CHAPTER 7

EVALUATION OF BASIN SCALE IMPROVED WATER
MANAGEMENT ALTERNATIVES IN THE LOWER ARKANSAS
RIVER VALLEY, COLORADO

The LAR GeoDS$s applied to screening of improved water manageraternatives in
the LARYV in Colorado from Pueblo Reservoir to theld@ado-Kansas State Line (Figure
1.1). The ultimate goals of the management altergmare to maximize the net economic
benefits of agricultural production and to improwater quality of the stream-aquifer
system by reducing salinity, waterlogging, saltd®and concentrations in the stream-
aquifer system and non-beneficial consumption ofewyavhile maintaining water right
entittements and river compact agreements. Thadyaliges a retrospective approach in
which “what if” scenarios are used to compare tlosv$, concentrations and system
storage under various management alternativestiatihistorical-calibrated baseline. The
purpose is to quantify the expected relative impments to the river system that are
possible by applying these various alternativesywel as ascertaining the feasibility of
implementation in a complex, legally constrainedteyn. The management alternatives
are evaluated using the conjunctive surface anangheater quantity and quality modeling
tools presented in Chapter 6. As an initial apginda the alternative screening process, it
is assumed that river basin water users are faitiggpating in the proposed management

alternatives.
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For these areas in the LARV where detailed groutelwmnodeling is unavailable a
significant challenge is presented in evaluating ithhproved management alternatives.
Figure 4.1 shows the current groundwater modeled ased in this case study, and the
projected downstream modeled area where detailedngwater modeling will be
available in the near future for testing and imerment of the stream-aquifer modeling. In
the non-modeled areas, the ANN-based stream-agottaction module incorporated in
theLAR GeoDS&applies learned-relationships between basin snaksurable explanatory
variables and the regional-scale stream-aquifer MODW-MT3DMS modeled
interaction. This procedure provides an approxmonadf the return flows and salt loadings
to the tributaries and river, with predictions estgel to increase in uncertainty with
distance from the groundwater modeled region. &ite ANN has been trained to
respond to system state changes during assessigm@ management alternatives, the
ANN is expected to predict deviations from a baelprediction when simulating the
management alternatives regardless of the bagaledkction error. These deviations can
be used to evaluate the relative benefits assdciwite these alternatives. In addition, the

ANN accommodates predicted changes in base flotveiArkansas River and tributaries.

As presented in Chapter 6, the Arkansas River baster quality calibration algorithm
imposes restrictions that create discrepancies degtwthe measured and the modeled
salinity concentrations. The evaluation of altenest is based on the simulated baseline
concentrations rather than the historical measuredcentrations. Since calibrated
concentrations are used in the simulation of mamagé alternatives, the relative
comparison of changes in concentration is useddisator of the benefits associated with

each alternative.
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Results of evaluation of the improved managemeetradtives are based on calibrated
gains and losses computed for the baseline networkerefore, the simulation of
alternatives assumes that hydrologic and operdtiooraditions present in the historical
simulation scenarios are not altered by adjustmiantise system operations. Since some
of the management alternatives might cause chamgéksese gains and losses (e.qg.,
irrigation surface runoff or canal operational fE)werrors may be introduced in using the
computed gains and losses. Th&R GeoDSSs utilized as decision support tool to
evaluate the benefits and feasibility of the reglestale management alternatives for a
historical period, and it is assumed that thisosgiective approach provides a reasonable
framework for evaluation of improved managemerdrattives by reducing the impact of

calibration and simulation errors in the analysis.

DESCRIPTION OF IMPROVED MANAGEMENT ALTERNATIVES

Four remediation alternatives and various comimnatiof these were evaluated at the
regional-scale (Burkhalter 2005, Burkhalter and €5aR005, 2006). The alternatives
include increased irrigation efficiency, reductiarcanal seepage, increase in groundwater
pumping (vertical drainage), and installation di-swrface drains. At the river basin scale,
these alternatives are modeled as changes in deteands at the diversion points. The
challenge in modeling the alternatives in thAR GeoDSSis to calculate realistic
reductions in historical water demands as a corsexgu of the simulated changes in
system operations at the regional and field scalé®se simulated reductions in diversions
provide additional instream flows requiring decmsicon appropriate allocation. Since the
historical gains and losses computed during thevort calibration are implemented in

each simulation as high priority system sources sin#ls, the reduction in diversions
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becomes additional water available to the surfgstem that should be allocated, disposed
or stored. Each improved water management sceestablishes a target for combinations
of increased irrigation efficiency, seepage reduntiand additional pumping alternatives
that translate into a canal diversion reductiomade. The goal is to consistently combine
the diversion reduction components associated edti alternative such that system water

demands reflect the combined effects of the siradlabnditions.

Canal Seepage Reduction

For this analysis, it is assumed that the majaitgeepage reduction in canals conveying
water to the fields takes place as a consequencaneal lining or treatment measures, with
small flow reductions due to other managementegiias (e.g., irrigation induced aquifer
recharge reduction). In this management altereaimulation, water diverted to the canal
is to be reduced by an amount equal to the sinmlegduction fraction of the baseline
seepage loss. When a canal is hydraulically cdaaedeto the aquifer, the MODFLOW
modeled seepage amount is affected by other mamegeatiernatives since changes in
water table depth at the vicinity of the canal icelghanges in the computed canal seepage.
In this study, however, as an initial approximatidns assumed that there are significant
changes in the amounts of canal seepage only wpdiciemeasures to reduce seepage are

specified in the management alternative.

The volume of seepage from the canals in the mddaleas can be spatially determined
from the MODFLOW output, but these volumes are awilable for the non-modeled
canals in the basin. Based on the regional groateiwmodel average conveyance
efficiency Ec) of 80% (Gates et al. 2002), the average chawssl doefficient € ) for all

canals in the LARV was assumed as:
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5=1-E.=1- 080= 020 (7.1)

The canal seepage amount associated with a sesghggion management scenar®tj)
can be computed as a function of the baseline siverD), the seepage coefficient )

and the seepage reduction fractiBg) (

S'=D's =(DB)1-R) (7.2)
whereD’ = the reduced diversion for the scenario &d the equivalent seepage factor
for this modeled alternative that generates theebepl reduced canal seepage amdsint (
Therefore, for thisSLAR GeoDSSstage, the baseline total canal seepage loss was

approximated as 20% of the canal diversion.

The baseline average seepage loss coefficeents(entered by the user in the data-model
field MOD_SeepCodfelonging to thévlodsim_Demandgeature class.This value is used

in the system simulation to calculate the basedleepage and to reduce the seepage for the
management alternatives accordingly. The calalilateepage is recorded into the

MODSIM output file and is available for display tigh theLAR GeoDS@nalysis tools.

Increased Irrigation Efficiency

Implementation of field-based irrigation inducediéer recharge reduction at basin scale
is based on calculations performed during the retfiecale groundwater simulation. A
review of the regional-scale calculation is presdnin this section along with the

underlying principles for its basin scale implenadioin.
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Regional Scale Groundwater Modeling Analysis

The regional-scale groundwater modeling approachig$et al. 2002, Burkhalter and
Gates 2005) was analyzed to establish assumptiansatiequately reflect the effects of

implementing the regional-scale findings at a latggesin scale.

