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Abstract In coastal areas, it is recognized that seasonal variation of 
precipitation rates affects the hydraulic gradient of groundwater and thus 
submarine groundwater discharge (SGD) rates. In this study, we estimated the 
total outflux rate through the seepage face and seabed from the coastal aquifer 
by using the numerical code, FEFLOW. In particular, we focused on the effect 
of a localized pulse-type precipitation on SGD flux pattern. The calculated 
SGD flux with time-varying recharge rate shows a quite different pattern from 
the one with constant recharge rate and each type of the recharge yields a 
unique pattern of SGD. The results imply the dynamic boundary condition 
along the land side is significant and that SGD can be miscalculated when 
incorporating constant precipitation or recharge rate.  
Key words submarine groundwater discharge (SGD); heavy rainfall effect; FEFLOW 

 
 
INTRODUCTION 
 
Submarine groundwater discharge (SGD) is one of the main processes which transfer 
contaminants and nutrients from inland to the sea; therefore, it has a significant effect 
on the estuarine environment and ecosystem. It being difficult to observe its existence 
and effects on the environment, scientific interest toward SGD has not occurred until 
recently. Even though numerous studies have been performed to identify SGD for 
several years, many components of it still exist that cannot be explained scientifically. 
In particular, recent studies of SGD mainly focus on the effect of dynamic oceanic 
conditions such as tide, waves and current, and show insufficiency in reflecting the 
dynamic hydrological conditions of inland areas (Taniguchi, 2002; Kim et al., 2003; Li 
et al., 2005). Michael et al. (2005) show the impact of seasonal oscillation of inland 
recharge rate with a sinusoidal shape to the SGD flux, but such a gradual change of 
recharge is not enough to represent rapid changes due to storms or heavy rainfall events. 
So in this study, we focus on the localized effect of a heavy rain event on SGD. Then, 
conducting the simulation for calculating outflux through the aquifer for several years 
with actual precipitation data, we investigated seasonal and annual variations of SGD.  
 
 
METHOD 
 
Conceptual model  
 
A two dimensional vertical section of an unconfined coastal aquifer was constructed 
(Fig. 1). Then, a prescribed flux boundary condition, which considers the temporal  



Eunhee Lee et al. 
 
 

282 

 

 
 
 
 
 

 
Fig. 1 Schematic representation of domain. 

 
 
change of precipitation rate, is set on the top boundary and the time-varying SGD flux 
rate is calculated at each time. Also, three monitoring wells (A, B, C) are installed to 
investigate the variation of hydraulic head and salinity. Two different kinds of 
recharge rate are assigned: one is a sinusoidal curved type which emphasizes seasonal 
climate variation, and the other is a pulse type which focuses on the heavy rain effect 
in summer. For the heavy rainfall condition model, we pick the two days with the 
highest precipitation rate in a year. We also keep the average of the recharge rate the 
same as each other for the comparison. Finally, monthly averaged recharge rates for 
the last 10 years in Korea are assigned to the model and the SGD flux is calculated to 
demonstrate the relationship between the intensity of precipitation rate and SGD flux. 
 
 
Governing equations 
 
FEFLOW (Diersch, 2005) is used for solving coupled equations of variably saturated 
density-dependent flow and solute transport. Balance equations of fluid mass and 
momentum are given by: 

ho QthCsS =⋅∇+∂∂⋅+⋅ q/)]()([ ψεψ                                       (1) 
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where So is the specific storage coefficient, C(ψ) is the relationship for the saturation 
dependent moisture capacity, s(ψ)is the empirical relationships for the capillary 
pressure head- saturation, ε is the porosity, h is the hydraulic head, t is the time, q is 
the Darcy flux vector, Qh is the fluid source, Kr(s) is the relative conductivity, K is the 
tensor of hydraulic conductivity, ρ is the fluid density, ρo is the reference fluid density 
and e is the gravitational unit vector. 
 And, the conservation equation for solute mass is given by: 
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t
Cs d DIq ψεψ                           (3) 

where C is the concentration of solute in the fluid phase, Dd is the molecular diffusion 
coefficient, I is the identity tensor, D is the mechanical dispersion tensor. 
 The following equations are constitutive relations for the nonlinear coupling 
processes. 

zgph o += ρ/                                                     (4) 
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where p is the fluid pressure, g is the gravitational coefficient, z is the elevation head, 
α is the fluid density difference ratio, Co is the reference concentration of solute.  
 
