring network objectives, (2) def-
imition of & groundwater quality concepiaal model for
the study area, (3) selection of the parameters o be
sarepled, and (4) design of an OMN by choosing the
well positions that minimize the estirmate error variance
of the selocted indicator parameters. Equal weight was
asgigned to all the aguifer area except to priority 2omes
for which 2 higher weight was used.

The design ofa monitoring network beging by setting
i objectives. These objectives depend on the needs of
the water resounce mansgement organizstions. The
criteria used in the design of the monitofing netwodk
for the Trepuate-Falle aquifier will be explained later,

Field {geologic and hydrogeologic) and labormiory
evidence were used to identify anthropogenic and
Eengenic comiamination sownces restraining groundoa-
ter quality for drinking purposes. Diffuse contaminstion
sounces from imieation using fw WaSIPwaeT incnsiss

nuirients (mitrmie snd phosphate) and microonzanism
concentrations in groandwates, Groundwates interaction
alpng fow path with geogenic sources pepresented by
igneows ocks (both felsic and mafic extrusive lava
flovers, tuffs, and ignimbrites) produce fuonide, amenic,
iron, and mangapese concentrations above drnking wa-
ter standards. This information was wsefal o establish
the groundwaber quality conceptual model and for the
sebection of key parameters to delineate the aquifier
POty Fones.

Az mentionad before, the introduced method to select
an OMMY considers the spatial correlations of warious
groundwater quality parameters and its priority zomes in
an auiomated optimizstion procedure. A Kalmen filer
and an optimization method are used o choose the
monitoring positions.

The Ealmen filter requines a prior spatial covarismes
matrix that is calenlzied through peosatistics. The opti-
mization method i= heuristic and selects the spatial
location that minimizes an objective function one &t a
tirme, In this pegser, the optimization procadone seeks to
reduce the estimate eror variancs owver an anes of inber-
egt (it could consider contarinated aneas, highly volmer-
able pomes, pollation seonses, potable water explolation
zofes, rechamne pones, of the entire anea tat defines an
aguifier). To achiewve thiz, a spatial set of locations ig
mecessary, for which estimates ane peeded.

The Ealman filter

The EF is a set of mefhematics) equations thet provide a
mimirsu-varance unbissed linsar estienate for the state of
& gyatern given noiy dats (Jerwinaki 19700, In this paper,
wi apply e satic Kalman filter foremalas presented for
spatiotemporal monitoring designs in Jinee-Femeira and
Hemera (2013) in space for each anabyzed water quality
indicator parammeter (WOIF) becanse the available infor-
mation for the frepuoi-Falle agoifer was firom a sampling
campaign. Some examples of space-tirme applications can
be found in Hesrera {1998), Hermera and Pinder (2005),
and Nines-Femreira and Hermera (2013

The linear measurement equation of the discrete
Ealman filter, which relates the siate vector of the var-
izble g in the positions of interest, with sampled data 7 is

z;=Hug+ v (1)
where {Z,/=1,2,...} is a saquence of water quality
measuremments for & single parsmeter. The fth sampling
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matrix, H, i a |*N matrix that is nonzero only at the
position cormespomding to the entry of q from where the
Jth sample is taken and N is the dimenzion of the vector
g q={g} is the spatial vector with the water quality
parameter in the positions of interest (g, is the water
quality parameter in position x). The vector {v,
F=1,2...} repressnts measurenent emors; they ame a
white Gaussian sequence, with zeno mean and covari-
NCE I

The measurement eror sequence {v,} and the vector
g are independent. In the case shudy, e measurement
ermor variance inchaded in the Ealman filier formulations
was very small becanze the measurement error was
conzidered negligible.

The estimate efTor COVarance Malnix is

ros (o) i) famn} @

where §°"=FE {g/%,,%,.....5,}, being E{«/
Zy By, ... B} the expecied value of = given the mea-
SUrernents zy, s, ..., I

T isnplement the filter, prior estimsates of q (mamed
ﬁ“}aﬂﬂhmwm{?ﬂ]mmﬂm
Giiven these prior estimates, the minimorm-varianee lin-
ear estimate for g can be obtsined sequentially theough
the following formalas:

a+l n n
§ =8 + Koo (2orHosid | (3)
}"'H = F_K-+|-.H-+I-P |:'4:|
Kast = PHL, (Has PPHL + Fosa) (%)

There are many ways o estimate §°; a particular one
is presented in the example included in this paper. The
prior estimate error covariance matrix P for each WOQIP
is obtzined through 2 geostatistical analysis of dats
measured from a field campaign, by fiifing a spatial
variogram model o the sample variogram. Once the
vasiogram model is selacted, the elements of the spatial
covariance matniy any calenlsted with Bg. (6).

C{k) = C(0—yik) (6]
where C(0) i the varianos of the analyeed parametes,
and it is equal tothe sill of the variograrm, and (k) is te
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variogram model fusction. Bguation (6) assumes that
the varigeram is bownded.

Monitoring neteork optimizaton

A proundwater quality monitoring network that con-
siders simmultanecusly the uncertainty reduction for var-
icus parameters could help avoid spatial redondant in-
formation for all the parameters at once, The optimizs-
tion procedurs employed in this paper to consider vari-
ous WOIPs sinltanecwsly is explaimed belos.

Conzider the set of all possible monoring positions
M={x}" i=1,..., Nmp}, where Nmp is the namber of
possible monitoring positions, and x=(x, )< D, whene
D s the Euclidean plane. From this set, we wani to
choose those points that minimize de sum of the esti-
mate errof vasiance on the poings for which estimates s
needed, E={x,j=1,..., Nep}, where Nep is the num-
ber of estimation points,

In the specific application addresed in the paper, the
statigtical objective for the monitoring metwork was to
obtain low-uncertainty estirmates of groandwater quality
for dhe entine aquifer and with more certainiy in priorty
zomes for dee most representative pararmetens. For te
optimizstion procedure, this olbjective was “translated™
in discrete marfhematical terms. Becanse of thig, a pre-
lindmary spatial estimation grid with squered elements
of 2 km side length was defined and an auxiliary grid
(composad by squared elements of 1 km side) was
defined for sach WQIP that encompasses s priority
o, The optimization objective is to choose the mon-
itoring positions X< M that minimize the joint total
(ITy normalized variance of the estimation emror, caleu-

i L NPE MNP,
=Y LT T %y

=1 =l a=l
Hﬂnﬂr
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where o7, is the nommalized variance of the estimation
tmret['.[ﬂ ="h|:lf:| -, [lf],nfﬂt pararmeter k at
the fth estimation bocation, obtsised from the diagonal
of the EF covariance matrix of each parameter; MNP is
the nuember of elements of the preliminary spatial esti-
mation grid, NWOIP i the number of water quality
indicator parametes considensd simultapeously in e