Irrigation Induced Aquifer Recharge Calculation
Areal aquifer recharge in the regional-scale modelcalculated as a function of

precipitation, groundwater pumping, crop water nemuents and system irrigation
efficiencies. Effective precipitatiompd) over the modeled area is calculated as a fracfion
total precipitation ). If weekly precipitation is less than 50mm, 7086 the total

precipitation is assumed to be the effective pittipn (30% surface runoff); otherwise,

50% of the total precipitation is assumed effec{&@% surface runoff).

070p OIf p<50MM

050p O If pzsom%eek

Pe = (r.2

Average Irrigation Application Efficiency
For each canal command area, the equivalent divéip and pumpedR) depths per
irrigated area are summarized in mm per week. Wéekly required evapo-transpiration

per canal command are&T) in mm is estimated using a weighted average of the
calculated evapo-transpiration of the crop. Averadgation efficiency E, ) is calculated

as the ratio of the total water required (factomug the effective precipitation) to the total
water diverted and pumped from wells.
— ET-p,

E =— e 7.3
' D+P (7:3)
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As mentioned above, average conveyance efficieigy (or canals in the command area

is assumed as 0.80. Average application efficidiity) accounts for only water available

at the field to quantify the effectiveness in theplecation of the water (i.e., farmer

activities). The average application efficiencyédined as:

E,= (7.4)

rnl‘_rm

C

Application efficiency values for each field in amal command area were generated from
a truncated normal distribution with a mean eqoalhe average application efficiency.
The minimum and maximum values of the truncatediegtpn efficiency are 0.15 and
0.85 respectively. Average application efficiefayBurkhalter and Gates (2005) modeled
area located upstream of John Martin reservoir walsulated using the series of
efficiencies from all the fields, replacing outBewith the maximum and minimum allowed
values. The average baseline application effigi¢gacthe modeled area was computed as

0.52.

Aquifer Recharge Amount by Field

The aquifer recharge amount was calculated for &akthin the command areas. Each
field was assigned a random number and the corrdspphfield application efficiencyey)

was assigned to each field accordingly (from thendated normal distribution with

average ). The required irrigation depth) per field was calculated as:

h, =hg — p, (7.5)

wherehgr = total evapo-transpiration depth in the fieldaafunction of the crop and its

development stage.



247

The field application amount depth, was calculated for fields with positive valueshpf

(.e., when effective precipitation was smaller thfarequired irrigation depth) as:

h, :l (7.6)
eA
The deep-percolation fractiorDP) in the regional-scale groundwater modeling was
assumed as a fraction of the total irrigation lpss, the applied irrigation depth in excess
of the required depth). An assumed uniform DPtilpacof 0.7 was used to compute the
portion of excess water percolating below the rooiez This value was based on field data
collected in the Colorado’s South Platte River \la{@/alter 1995). The field leaching

fraction (f) is calculated as:

If =DP(1-e,) (7.7)

Based on the average field application efficienoy &ll canals in the regional-scale

groundwater modeled area, the average leachingr fiacthe modeled area is adopted as:

If =07(1- 052) = 034 (7.8)

and field recharge depthd) is approximated as:

hR = lf (ha + pe) = DP(l_eA{l-l- pej
Ca (7.9)

substituting Equation 7.5 in this equation gives:

h, = DP(l—eA)(¥+ pej
A

10)
In terms of the water depth applied to the fields:
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he =DP(L-e,)(d + p, + p.) (7.11)

where di = proportional surface water diversion depth auplto each field angy =
pumping equivalent depth of water applied to eaell.f The adjusted recharge to the

groundwater table is calculated assuming irrigagoheduling and water availability for

each week.

Reductions inhg by increased irrigation efficiency not only cobtrie to lowering the
water table, but also have an effect on the legcbifrsalts from the root zone to the water
table (Burkhalter and Gates 2006). This effecadsounted for in the unsaturated zone

module of the MODFLOW-MT3DMS model used to calileréte ANN module.

Areal Recharge Reduction Implementation at Regional-Scale

Since the main source of areal recharge redudiancreased irrigation efficiency, aquifer
recharge reduction was simulated only during thgation season. Modeled recharge for
the improved management scenarios should not signtfy change during the off season,
where precipitation is the primary source of regkarFigure 7.1 illustrates an example of
the weekly total aquifer recharge for the Burkha#ted Gates (2005) modeled area as an
input to MODFLOW-MT3DMS for alternativ®ech80Seep90Drain5@hich implements
80% areal recharge reduction (through increasadairon efficiency), 90% seepage
reduction and subsurface drainage with density0di.B., 50 m spacing of 2.5 m-deep sub-

surface horizontal relief drains installed in fehdith water table depth of less than 2.0 m).
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Figure 7.1 — Example of the total aquifer rechargi@me simulated in MODFLOW

LAR GeoDSS Agquifer Areal Recharge Modeling

The areal aquifer recharge amount is a functionwater available at the fields for
irrigation. Part of the total water diverted (D)d canal per time step seeps out while flow
is conveyed to the farm delivery gates. Therefondy a portion of the diverted watd¥)(

is available to irrigate the fields, which is apgmated as:

F=D-DI5 (7.12)
Ultimately, areal recharge to the aquifer is atfoarcof the total available water at the field,

which includes delivered surface water, preciptatand pumped water. For practical
purposes, recharge reductioniAR GeoDSSs assumed to apply only to the delivered
surface water available at the fields. Therefoeduction of water diverted to a canal is
based on the portion of the baseline areal aqrefgrarge that is reduced under that canal.
The fraction ofF representing deep percolation was computed ugiegapplication

efficiency and the average leaching fractithn (

R, = F[{if )= F {DP(1-E, )) = 034LF (7.13)

where Ry = the amount of water available at the fields ttetharges the groundwater

aquifer as deep percolation. Start and End datethé irrigating season are entered by the
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user in theLAR GeoDSSSimulation Scenario Managenterface, which trigger the
simulation of areal aquifer recharge reductiontfmse time steps that fall between them.

Default dates for the irrigating season are séiptdl 1% to October 31

Pumping Increase

Additional groundwater pumping was evaluated asalaernative intervention to lower
saline water table elevations where historical pugps increased by an alternative-
specified factor to simulate a vertical drainageiagion. In this simulation, additional
pumped water was assumed returned to the riveeraydtiring the same time step using
the surface drainage network. This condition wamikted in thde AR GeoDS®y evenly
distributing the additional water pumped over ahsstorage river nodes in the grouping
area. Each of the non-storage river nodes waswvigbt a local inflow equal to its
corresponding fraction of the additional pumpinghe concentration of the non-storage
node inflow was set to the computed groundwaterceoimation. The amounts and
concentrations were available in thAR GeoDSSutput display under the non-storage

node local inflow.

