CHAPTER 5

CONJUNCTIVE GROUNDWATER AND SURFACE WATER
QUANTITY AND QUALITY MODELING APPROACH IN RIIVVER
GEODSS

STREAM-AQUIFER INTERACTION MODELING APPROACH

A common practice in the analysis and modelingasim scale stream-aquifer interaction
is an excessive simplification due to the cumbersa®velopment of detailed models at
this scale. Analytical approaches primarily relypyon a number of conceptual
simplifications, thereby increasing the uncertaiaty inaccuracy of the results [e.g., the
CALVIN model (Howitt 1999)]. Common assumptionsclude simplified aquifer
geometry and significant constraints on aquifer gutgl characteristics such as
homogeneity, isotropy, time invariance, and inénfor semi-infinite) aquifer extent. In
contrast, finite difference and finite element nuice® methods can accurately represent
the time-variant, heterogeneous physical systemataicomputationally intractable when

appropriately applied over large areas.

A popular method to model stream-aquifer interadiat the basin scale is the stream
depletion factor (SDF) method (Jenkins 1968). B is a spatially variable system
descriptor with time dimension, which indicates timee it takes for 28% of the depletion
(or return flow) to occur, for predicting volumetithanges in streamflows due to recharge

or withdrawal of water from the aquifer. The SDFthoel aggregates spatially-varied
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hydraulic properties, aquifer stress locations, armmplex boundary conditions.
Sophocleous  (1995) compared the numerical finiféerdnce model MODFLOW
(McDonald and Harbaugh 1988) with SDF method apdnted considerable discrepancies
between the two approaches in representing a reddivstream-aquifer system. These
results were corroborated by Fredericks et al. §1,9%nding significant differences using
groundwater response coefficients developed frarBSihF method as compared to a finite
difference groundwater model. TRever GeoDSS includes tools required to directly link
the MODFLOW-MT3DMS modeling cells comprising thenife difference grid with
MODSIM objects, thereby taking advantage of theouer geo-processing tools that can be
applied on geo-referenced objects. However, thysaach to conjunctive use modeling is
considered impractical at the basin scale and fibrereof limited use for evaluation of
management alternatives. The methodology intratidnegein represents stream-aquifer
interaction at basin scale, but is founded on aomadrscale MODFLOW-MT3DMS
groundwater modeling calibrated with extensivedfidata. Artificial neural networks are
utilized to model the stream-aquifer interactios dascribed in Chapter 4), with the trained
ANN used to predict representative grouping aréamédepletion flows and salt loadings.
The methodology is computationally efficient andremmically feasible, with an accuracy
compromise as a function of the extent of the basirbe applied to outside of the

groundwater modeled area.

BASIN-SCALE WATER QUALITY MODELING

The use of relationships between flow and spectitductance, total dissolved solids and
other ions (Cain et al. 1987; Sandhu et al. 1988)bdeen used to develop hydrologic water

guality models in the Arkansas River basin. Caial. (1987) developed useful regression
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relationships between flow and specific conductaioceseveral stations in the Arkansas
River basin. This approach is limited, howeven &ccurately representing aquifer
responses to management alternatives since théogdederelations are based on historical
events. These relations lack the ability to regmeshanges in system characteristics,
which limits their use to the historical system ditions only. A more robust and
comprehensive approach is sought for conjunctieeweser quality modeling in tHeiver
GeoDSS to better handle management alternatives analliais are not constrained to

historical conditions.

