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1. Introduction

Groundwater monitoring networks are essential in order to estimate
groundwater levels and quality parameters and its evolution. Herrera
(1998) proposed a method for the optimal design of groundwater
quality monitoring networks that involves space and time in a combined
form. The method was applied later by Herrera et al (2001) and by
Herrera and Pinder (2005). To get the estimates of the contaminant
concentration being analyzed, this method uses a space-time ensemble
Kalman filter, based on a stochastic flow and transport model.

When the method is applied, it is important that the characteristics of
the stochastic model be congruent with field data, but, in general, it is
% laborious to manually achieve a good match between them.
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3.3 Parameter estimation using the Kalman filter

The Kalman filter requires a prior In K, h and C estimates (mean In K, h
and C) and a cross covariance matrix In K-h-C of the estimate errors. In
this study, the average of the 3000 In K (SGSim) and the average of the
1000 In K (LHS) realizations and the cross covariance matrix In K-h-C,
obtained from the stochastic model realizations, were used to this end.

Six study cases (Table 1) were established to estimate In K, h and C using
different data sets and a prior space-time covariance matrix calculated
with SGSim and LHS realizations.

Table 1. Synthetic examples
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2. Objective and methodology

The objective is to extend the space-time ensemble Kalman filter proposed by Herrera, to
estimate the hydraulic conductivity (K), together with hydraulic head and contaminant
concentration, and its application in a synthetic example.

The method has three steps:
1 Given the mean and the semivariogram of the natural logarithm of hydraulic conductivity (In K), random

realizations of this parameter are obtained through two alternatives: Gaussian simulation (SGSim) and Latin
Hypercube Sampling method (LHS).

2 The stochastic model is used to produce hydraulic head (h) and contaminant (C) realizations, for each one of
the conductivity realizations. With these realization the mean of In K, h and C are obtained, for h and C, the
mean is calculated in space and time, and also the cross covariance matrix h-In K-C in space and time. The
covariance matrix is obtained averaging products of the In K, h and C realizations on the estimation points
and times, and the positions and times with data of the analyzed variables.

3_ Finally the In K, h and C estimate are obtained using the space-time ensemble Kalman filter. The realization
mean for each one of the variables is used as the prior space-time estimate for the Kalman filter, and the
space-time cross-covariance matrix of h-In K-C as the prior estimate-error covariance-matrix.

3. Synthetic case study

The synthetic example has a modeling area of 700 x 700 square meters; a triangular mesh model with 702 nodes
and 1306 elements is used. A pumping well located in the central part of the study area is considered. For the
contaminant transport model, a contaminant source area is present in the western part of the study area.
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3.2 and ic flow

The deterministic flow and transport model was developed using the Princeton Transport Code (PTC, 1993)
simulator. The computational grid of the stochastic and deterministic model are the same.

Figure 1. Deterministic flow and transport model Figure 2. Stochastic flow and transport model
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The contaminant source area spreads the contaminant for 12 years (4380 o Kisa random field generated by

days). The concentration and hydraulic head data are available every 730 * 3000 realizations from SGSim and
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4. Results

Figure 3, 4 and 5 shows the In K, h and C prior estimates, the In K, h and C realizations and the In K, h and C estimates in the
study case 1.3 and 2.3. From a simple analysis of the graphs of this figure, it is difficult to determine the magnitude of the

estimates errors obtained with the Kalman filter.
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Table 2. Parameter estimation errors.
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Figure 3. h and C estimation of the study case 1.3
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Figure 4. h and C estimation of the study case 2.3
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5. Conclusion

¢ The results analysis was done through the mean error, root mean square error, initial and final estimation maps of h, In K and C at each time, and the
initial and final variance maps of h, In K and C.

++ To obtain stochastic model convergence, in a PC Pentium 4-800 MHz with 4 gigabytes of RAM, 16 hours were required to run 1000 simulations of In K
using LHS, and took three times longer (48 hours) to run 3000 simulations of In K using SGSim.

%+ The results show that for both alternatives, the Kalman filter estimates for h, In K and C using h and C data, have errors which magnitudes decrease as
data is added.

<+ With both methods the error is comparative, but it is important to note that the percentage reduction in MSE with respect to priori MSE for Ln K and h
estimate, in cases where the estimation is performed with h, C and h and C data, the percentage reduction was greater using SGSim to LHS.

\_ However, the percentage reduction for C estimates using LHS than SGSim was greater.

References

BRISENO, J. and HERRERA, G, (2007). Space-time Design of P e , Conference on i natural Porous media at different scales. Assessment of fate, impact and indicators. WAPO2.
Barcelona, Espana. Abril, 2007

CH, C. V., and JOURNEL A.G., GSLIB (1998). Geostatisical Software Library and User's Guide, Oxford Univ. Pess, New York.
HERRERA, . {1388, Cos fectve Groundwater Qulfy Sampling Network Desin. P . thess Unlvertyof Vermant,Burlingon, Vermont, 172 p
HERRERA G,, GUARNACCIA 1, PINDER G. and ) Disefio dela calidad acetes, Procesings o the 200 nternation! Symposkum on Enlanmental Hydraulcs, Aona, USA
HERRERA G. S. and PINDER G.F. (2005), Space-time e of groundwater qualty sampling networks Water Resour. Re: a1 G
PTC. BABU, D., G. F. PINDER, A. NIEM, D. P. AHLFELD, and S. A. STOTHOOFF, (1993). Chernical transpt undwater Transport Code), Rep. 84-WR-3, Princeton University, Department of Civl Engineering.
Princeton, N
SIMUTA R. and HERRERA G. (20xx). Convergence analysis for Latin-Hypercube Lattice-Sample Selection Strategies for 30 correlated random hydraulic-conductivty fields. To be subitted to Geofisca Internacional,

T o I e 5 random hydraulic 3 Research, Vol. 39, No. 8, 1226, doi:10.1029/2002WR001822.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