In addition to vertical drainage, an agriculturater exchange situation was implemented
in theLAR GeoDS&s a water use option for this scenario. Indhse, the extra pumped
water (AP ) was used to irrigate crops by exchanging it f@ilable surface water that was
not diverted at the canal head gate. Therefoeediversion to the canals was accordingly
reduced in this case. Water pumped in this sceneais assumed to directly replace a
portion of the surface water available to the Befd). Water available to the fields in the

management alternative simulatiétiis calculated as:
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F'=(D-D&)-AP (7.14)

The percentage of pumping increase from the bas¢jjnwas entered by the user in the
LAR GeoDSSimulation Scenario Managéarterface. For example, if a valuelgf 20 is

entered in the GUI, it is interpreted as a resglppumpage of 120% of the baseline

pumping.

Subsurface Drainage Improvement

This management alternative improves subsurfacénatya by installing horizontal
perforated pipe drainage systems at various spaend at a uniform drain depth of 2.5 m
(8.2 ft) in irrigated fields with water table depéss than 2.0 m (6.6ft). It was assumed that
this scenario does not interfere with canal diversiin the system and that the irrigation
water amount applied to the fields remains relétivenchanged.  Subsurface drains
capture groundwater flow, thereby lowering thersalivater table and increasing the rates
of return flow to the surface water system. Wapeaality is potentially improved slightly
since dissolution of salts in the porous medi@&diced due to transit of flows in the drains
rather than through the subsurface. Volumes diatheough the improved drainage
system were available in the regional modeled hoeéainavailable every where else in the
basin. An additional model would have been reguite predict basin-wide drained
volumes; therefore, simulations of these manageraketnatives in thd. AR GeoDSS
reflect only the corresponding changes in the giaater return flows. In other words,
drainage effluent was not routed back to the rinehe current version of the model. As a
result of this assumption, it is expected that tbsults of this simulation indicate the

minimum improvement achieved with the implementatad subsurface drainage. An
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indicator was used as an ANN explanatory variabkeigger the effect of this management

scenario in the ANN stream-aquifer interaction niode

ALTERNATIVES MODELING METHODOLOGY AND IMPLEMENTATION

The LAR GeoDSSmodeling system manages additional water generftad the
alternatives resulting in reductions in water dethawater is managed to satisfy historical
water demands adjusted by the reduced water demaitici® the specified reservoir
operation rules. The Geo-MODSIM simulation modeti@tes the system by storing water
up to the specified target and releasing flows teeimsystem water demands by

accommodating the operations to changes in refomngdatterns and timing.

LAR GeoDSS Simulation Variables

The LAR GeoDSSimulation Scenario Managedjusts system demands and equivalent
seepage coefficients to reflect the simulated mamagt alternative. Since multiple
management alternatives can be applied simultahgdles interrelationship between them
must be considered when implementing the water ddnadjustments. In this section, a
set of equations was developed to compute canargion reductions and seepage
coefficients for the combined impacts of the aliéires. The most general case was the
combination of three management scenarios (i.eigation-induced areal recharge
reduction, seepage reduction, and additional pugppinin this case, reduced volume

available to the fields (F’) is calculated as:

F'=D'-D's (7.15)
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whereD’= the adjusted water demand at the canal head gdts’ the adjusted average
canal seepage loss coefficient. Water availabteddields for the combined recharge and

pumping scenarios can be calculated as:

F'=F-Ff [R,-AP=F [{l-If [R,)-AP (7.16)
Substituting Equation 7.12 into Equation 7.16 amahlsining term gives:

F'=D(1-5)1-If (Ry)-AP 17)
substituting Equation 7.15 into Equation 7.17 gives

D'-D'S' = D(1-§)1-If [Ry)-AP (7.18)

From Equation 7.2, the simulation scenario avessgpage coefficient can be expressed
as:
. _Ds1-R)

S=————7-—7-=% 7.19
D (7.19)

substituting Equation 7.19 into Equation 7.18 yseld

D' - D'(%j =D'-Ds(1- Ry)=D(1-8)1-If (Ry)-AP (7.20)
Assuming reduced diversiddi is computed as the baseline diversion minus amstadgnt

term (AD ), Equation 7.20 is written as:

D -AD =Ds(1- R, )+ D(1-8)(1-If [R,)-AP

AD =D -Ds(1- R,)-D(1-8)1-If [R,)+AP

= D(5Rs +If [Ry(1-38))+AP (7)21
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Equation 7.19 can be rewritten as:

<o Ds(1-R;) _ Ds(1-R) 2)2

D -AD D-AD
substituting Equation 7.22 in Equation 7.21 gives

o Ds(1-R,)
D - (D(sR; +If [Ry(1-8))+AP)

(7.23)

Equations 7.21 and 7.23 calculate the canal dmerstduction and equivalent seepage
coefficient as a function of the management altereaeduction coefficients and system
characteristics such as seepage coefficients agdtion application efficiency. Details on
the implementation of the diversion reductiond AR GeoDS%re available in Appendix

VI — Management Alternative Demand Reduction

Stream-Aquifer Interaction

The ANN-based stream-aquifer interaction modeliequired computation of several
explanatory variables as a function of the Geo-M@ID®odeling results. The simulation
of various management alternatives required madibo of system characteristics and
operations that should be reflected in the exptagatariables for effective ANN training,
and simulation. For this purpose, the ANN “devebent in passes” approach (introduced
in Chapter 4 Jraining in Passgswas adopted for theAR GeoDSS Initially, in the first
pass, the management alternatives were simulatedwviexplicit stream-aquifer modeling
using a calibration network to provide local gaarsl losses based on measured flows.

These initial simulations implemented water demaeductions to accurately model
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changes in basin conditions according to each nemnegt scenario, and two reservoir
operation scenarios. The ANN training dataset e@sstructed using these simulation
results. In the second pass, stream-aquifer ctteramodeling in the AR GeoDSSvas
based on the trained ANN using explanatory vargatdemputed from the first pass
improved water management scenarios to reducentipact on the prediction and to
improve convergence. Using the first pass Geo-MDS3esults to compute the
explanatory variables assumed that the flows amdadds do not change significantly
between the first and second pass solutions. Aemnefined training dataset can be
developed from the second pass simulations todurtéfine the ANN training. The results
presented herein correspond to the third passe $iwe sensitivity and small variations in

flows and diversions were detected with respetitésecond pass.

Reservoir Operational modes

Reservoir system operations were an important elemdien analyzing management
alternatives according to water quality impactshisTwas documented by Willey et al.
(1996) while applying HEC-5Q to the Columbia Riwgstem and other large integrated
reservoir systems in the U.S. The two reservoiratpe modes introduced in Chapter 6

were used in this management alternatives analysis.