The existing Arkansas River Valley MODFLOW-MT3DMS$ogndwater flow and water
guality model takes into account the physical systdharacteristics and complex water
quality constituents modeling in the unsaturatedezaallowing accurate prediction of
system responses to management changes. Iddal\River GeoDSS water quality
modeling should include changes in the base-flowlityufor management alternative
comparison. Using the trained ANN stream-aquifdéeraction model for management
alternative simulation, it is possible to predittanges in groundwater contributions for
both the main stem and the tributaries and analgaaeges in base-flow conditions during
these simulations. The most upstream water gual@gisured points in the basin are
modeled as water quality constituent sources. elBesregression equations, similar to
Cain et al. 1987, can be developed for the systmcaes and control points when only
sporadic water samples are available. Even thahghgroundwater contributions will
accommodate changes in the system dynamics duregimulation of the management
alternative, the baseline regression equationsrassioat the same baseline conditions (i.e.,

all other flow and water quality constituent canmtrions) remain constant.
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CONJUNCTIVE SURFACE-GROUNDWATER QUANTITY AND QUALITY MODELING

As the primary engine of tHeiver GeoDSS Modeling subsystem, MODSIM provides great
flexibility to accommodate complex operational agpeand provides the tools for realistic
water resources system simulations under watetsrighd institutional constraints. In
addition, the MODSIM version 8 modular design aN&T integration (Labadie 2006)
allows coupling into other environments and modilsteby providing a flexible platform
for enhanced modeling systems by attaching moduethe main model engine. In
addition, the modular design allows developmentusftomized graphical interfaces, such
as the Geo-MODSIM interface described in Chapte8r example, th& ver GeoDSS
Water Quality Module (WQM) providing conservativenstituent modeling throughout
the system, tightly linked with MODSIM flows andrcanteract with the ANN module to

include its predictions in the water quality rogtin

The River GeoDSS couples all its components to provide an innoeatoonjunctive
groundwater surface water quantity and quality riogeplatform. A trained ANN for
stream-aquifer interaction (e.g., the ANN presere@hapter 4) is made available in the
modeling system through th@ver GeoDSS ANN Module. The ANN simulation dataset
for all the modeled grouping areas is built inte River GeoDSS from the training files,
system characteristics and MODSIM modeling varigbleThe ANN stream-aquifer
modeling is incorporated into MODSIM by making uskthe Geo-MODSIM spatial
representation of the network. The Geo-MODSIM mekns prepared to be coupled with
the ANN by populating the data-model objects wfil):a flag to indicate the type of ANN
stream-aquifer modeling, i.e., main river or trdmigs; and (2) the corresponding stream-

aquifer modeling grouping area ID. The ANN progdeater and salt accretion/depletion
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volumes per time step for each grouping area albegnain stem and tributaries. These
predictions are evenly distributed among the MOD®Ibdles in each grouping area. The
predicted flows and corresponding concentratiores iacorporated into the MODSIM
network using connecting links with an ANN sourg@{ssupport construct (as described in
Chapter 3) where flows are provided to the MODSfwork as inputs and outputs of the
system, where the predicted flows and concentrai@oa used in the WQM as mass sinks
and sources for the system. The MODSIM water atlon process dynamically includes
the ANN-predicted flows. Since these flows areuacfion of the MODSIM modeled
water allocation, the ANN predictions are basedaotual system states for the modeled
simulation scenario. The WQM is set up to routeseovative water constituents from the
most upstream points in the system to downstreaatims via mass balance calculation
on: (1) the ANN-predicted groundwater salt loadiags (2) the ANN-based reservoir salt
transport calculation. Figure 5.1 shows a schenditigram of the conjunctive surface

groundwater quantity and quality modeling approaiployed in th&iver GeoDSS

Johnson (1998) remarks that numerical methods ai@ &nd useful when calibrated and
used for the same area but have limited capabiltigepresenting more generalized cause
and effect relationships to which they were catdmla Numerical methods are highly
dependent of the system configuration and boundamgitions, since these characteristics
are “hard-wired” into the problem and therefore tbsults. It is well known that ANNS,
despite their powerful pattern recognition cap#bgd| are essentially a sophisticated
regression model which treats the physical mechangoverning the natural system as a
“black-box.” Such a model is therefore incapableonfpoorly suited to, extension to cases

other than those for which it was trained (Suen Bheart 2003). ANNs have been
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developed with normalized explanatory variablepa@dorm predictions from explanatory
variables spaces that are not training-area specior example, the relative elevation of
the land in the first area-buffer with respectite average elevation of the main stream is in
a variable space that can be found in differentigirey areas without being specific to the
training region. The predictions normalized peit lemgth or unit area of a stream create a
similar effect in which the predicted values ar@leable to other areas of different size
and shapes from the training areas. In conclugiabelieved that the ANN model design
allows discovery of relationships between normalizexplanatory variables and
normalized outputs than can be applied in otheasaie the basin without necessarily

extending the training cases.