 
RESULTS 
 
Hydrograph of SGD with different types of recharge rate 
 
Figure 2 illustrates the relationship between recharge rate and SGD rate under a 
sinusoidal curved recharge rate. About 50 days of time lag between the maximum (and 
minimum) recharge rate and the maximum (and minimum) SGD rate exists. It is 
known that seasonal variation of recharge rate mainly controls the height of seasonal 
water table change and thus, the location of the freshwater–saltwater interface. This 
seasonal shift of interface makes the amount of recirculated seawater change with time 
(Michael et al., 2005).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Hydrograph of SGD with sinusoidal recharge rate. 
 
 
 Figure 3(a) and (b) illustrates the hydrograph of SGD when heavy rainfall events 
are included. For a pulse-type recharge event, the time lag between maximum 
precipitation and maximum SGD is about 2–3 days which is much shorter than that for 
the sinusoidal recharge. The high intensity of rainfall flux near the seepage face may 
cause this short lag. Modelling results indicate that a sudden increase of precipitation 
causes an increase of freshwater and seawater outflux to the ocean, while seawater 
influx through the seafloor decreases after the specific event. The increase of seawater 
outflux probably occurred not only as the freshwater–seawater interface moved back-
ward to the seaside but also because of dispersive flushing due to the increased 
freshwater flux. 
 Figure 4(a) and (b) shows the equivalent hydraulic head and relative concentration 
of salinity change with time in the monitoring wells. The effect of heavy rainfall on the
 salinity and hydraulic head can also be observed.  
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Fig. 3 (a) Hydrograph of SGD with pulse type recharge rate. (b) An enlarged partial 
section of total outflux through the aquifer, increase of SGD after the heavy rainfall 
event is observed. 

 
 
 

Long-term variation of SGD 
 
Figure 5 shows the long-term relationship between the precipitation rate and the SGD 
flux. The simulation result indicates time-varying precipitation and its intensity has a 
formidable effect on SGD variation. The modelling results also indicate that there exist 
different patterns of SGD flux every year. This annual change of outflux represents the 
effect of precipitation rate of each year. Also, the volume of outflux is influenced by 
the recharge rate from the previous years. Figure 5 shows this effect in which the 
higher recharge rate between days 210 and 240 leads to the upper shift of the SGD  
flux till about 1000 day. This phenomenon is more evident in the latter part of the 
graph. 
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Fig. 4 (a) Equivalent hydraulic head and recharge rate. (b) Relative salinity and rechar
ge rate. Monitoring depth from wells A, B and C are 50 m, 24 m, and 18 m below the 
surface respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Hydrograph of SGD with long-term precipitation rate variation. 
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DISCUSSION AND CONCLUSION 
  
Our simulation results show that different patterns of recharge rate make unique 
patterns of SGD. When a gradual change of seasonal climate is emphasized, the 
outflux shows similar patterns to the recharge rate with a lag time. This phenomenon is 
caused by the oscillation of hydraulic head and interface. But when the heavy rain 
effect in the summer is emphasized, a periodic change of SGD cannot be observed. 
Rather, its variation is followed by the high intensity of precipitation for the long 
period. From this result, we can infer that unusually frequent storms or heavy rainfall 
events give rise to the increased outflux rate and flux of dissolved nutrients and 
contaminants to the sea, leading to unexpected eutrophication and contamination of the 
estuary environment. This research demonstrates that not only the change of oceanic 
conditions but also the change of precipitation rate should be considered when 
quantifying SGD flux to the ocean in transient condition.  
 
 
Acknowledgements This study was supported by the BK21 project of the Korean 
Government and Advanced Environment Biotechnology Research Center at POSTECH. 
 
 
REFERENCES 
 
Diersh, H. J. G. (2005) FEFLOW finite element subsurface flow and transport simulation system, reference manual. 

WASY, Inst. for Water Resour. Plann. and Syst. Res., Berlin, Germany.  
Kim, G., Lee, K. K., Park, K. S., Hwang, D. W. & Yang, H. S. (2003) Large submarine groundwater discharge (SGD) 

from a volcanic island. Geophys. Res. Lett. 30(21), doi:10.1029/2003GL018378. 
Li, L., Barry, D. A., Stagnitti, F. & Parlange, J. U. (1999) Submarine groundwater discharge and associated chemical input 

into a coastal sea. Water Resour. Res. 35(11), 3253–3260. 
Michael, H. A., Mulligan, A. E. & Harvey, C. F. (2005) Seasonal oscillations in water exchange between aquifers and the 

coastal ocean. Nature 436, doi:10.1038/nature03935.  
Taniguchi, M. (2002) Tidal effect on submarine groundwater discharge into the ocean. Geophys. Res. Lett. 29(12), 

doi:10.1029/2002GL014987  
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. 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 best suited for high-quality prepress printing.  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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