Reservoir operation under Mode A set the storaggets to the historical measured
volumes for simulating situations where no addaiostorage was committed to the
implementation of the management alternativesthis case, non-diverted water can be
stored only to replenish historically stored wateOtherwise, this water continued
downstream and if not used in the same time stepetet water demands within Colorado,

was conveyed to Kansas. Although this operatiormenrequires minimum adjustments in
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reservoir operations for implementation of managenadternatives, the inability to store
and release the non-diverted flow increases tlkeafiviolating water rights decrees and
failing to comply with the Arkansas River Compagteement with Kansas when the non-
diverted water made available in the same time stepot over come the impact of

changes in return flow patterns.

The Mode B reservoir operations used balancingréage zones in the reservoir so as to
satisfy the Arkansas River Compact and releaserwateanake up for reductions in
irrigation return flows. Implementation of this med potentially more challenging since it
could require amendments to the current storagerwasvs, such as creating a separate
account in John Martin Reservoir to store non-decwater rather than distributing that

water within the River compact accounts accordntié current allocation percentages.

MANAGEMENT ALTERNATIVE COMPARISON AND ANALYSIS

The simulated water management alternatives toawepthe agro-ecological conditions in

the basin were defined based on the previous ragsmale study (Burkhalter 2005). Table
7.1 provides a summary of the alternative names @agtriptions, including a new

alternative not modeled in Burkhalter (2005). TEhafternatives were designed to reduce
soil and water salinity in order to improve croglgs in the basin, protect the lands from
irreparable salinization, reduce non-beneficialavatonsumption on naturally-vegetated
and fallow fields, and improve the water qualitytire river. These alternatives include
efficiency improvements at field scale, improvensetat the conveyance system to reduce
seepage, and groundwater pumping changes. Uné&belynunder Colorado water law, the

use of the water “saved” by these improvementsm#dd. This analysis assumed that

additional flows made available as a result of enpéntation of these alternatives could
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not be used for irrigating more land or additiooadps. Water savings produced by the
alternatives were not diverted by the water usdrramained in the river system to support
the alternative implementation. Water that was dieérted and remained in the surface
system had a lower TDS concentration than that saater, had it been applied to the
fields and returned later to the system throughstheam-aquifer interaction process after

working its way through geologic formations witht@atially soluble salt deposits.

Table 7.1 — Simulated Management Alternative Surgmar

Alternative Name | Description Alternative Name Description
Baseline Actual Historical Conditions Pump200 Increase in pumping rates by 200%
Seep70 Reduction of seepage rates by 70% Seep90Highline Reduction of seepage rates by 90%
over full length of all Canals over Highline Canal only
Seep50 Reduction of seepage rates by 50% Seep900tero Reduction of seepage rates by 90%
over full length of all Canals over Otero Canal only
Seep90All Reduction of seepage rates by 90% Seep90Holbrook Reduction of seepage rates by 90%
over full length of all Canals over Holbrook Canal only
Rech90 Reduction of recharge rates by 90% Seep90FtLyon Reduction of seepage rates by 90%
Rech80 Reduction of recharge rates by 80% - over Fo'rt Lyon Canal only
- > Seep90Catlin Reduction of seepage rates by 90%
Rech70 Reduction of recharge rates by 70% over Catlin Canal only
Rech60 Reduction of recharge rates by 60% Seep90Lined20 Reduction of seepage rates by 90%
Rech50 Reduction of recharge rates by 50% over targeted 20% length of all Canals
Rech40 Reduction of recharge rates by 40% Seep50Drain100 Combination of alternatives
Rech30 Reduction of recharge rates by 30% Rech80Seep90Drain50 Combfnatfon of alternatfves
Rech20 Reduction of recharge rates by 20% Rech80Seep90 Combination of alternatives
Rech80Drain50 Combination of alternatives
Rech10 Reduction of recharge rates by 10%
- - - - Rech50Seep90 Combination of alternatives
Drain50 Installation of horizontal drains over — -
select fields at 50 m spacing Rech30Seep50 Combination of alternatives
Drain75 Installation of horizontal drains over Rech30Drain100 Combination of alternatives
select fields at 75 m spacing Rech30Seep50Drain100 | Combination of alternatives
Drain100 Installapon of horizontal drglns over Rech50Drain50 Combination of alternatives
select fields at 100 m spacing Seen90Draingo Combination of a] -
Drain150 Installation of horizontal drains over eep90Draind ombination of alternatives
select fields at 150 m spacing Rech50Seep90Drain50 Combination of alternatives
Seep90RockyFd Reduction of seepage rates by 90% New_Rech50Seep50 New Combination for basin-scale
over Rocky Ford Canal only analysis

Criteria for Evaluation of Alternatives

Basin-scale performance of the management alteesatvas evaluated based on several
aspects of the simulation: (1) water allocation ahdrtages, (2) river water quality, (3)
reservoir storage and operations, (4) stream-aqguiferaction, and (5) reservoir water

guality transport.
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Water Allocation and Shortages

Simulation of the management alternative is feasiblall water demands are satisfied
since this implies that the solution is in comptianwith Colorado water rights. The
management alternative analysis checked for watatages in the simulated results so as

to insure that all water use demands were complsgeisfied.

Reservoirs Storage and Operation

The reservoir storage is analyzed during the manage alternative evaluation in both
weekly and end-of-period fashions. Storage chamte respect to the historical storage
indicates alterations to the current operationggalhat may be needed and also indicates
potential for environmental benefits from additibetorage, when water generated by the
improved management alternatives stored in theveises released during periods of high

concentrations.

Arkansas River Compact Compliance

An additional check in the water allocation for thanagement alternative simulation was
the water allocated to Kansas since water manageatiemative solutions that provided at

least historical flows were assumed to comply whth Arkansas River Compact.

Stream-Aquifer Interaction

Changes in stream-aquifer interaction associatdil e management alternatives are an
important aspect to be analyzed since the natunheofalternatives implies changes in

return flows and salt loadings. Altering histotidgnamics of the aquifer requires changes
in system operations to satisfy water demands amdcause shortages that need to be

guantified in order to compare among alternativesta determine their feasibility.
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River Water Quality

An indicator used for analyzing the basin-wide watencentration changes due to
implementation of the management alternatives esabverage TDS concentration at the
location of all canal diversions from the river. hi average captures the overall

improvement in the river water quality that is dieel for beneficial use.