The ANN used in th& ver GeoDSSfor stream-aquifer interaction modeling is traireda
numerically modeled area to recognize patterns dmtwsystem state changes (i.e.,
stresses) in the surrounding areas and respongbe atodeled interface. The extracted
relationships are applied to predict interactiohsha interface in both the modeled and
neighboring non-modeled areas. The ANN becomesowefiul predictor since it
indirectly captures all aspects modeled in thetdindifference groundwater model,
including detailed non-saturated zone flow anchgglmodeling. In this sense, the method
does not require inflexible constraints/assumptiand lumped and/or poorly evaluated
parameters found in many of the simplified basialeseeturn flow prediction methods.
Since, the ANN is trained based on historical coration of stresses; (i.e., weekly
pumping, combined seepage and recharge combinetl, calbrated stream-aquifer

responses), the system states used for the ANNalistic and physically based.
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Figure 5.1 -River GeoDSS conjunctive quantity and quality modeling diagram

HYDROLOGIC CALIBRATION TOOLS

The River GeoDSS features a set of tools for both experienced asgperienced users to
carry out conjunctive surface and groundwater rbasin modeling using Geo-MODSIM
as the modeling framework. This section describestypes of networks used to calibrate

and simulate the network. Appendix [IMODSM Network Execution Pre-processing
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provides details of internal network manipulatioor fautomating calibration and

simulation.

Network Calibration

The River GeoDSS provides the tools to construct a Geo-MODSIM galiion network
that is capable of quantifying for any network tbeal gains and losses required to match
measured flows at the stream gauging stations. alLgains and losses represent
unmeasured flows in/out of the system, such as asuned tributary flows, surface runoff
from precipitation and irrigation; evaporation, suldace irrigation return flows, drainage
from irrigated fields, and seepage. The local gaand losses also account for
measurement errors at gauging stations and pdinlisersion. The Geo-MODSIM active
gauging stations, i.e., stations with available snead flow for the simulated period, are
used to create calibration reaches in the modedsthb Calibration reaches are defined as
sections of the river/stream where water is medsateupstream and downstream ends,
with each reach composed of all nodes and linksettaipstream from a gauging station

until other gauging stations are found (on tribetaor the main stem).

Figure 5.2 shows the schema of a calibration re#rcicture in a MODSIM flow network.
The structure contains a source/sink constructected to all the gauging stations, where
excess flow upstream of the station is removedflamddeficiencies at the gauging station
are augmented as local gains to the downstreanh.redbe source and sink nodes are
connected by a link that is assigned a negativé tcoencourage direct flow from the
source to the sink, thereby assuring that only $logquired to match the gauged flows are
included. The stations are modeledflasv-through demands with the measured flows

provided as thdlow-through demand time series, with the immediate downstréakn
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closed. A special case that is implemented wherg#uging station lacks measured data
sets the time series to zero, thereby preventow through the node. In this situation, the
algorithm opens the closed-downstream link to alflow from the upstream reach, where

calibration is performed at the next measured dawas) gauging station.
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Figure 5.2 — Schematics of the calibration struetor a reach in Geo-MODSIM

During calibration, water is allocated accordind®DSIM model settings (i.e., costs and
priorities), but only within each reach, since tadibration reaches are isolated from each
other. The calibration run is set to completelyisba the water user demand (usually
historical measured diversions) and meet resestorage targets, since local unmeasured
gains and losses are provided using the systentessunk construct as shown in Figure
5.2. During calibration, water shortages can oedugn there are inconsistencies between
the measured diversion and the water right entdlgs) including the storage water

contracts.