Jobn Martin Reservoir Salt Transport

Reservoir salt transport is an important compowétihe management alternative analysis
since it interrupts the sequential calculation ®&STconcentration in the river basin by
using a prediction of the complex processes ocuyrih John Martin Reservoir. The

prediction of concentration at the reservoir outlettates starting concentrations for a
second set of sequential calculations in the Iqveet of the modeled basin. The transport

analysis strategy computes a transport coeffi¢ights:

T = > Mass,,
2 Mass, (7.24)

where Mass,: = salt mass leaving the reservoir althss,= salt mass entering the
reservoir. This factor indicates an overall cotiion/dilution process of flows passing
through the reservoir. Based on the baseline siounl indicators (Table 6.20), the
transport coefficient in reservoir operations undévde A (historical) = 1.27, which

indicates an overall solute concentration increifiseugh the reservoir. For reservoir
operations under Mode B, changes in the systematperand corresponding water
guantity and quality calibration increasgdo 1.50 in this baseline simulation. In this case,
changes in the inflow time sequence and the ArlaRseer inflow concentration created a

prediction with higher salt loadings in the resérvelease.
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Alternatives Performance Comparison

The LAR GeoDSSimulation Scenario Analysieol was used to process the results of the
alternatives to compare performance by using tleeeafentioned analysis criteria. The
summary and analysis was categorized by resengarational mode, with analysis of
overall performance evaluated using total simulaewunts and average concentrations.
Detail system performance per time step is avalabl Appendix VI —Management

Alternatives Detailed Analysis

Reservoir Operational Mode A

Water Allocation and Shortages for Operational Mode A

The satisfaction of water demands was the firstespf the management alternatives to be
analyzed. The water demands were reduced fronhitiherical diversions to reflect the

calculated impact of the various management alti@enaharacteristics as presented in the
sectionLAR GeoDSS Simulation Variables-igure 7.2 shows the computed-total water
demand and the corresponding total canal losshosimulated alternatives, which was a
function of the water diverted. The alternatives sorted in descending order of total

water demand.

Demand shortages occurred when the managemenatiter produced less available
water to the system for satisfying the adjustedateis. These shortages in the simulated
alternatives indicate that there was insufficierdilable water in the system to meet water
demands. Shortages occurred due to reduced fews computed in the stream-aquifer
interaction modeling and due to exhaustion of ggeravater and non-diverted water.
Figure 7.3 shows the total simulated water shostégethe management alternatives. No

water shortages were necessary to guarantee thepappe water rights allocation.



261

Therefore, failing to provide the computed watemdads made the alternative infeasible
under the current reservoir operational mode. Bsfartages were revealed in many
alternatives, indicating only minor violations ttet water rights. OnlyPump200
Seep90CatlinSeep90Highlinend Seep90FtLyomlternatives had no water shortages. At
this stage in the analysis, alternatives with $igamt shortages were discarded since their
implementation was considered infeasible. Tableligt& the infeasible alternatives due

significant shortages resulting in violation of teers’ water rights.
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mode A
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Table 7.2 — Infeasible Management Alternatives [u@/ater Shortages in
Operational mode A

Alternative Name Water Shortage
[Acre-ft]
Drain50 13269
Rech50Drain50 36978
Rech80Drain50 41278
Seep50Drain100 72202
Drain75 89013
Rech30Seep50Drain100 89265
Drain100 154491
Rech30Drain100 155780
Drain150 268037
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Figure 7.3 — Management alternatives water demhodage for operational mode A

Reservoir Storage and Operation for Operational Mode A

In this reservoir operational mode, the additiodadvnstream river flows caused by the
alternatives were used to replace reductions armetiows and to replenish reservoir
volumes to historical levels. The ability to repkh reservoir storage and maintain the
system end-of-simulation storage was an indicatdh® sustainability of the alternative
over the long run. The modeling system in this enosled historically stored water to meet

water obligations, but it was set up to recover Waer as soon as possible. During
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simulation, a reservoir storage that was lower ti@nhistorical storage volume indicates
that additional water was requested and “borrowemsith the reservoirs (see detailed plots
of results in Appendix VI). The length and magdéwf the “borrowing” water operation

was an indicator of the relative degree of charidbeocurrent reservoir operational polices

for a successful alternative implementation.

The reservoir storage was summarized for the sieullalternatives as the end-of-
simulation system storage, which can be checkethstige baseline end-of-simulation
system storage (Figure 7.4). Even though thisatjperal mode was restrictive in the use
of additional storage, the lack of storage at e @ the simulation represents a situation
that most likely will cause difficulties in the igmentation of the alternative under this
system operational mode. The closer the operaido the historical volumes, the less
alteration to the current reservoir operation iguneed for implementation of the
alternative. Under the highly constraining watawd in the LARV, requiring less
modification to the current operation facilitatesipiementation of the alternative.
Alternatives with no end-of-simulation storage w#re same ones that exhibit significant
shortages (Table 7.2). Ideally, storage at theodide simulation should be the same as its
counterpart in the baseline simulation to indidag in the long run no special reservoir
operation is necessary for implementation of theraétive. Alternatives with end-of-
simulation storage lower than historical indicdtattthe alternative implementation might

still be possible if additional storage is allowed.
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Figure 7.4 — Management alternatives end-of-simaraystem storage in operational
mode A

Arkansas River Compact Compliance for Operational Mode A
Management alternatives were required to at lagsichte the baseline historical flows to

the Kansas account of the Arkansas River Compaatelby assuring compliance with the
Arkansas River Compact. It was assumed that Gidorgas in compliance with the
compact during the period 1999-2001 selected fer gimulation of the alternatives.
Colorado water users (Water District 67) that reseiwater from the compact were
assumed to participate in the management alteengtregram. Therefore, they were
assumed to allow the non-diverted water to be usethe alternative implementation
according to the reservoir operational mode. g5 shows the simulated flows to
Kansas for each of the management alternativese dlternatives failed to provide the
water requirements to Kansas, includin®rain150, Rech30Drain100 Drain100

Rech30Seep50Drain10@8ndSeep50Drain100
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Figure 7.5 — Colorado-Kansas state line simuldt®a in operational mode A for
considered Management Alternatives

Stream-Aquifer Interaction for Operational Mode A

The basin-wide stream-aquifer interaction modegtiagformance is evaluated to provide an
idea of the role in the comparative evaluation ltdéraatives. Basin-widé AR GeoDSS

predictions are presented to illustrate the bemafithe stream-aquifer interaction outside
of the groundwater modeled area. The ANN-basedigirens are analyzed for both the

main stem and the tributaries.

Analysis in the Groundwater Modeled Area
In the groundwater MODFLOW-MT3DMS modeled area, tAdR GeoDS$rediction is

compared against the MODFLOW-MT3DMS modeling. Tagional-scale performance
of the ANN predictions is analyzed using the natmre flow averaged over the simulated
period and over the six modeled grouping areas @,e7, 8, 9, 10, and 11) (Figure 4.2).
Although smaller scale comparison is possible (&y.grouping area), it is believed that

regional comparison is more descriptive of the grembnce in analyzing water
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management alternatives at the basin scale. Lasyability in the results is expected
when comparing results per grouping areas, withs aesults for some grouping areas
better representing the MODFLOW-MT3DMS modeled ®althan others. Only a portion
of grouping areas 6 and 11 are modeled in MODFLOWBMIMS; therefore, the
volumetric result should consider the discrepamtyeiited from the difference in the size
of the modeled areas. The net return flow is adegbfor each time step in each grouping

area as the Arkansas River accessions minus tletidep.