A special calibration structure is implemented foe most upstream gauging stations

(Figure 5.3) that avoids having water shortagegheamost upstream stations by providing
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a source link to thBow-through demand node. A small positive cost is assignededink
providing local gains to encourage flow through treuging station. In this case, no

excesses are expected upstream of the statiome $ok from the most upstream station to

the system sink is not implemented.
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Figure 5.3 — Schematics for the most upstream realdbration structure

The calibration mode is activated for the activenscio in theRiver GeoDSS Model tab

(Figure 5.4).
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Stream-Aquifer interaction modeling in calibration

The ANN-based stream-aquifer interaction modeliag be included in the calibration
procedure (using the options in Figure 5.4). Is tase, the ANN modeling structures are
created and the predicted interaction is repredesseadditional inflows and outflows at
the system nodes. The water allocation processjaaatification of local gains and losses,
in each reach includes groundwater return flows deqletions. When the stream-aquifer
interaction is active, the calibration structurasamtify the local gains and losses by
excluding the aquifer stream interaction and priogicbnly the additional water needed to
remove the excess. Errors (i.e., over/under piied&X in the ANN stream-aquifer
predicted flow values are balanced out infhexr GeoDSS model calibration by removing

excesses and adding additional required water.

Semi-antomatic Water Quality Calibration Tool

Differences between the measured and modeled dpatiens at the control points
provide a measure of the magnitude of the cornestguired (e.g., upstream unmeasured
water quality constituent load contributions) dgrimodel calibration. At the control
points, concentrations can be lowered by addingmaitlower concentrations and can be
increased by adding more saline water to the reddte River GeoDSS features a water
guality semi-automatic calibration tool, which useée WQM mass routing algorithm
(including the ANN reservoir salt transport model)model concentrations and calculates
the modeled concentration deviation from the mesbualues at the gauging stations. The
calibration procedure adjusts the unknown watecentrations in the system (i.e., sources
of water with unmeasured water quality) to matchclasely as possible the measured
concentrations. The water quality calibration psschas a large degree of freedom, but is

kept realistic using node-based user-controlledcentnation ranges. Water quality
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calibration is triggered in thé&iver GeoDSS by checking the boxCalibrate Using

Unknown Inputs (Figure 5.4). When not used during model calibratthe WQM provides
water constituent routing using available concdioing, while assuming zero
concentrations for the unknown concentrations. alBebn the water quality calibration

procedure are located in Appendix I\raplementation of the Water Quality Calibration.

The calibration tool accommodates groundwater dmritons as predicted by the ANN
module by providing salt loads at the system sau(ce., the most upstream measured
stations) that result in computed and measuredetrations agreeing. At system sources
with upstream aquifer contributions, which are camnon tributaries with gauging
stations, the calibration procedure assigns a cwrat®n value to the source link that
results in the baseline measured concentration sto@am of the station and retains the
baseflow as predicted by the ANN. The source ¢imkcentrations are not changed during
the management scenario simulations, but groundwatdributions can change, thereby

affecting contributions from the tributaries (bdsef during the simulation scenarios.

Simulation Networks

Two simulation modes are available in tRever GeoDSS The first is the standard
MODSIM run, in which water is allocated using theluded time series and network flow
preferences. In this case, tRever GeoDSS calibration structures are not created, making
the user responsible for providing the inflow tisexies and calibration flows. The second
mode performs river basin simulation that autonadliiancludes the calibration results for
add/remove of calculated local gains and losseBofgpin Figure 5.5). This feature is
particularly useful for simulating “what if” managent alternatives. The gains and losses

computed during calibration are volumes that, atiogrto the measured data, should have
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been present in the system to achieve mass bal&acahe simulation mode, the flows are
incorporated as fixed system inputs and outputshis Operation assumes that for
management alternative simulation, the historicald@tions that generated the gains and
loses are replicated. In some cases, this assumpihy introduce errors in the simulation.
For example, if the management alternative inclusigsificant changes in irrigation
practices, flows at the ends of the canals, arti®irrigation runoff, may differ from that
portion computed in the calibration flows. The glation of management scenarios using
the baseline calibration flows allows comparison aifernatives using the baseline
conditions as the default structure. Errors ggadriiom changes in local gains and losses
during implementation of the management alternatare expected to be negligible since

the major changes in system flows are accounteid thie simulation.
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Figure 5.5 — User interface for selecting simulatioode using calibration results