Return Flows Analysis
For the main stem, ANN-based net return flow andceatration prediction comparisons

include all grouping areas modeled in MODFLOW-MT3BM Figure 7.6 shows weekly
average net return flow comparison between MODFL8MWWBDMS and thelLAR
GeoDSS$Swhere the trend of return flow change is obsemarsd a reduction in return flows
is the most common result in both MODFLOW-MT3DMSJdrAR GeoDSSimulation.
In general, results show agreement in changestofnrdlow during simulation of the
management alternatives with larger under predistiof return flows than over
predictions, more often in management scenaridsdimgg drainage improvements. For
each of the alternatives, Figure 7.7 shows thdivelatandard deviation or coefficient of
variation (CV) over time and over grouping areathefcomputed net return flow. The CV
calculations reveal a larger spread of the resalttive to the mean in the MODFLOW-

MT3DMS predicted values than in thAR GeoDS$redicted values.
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Figure 7.6 — Arkansas River average net return fiatliin the MODFLOW-

MT3DMS modeled region for considered managemeatradtives

1.4

1.2~

UDME e JO UEIIWE00

Giulelp

nsulelp

00 Lutesp

05 LUesd

0o LueIgnsdass
oo LueIdnEy sy
nsuIelQosdaas
aulaseq
nsulelgogyaal
IATRER
xan_._a_n_IDQOm.m
II¥0Rdaas

00 LUIeIgnsdassoey s
nsdaasg

IETNER

ngdaasg
gozdwnd
nEYIRY
DZpaurpEdasg
p4&fI0406daaS
ITHEE
uIpeDnEdaas
auuBIHDEdaas
TN
oanonRdaas
nsdaagoeylay
ngyIay
psulelqoayey
uos4oRdass
IFTLEE

ETNER
nEdaasnsylay
nsuIelQoEdeasagyaa)
ITRER
DEdaagngyIay
DsUlelQDEdeasnayYIay

Management Alternatives

| B MODFLOWLMTIDMS B GeoDSS |

Figure 7.7 — Coefficient of variation of the ArkassRiver net return flow within the

MODFLOW-MT3DMS modeled region for considered marragat alternatives
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The LAR GeoDSSaverage net return flow predictions for the trébigs in the

MODFLOW-MT3DMS modeled region are compared in Fgut.8. Contrary to the
behavior observed in the Arkansas River return flmalysis, there is a clear tendency for
larger over predictions of return flow in drainaggrovement scenarios. It is likely that
this is due to the smaller alterations to explaryatariables in the drainage improvements
scenarios compared with other scenarios (only thanage intensity explanatory variable
is directly changed from the baseline). Furthepromements to the ANN prediction of
drainage improvement scenarios should considedelielopment of explanatory variables

that can capture the effect of the return of addél drained water to the river system.
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Figure 7.8 — Tributaries average net return flowhimi the MODFLOW-MT3DMS
modeled region for considered management alteemtiv

The CV values for the tributaries return flow pititins are shown in Figure 7.9. Spread

of both the MODFLOW-MT3DMS modeled andAR GeoDS%redicted values for the
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tributaries are larger than the spread in the AgkarRiver values. The increase of spread

between the Arkansas River and tributaries retlowsf is well represented by theAR

GeoDSSredictions.
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Figure 7.9 — Coefficient of variation of the trilades net return flow within the
MODFLOW-MT3DMS modeled region for considered marragat altenatives

The average error in the weekly return flow predictis measured using the root mean
squared error (RMSE). The RMSE for each of theagament alternatives is shown in
Figure 7.10. Even though average return flowshettibutaries are smaller than return
flows to the Arkansas the RMSE of both predictians in the same range, indicating a
relatively larger error in the prediction of théttary return flow. The maximum RMSE
for the tributaries return flow prediction was fauim thePump200scenario. The RMSE

for the Arkansas River return flow prediction is r@ainiform with relatively larger errors
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among alternatives with combined seepage, draiaagerecharge alternatives; seepage

improvements for individual canals; and drainagly atiernatives.
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Figure 7.10 — RMSE of the net return flow prediotielative to the baseline for the
Arkansas River within the MODFLOW-MT3DMS modeledjien for considered
management alternatives

Water Quality Analysis
Rather than analyzing the ANN-predicted return-flmencentration for the water

management alternative simulations, it is moreiggmt to analyze the salt load to the
river from the groundwater, calculated as the pcodif the predicted return flow and
concentration. This analysis allows observing geanin salt loadings to the surface
system due to implementation of the water manageatemnatives. Figure 7.11 shows the
average predicted weekly salt load to the Arkam&aer. Results show under-prediction
of the salt load for all the alternatives. Coreistunder-prediction in salt concentration is

the main reason for the under-estimation of satl$o Special consideration should be
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given in interpreting these results because o theLAR GeoDS$®utput is generated.
For cases where the ANN predicts a net depletimm & grouping area, the computedR
GeoDSSsalt load will be zero for this grouping area whil is computed at individual
MODFLOW-MT3DMS return flow cells within the grouggnarea for the groundwater
modeling summary. Although net depletions areenobmmon occurrence in this system,
these cases of zero salt loading lower the compdLAét GeoDS&verage salt load during
the simulated period. The CV of the computed katl to the Arkansas River in the
groundwater modeled area is shown in Figure 70L& ger variability in the CV values is
observable inLAR GeoDS®rediction. This is attributed to the combinatminerrors of

individual predictions of flow and concentratiorattare used to calculate the salt load.
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Figure 7.11 — Arkansas River average salt loadimitie MODFLOW-MT3DMS
modeled region for considered management alteegtiv
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Figure 7.12 — Coefficient of variation of the Arleas River salt load within the
MODFLOW-MT3DMS modeled region for considered marragat alternatives

Salt load to the tributaries as the product of piredicted return flow rates and
concentration is compared in Figure 7.13. Reslltsv a total salt load to the tributaries
smaller than the salt load returned to the ArkaRgasr. Over-prediction of the salt load is
observed for management alternatives with onlyndige improvements and only seepage
improvements, and under-prediction occurs for adtves with large reductions in areal
recharge and canal seepage. The CV of the saltdode tributaries is presented in Figure
7.14. In general, larger spreads are recognizebertributaries salt load relative to the
corresponding calculated values for the Arkansa®rRi TheLAR GeoDSSredictions

capture well the relative spreads with respedi¢éonhean of the modeled values.
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Figure 7.13 — Tributaries average salt load withmmMODFLOW-MT3DMS
modeled region for considered management alteemtiv
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Figure 7.14 — Coefficient of variation of the Trihties salt load within the