During simulation, the calibration structures areated and adapted to allow modeling of
the calibration inflow/outflows and simulate unimtgoted flow through the gauging
stations by opening their downstream link, theralbgwing the basin-wide priorities and
costs to dictate water allocation. Gauging statiane modeled as low prioritjyow-

through demands, with the time series of calibration lipiper bounds set to the computed
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flows from the calibration run. Figure 5.6 showsdiagram with the elements of the

calibration structure in the simulation network.
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Figure 5.6 — Schematics of a calibration structarg@mulation

Stream-Aquifer interaction modeling in sinmlation

As in calibration, the ANN module can be used imwgation to represent the stream-
aquifer interaction. For each simulation, the ANNdule builds the simulation dataset
using the simulated management alternative comdititherefore, the predicted return

flow/depletions dynamically account for changethim system conditions.

Water Quality Simulation

In the simulation run, concentrations calculatedrgduthe water quality calibration are
assigned to the corresponding points. At each sitep, theRiver GeoDSS uses the
concentrations stored in the calibration networkpoufile to set them as sources in the
network.  With all concentrations assigned, the WQirforms salinity routing

continuously from the most upstream nodes to tetegy sink at most downstream end.
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APPROACH AND APPLICATION DISCUSSION

The River GeoDSS methodology to model basin scale stream-aquifegraction is a
powerful alternative to traditional methods withaequiring restrictive simplifications,
extensive data requirements and cumbersome calfisat The method employed in the
River GeoDSS requires fewer resources and data than direcihygusasin scale distributed
parameter models (e.g., MODRSP, MODFLOW or IGSM#)jch are computationally
intensive and require an extensive/expensive hgdadegic data base, basin-wide
monitoring, and intricate model calibration. Adrifresponse coefficients derived at
several points in the system using MODRSP (Maddmut Lacher 1991), or a vector-
based approximation as in AQUATOOL, in which thgesivector technique is used to
represent the aquifer response (Andreu and Salmd987), are methods better suited for
a basin scale application when linearity assummi@iacceptable. However, relying on a
comprehensive underlying groundwater model (usw@atistributed model), these methods

can become impractical as well.

The conjunctive use modeling approach presentegirisrapplied in th€eAR GeoDSS. In

this study area, the previously developed SDF miefits (Jenkins et al. 1972) are
considered to be limited. The aquifer simplifioas inherited from the Glover (1974)
equations that use monthly time steps the SDF apprand the simplified stream-aquifer
model used in Jenkins study, are restrictive focueately evaluating management
alternatives in the basin. On the other handgctimeent regional-scale groundwater model
for the area (Burkhalter and Gates 2005, Burkhatedt Gates 2006), calibrated with
extensive field data and including comprehensivie s@deling in the saturated and

unsaturated zones for salinity remediation altéreatevaluation, perfectly suits tiever
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GeoDSS methodology, providing a useful resource to ewalusalinity management

alternatives at basin scale.

Integration of theRiver GeoDSS components in both calibration and simulation vedio
state-of-the-art conjunctive groundwater and serfaater quantity and quality modeling.
The River GeoDSS modeling tools greatly simplify the calibrationvailation process,
facilitating the evaluation of “what if” managemestenarios. The dynamic usage of pre-
calculated local gains and losses directly fromM@DSIM output files, in conjunction
with the simulation scenario manager, reduceshibecees of large data management errors
and expedites the simulation of management aligesatand therefore, the decision

making process.