MODFLOW-MT3DMS modeled region for considered maragat alternatives
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The error in the prediction of average salt loadghe tributaries is summarized for each
alternative using the RMSE (Figure 7.15). The ntage and the variability of the
prediction of salt loads are larger for the trilnigts than for the Arkansas River. The wider
relative spread identified for the tributary modet®ncentration could influence the larger
salt loadings errors. The MODFLOW-MT3DMS modeledbutary return flow
concentrations have a higher variability than thedeted concentrations of the Arkansas
River return flow, which could facilitate the ANNggliction of the concentrations for the

main stem and consequently reduce the river satt RMSE compared to the tributaries

salt load RMSE.
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Figure 7.15 — RMSE of the salt load predictiontfoe Arkansas River and the
tributaries within the MODFLOW-MT3DMS modeled regifor considered
management alternatives
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Comparison of Predicted Changes Relative to the Baseline
Comparison of the change of predicted return floglative to the baseline return flows

reflects the relative ability of the ANN-based potidn to represent MODFLOW-
MT3DMS simulated changes in stream-aquifer intévactfor water management
alternatives. Although comparing predictions retato a predicted baseline value that
itself has errors associated with it can be mistgpdit is believed that this analysis
provides a framework for the relative comparisonl amalysis of water management
alternatives. Figure 7.16 shows the average @&anget return flow from the baseline
return flow for the Arkansas River in the MODFLOWIEDMS modeled area.LAR
GeoDSSwater management alternatives with larger predictegative change than the
corresponding MODFLOW-MT3DMS predicted change (ebgain 150) indicate a larger
return flow reduction predicted by theAR GeoDSS For all the considered alternatives,
the MODFLOW-MT3DMS modeled change of return flowsnfi the baseline averages -
81.9 acre-ftiweek (-101.0 x ¥@eek), ranging from -171.5 acre-ftiweek (-211.5 x
10%week) to 816.6 acre-ft/week (1006.5 x’fudeek). Figure 7.17 shows the comparison
of the average changes from the baseline of rékons to the Arkansas River, with each
point representing a management alternative aveckgamge in both MODFLOW-
MT3DMS and theLAR GeoDSS The points follow a linear trend with slope lovikan
45°, indicating larger over-prediction of the change farger MODFLOW-MT3DMS
modeled changes. The coefficient of determinatibthe fitted line is 0.79. For all the
water management alternatives, the RMSE of thegghan return flow predicted by the
LAR GeoDS%&nd the corresponding change modeled by MODFLOWBDNIS averages
109.3 acre-ft/week (134.4 x i*/week), ranging from 258.6 acre-ft/week (318.90% 1

m/week) to 15.13 acre-ft/week (18.6 Xhi¥/week).
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The trend of the changes from the baseline sugfests large fraction of the differences
shown in Figure 7.16 can be attributed to localilseder errors rather than to generally
biased predictions. Analysis of the CV of changeseturn flow from the baseline is
difficult to interpret due to the relatively smaWNerage change for some of the alternatives
resulting in large CV values. The results showdaCV values for both theAR GeoDSS
predicted and the MODFLOW-MT3DMS modeled alternegibut not necessarily with the
same magnitude and sign. Contrary to the findnegsrding errors in the average return
flow predictions, the larger CV differences (e-42.5 for Seep90Highlinescenario and 5
for Seep90FortLyorScenario) could not be associated with a particgtauping area;
therefore, discrepancies in relative spreads oflipied and modeled change from the

baseline is found across all alternatives and gngugreas.

MODFLOW-MT3DMS modeled alternatives showing smalsipive change, indicating an

increase of the return flow relative to the bagglcorrespond to alternatives with localized
improvements. Although the ANN explanatory vargblcan capture changes in the
system stresses due to the improvements, it isvaglithat the differences observed in the
results are a consequence of localized effecthiengtoundwater model that cannot be
captured well in the generalized ANN predictionheTsame reasoning of localized effect

could apply for the single pumping scenario.

Figure 7.18 shows the average change of returngi@dictions from the baseline for both
the LAR GeoDS&nd MODFLOW-MT3DMS modeled values in the tribugati In this
case, there is a consistently larger reductioretfrn flow in the areal recharge reduction

scenarios modeled by tHeAR GeoDSSand a consistently smaller reduction of return
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flows in the drainage improvement scenarios. Tleeseparative differences in predictions
can result from the difficulty in predicting highlgcalized tributary return flow changes
using explanatory variables that are defined fayugmng areas that capture regional
changes in system stresses. For all the considéterdatives, the MODFLOW-MT3DMS
modeled change of return flows to the tributariesnf the baseline averages -66.2 acre-
ft/week (-81.65 x 1dm>/week), ranging from 202.5 acre-ft/iweek (249.7 X téweek) to
4.0 acre-ftiweek (4.9 x fan*/week). The average RMSE of change of return fimm

the baseline predicted by theAR GeoDSSand MODFLOW-MT3DMS is 60.0 acre-
ftiweek (74.0 x 1 m*week), ranging from 132.0 acre-ft/week (162.8 X ffiweek) to

8.0 acre-ft/week (9.8 x $on*/week)
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Figure 7.18 — Net return flow prediction changetigk to the baseline for the
tributaries within the MODFLOW-MT3DMS modeled regifor considered
management alternatives
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The comparison of the average changes for eachhef alternatives between the

MODFLOW-MT3DMS modeled and the LAR GeoDSS is shawrFigure 7.19. The

points representing each alternative are fittea fonear function indicating a trend that

under-predicts changes for larger MODFLOW-MT3DMSarges and represents fairly

well small changes, except for the localized improent alternatives with average

negative changes modeled in MODFLOW-MT3DMS.
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Figure 7.19 — Comparison of the change from thelbsesof return flow to the

Salt load change from the baseline is compareddstwtheLAR GeoDS$rediction and

the MODFLOW-M3TDMS modeled values in Figure 7.20 foe Arkansas and Figure

7.21 for the tributaries.

These results are thedymet of the flow and concentration

predictions, therefore exhibiting both predictiomoes. Results are presented excluding



280

grouping area 11 which was shown in the flow ansli® contribute large discrepancies

due to the modeled features outside the MODFLOW-DNI$ modeled area.
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Figure 7.20 — Computed salt load prediction chaetgive to the baseline for the
Arkansas River within the MODFLOW-MT3DMS modeledjien for considered
management alternatives

The largest discrepancies in Figure 7.20, wheraghan theLAR GeoDS%®rediction is
larger than change in the MODFLOW-MT3DMS predictionply under-prediction of salt
loads to the Arkansas River. These discrepamaceemainly caused by a consistent under-
prediction of return flows in grouping area 10 cameld with a larger reduction of salt
concentration than that modeled by MODFLOW-MT3DM3he system stress changes
modeled in the water management alternatives ardehao be fully captured by
explanatory variables within small areas, espgciathen few irrigated fields and canal

diversions intersect the grouping area (e.g., gnguarea 10); therefore, changes relative to
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the baseline in these areas are expected to hesedpability to adequately represent the

MODFLOW-MT3DMS modeled changes.
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Figure 7.21 — Computed salt load prediction chaetgive to the baseline for the
tributaries within the MODFLOW-MT3DMS modeled regifor considered
management alternatives

A large portion of the discrepancies in Figure 7h2gtween the AR GeoDSS®omputed
and MODFLOW-MT3DMS modeled salt load change ocaug tb results from grouping
area 6. Besides this grouping area being partmatigeled in MODFLOW-MT3DMS, it
includes a MODFLOW-MT3DMS modeled tributary thabsses into groping area 7
where it converges with the Arkansas River. Altfouhe length of this tributary line
within the network is 6.5 km, the MODFLOW-MT3DMS nheled length of the tributary
inside grouping area 7 is less than 1 km; therefibve tributary is not modeled IbAR
GeoDSS Not modeling this tributary neglects the retflaws inside area 6, contributing

an underestimation of return flow in this area.
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Description of Sources of Uncertainty in the Stream-Aquifer Interaction Modeling

Although direct coupling of MODFLOW-MT3DMS and G&ODSIM could provide
stream-aquifer interaction modeling LAR GeoDSSthe ANN-based methodology to
model stream-aquifer interaction iR GeoDS%llows the simulation of conjunctive use
of surface and ground water quantity and qualitsirbavide utilizing results from only a
partial coverage of the basin for which detailetadend MODFLOW-MT3DMS model
results were available. Discrepancies presentditeiprevious sections are in large part a

result of the uncertainty in the implemented methogly.

The basin-wide simulation of return flows and sadihcentrations require introducing
procedures that increase the uncertainty in theligirens observed during the ANN

training and testing stage. The ANN priming pragedestimates a likely starting
condition based on calculated explanatory variafdeshe initial time steps but it could

introduce a false start error that will propagaterothe entire simulation period. The
modeled process memory in the ANN explanatory e represented by the inclusion
of previous time step conditions of the systemansther source of uncertainty. Basin-
wide predictions require the use of previously mted values (i.e., return flows and
corresponding concentrations) as explanatory vi@sabesulting in a propagation of errors
that is magnified by the false start error. Siriates for this case study start in a
historically wet period (i.e., April 1999) increagi the usual instabilities and oscillations
associated with transient finite difference modeiial time steps. Although the

MODFLOW-MT3DMS results for the very first time ste@are excluded from the ANN

training, the ANN-based simulation still requiraglictions over the initial time steps to

guide future predictions. Off-track predictions foe initial time steps could be a cause for
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the entire simulation predictions to stay off-tragk mentioned in the salt loadings analysis
where some of the concentration predictions aréoumiunder prediction of the change

from the baseline.

Basin Scale Predictions

The basin-wide ANN-based predictions of averagereteirn flow to the Arkansas River
and tributaries are shown in Figure 7.22. Althougfhress magnitude and change
characteristics may be different when analyzechathasin scale relative to the regional
MODFLOW-MT3DMS modeled area, the results show mtuls in the range of those
obtained for the modeled area (see Figures 7.67a8)d Basin-wide predictions of
changes (generally reductions) in net return floanf the baseline are similar to those
analyzed in the previous sections for R GeoDS$Predictions within the MODFLOW-

MT3DMS modeled area.
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Figure 7.22 — Basin-wide average predicted netmdtaw per consider water
management alternative
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The spread of the basin-wide predictions is andlyzemputing the CV over all grouping

areas and time periods for each water managentemative. Figure 7.23 shows the CV
for both the Arkansas River and tributaries netirretflow predicted byLAR GeoDSS
Over all the simulated water management alternstitree relative spread of tributary net
return flow predictions at the basin scale tendaolarger than the corresponding CVs
computed within the MODFLOW-MT3DMS modeled areantrarily, the Arkansas River
net return flow prediction spread are in generauced in the basin-wide prediction
compared to the regional predicted CVs. Changekdrributary prediction CVs at the
basin scale are attributed to the dissimilarityriifutary features modeled in the grouping
areas across the basin since length and dengsitypadéled tributaries can change markedly
from one grouping area to another. On the othadhArkansas River net return flow is
predicted for similar lengths of stream in all goowg areas favoring predictions that
maintain the relative spread, as observed. Fucthreglomeration of predictions around the
mean can be attributed to less variability of thenputed explanatory variables compared

with the corresponding values within the MODFLOW-8OMS modeled area.
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Figure 7.23 — Coefficient of variation of the basiide LAR GeoDS$redicted net
return flow for considered management alternatives

Basin-wide predicted salt loadings and their reéatthange among the simulated water
management alternatives are shown in Figure 7.Bésed on the observed average
MODFLOW-MT3DMS modeled values of salt loadings, theR GeoDS®redicts basin-
wide salt loadings that are reasonable, likely igthe same under-prediction tendency
identified in the previous analysis for predictiomside the MODFLOW-MT3DMS
modeled area. No appreciable differences are foehdeen the CVs of tHeAR GeoDSS
predicted salt loadings computed basin-wide andehathin the MODFLOW-MT3DMS

modeled area, as presented in Figures 7.12 and 7.14
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Figure 7.24 — Basin-wide salt loading to the ArkanRiver and tributaries predicted
by theLAR GeoDS$or considered management alternatives

River Water Quality for Operational Mode A

The predicted river basin soil and water qualitynproved through the implementation of
the management alternatives. Dilution takes plabéewunning the non-diverted river

water through the system, replacing more-concettragturn flows with less-concentrated
non-diverted water. For the water managementratimes simulated, improvements in
water quality throughout the system were evaluatsitig the average simulated TDS
concentrations at key points in the river. Therage simulated concentration at the
system diversion points indicate improvement in Weder applied to the fields with a

consequential increase in crop yield and betteem@iality for municipal and industrial

use, reducing water treatment costs. Figure 7r2Septs a summary of the average
concentrations of the basin-wide diverted water tfer simulated alternatives. Results

show an overall reduction in concentration at tiverdion points relative to the historical
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concentrations. This concentration reduction issed by a dilution effect of water that is

not diverted during the management alternativesilsition, replacing more concentrated
return flows. Management alternatives with indigant change in the diverted water
concentration correspond to the alternatives vattalized area of influence, such as the
single canal seepage improvement alternatives. rébalts show that the best average
diverted water concentrations are achieved withcthrabined alternatives, the best being
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Figure 7.25 — Average diverted water concentrgb@nmanagement alternative in
operational mode A

Management alternatives that lower the average erration of the diverted water
improve the quality of the soil by reducing thet $ahding to the soil during irrigation, and
also imply lower treatment costs for municipal ussulting in a net basin-wide benefit.
The reduction in concentration of diverted watesoalemonstrates the basin-wide benefit
of replacing saline return flows with less concetetd non-diverted water. In addition, the

previous results imply that, in most of the altérress, water transported in the surface
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system has a lower concentration than that undszliba conditions. Therefore, it could
be inferred that water depleted from the streamcama@ls will have a lower concentration
than the modeled water in the baseline, therebtribating to further improvement in the

aquifer water quality.

The predicted salt concentration of flows deliveted Kansas demonstrates that the
management alternatives not only provide the volwihwater that meets the Arkansas
River Compact, but also cause improvement in thiemguality. Figure 7.26 summarizes

the average concentration of the simulated flowsided to Kansas, with larger reductions
corresponding to alternatives with basin-wide ieflae and more intensive intervention
and smaller or insignificant reductions correspogdio alternative with small area of

influence or moderate to low levels of improvememhplementation of the management
alternatives produces changes in total salt loatileatColorado-Kansas state line. Figure
7.27 shows the average salt load per week in feivise Colorado-Kansas state line. Most
of the alternatives result in reductions in saldimgs; however, alternatives with the

largest increase in water volume to Kansas relativibe baseline result in an increase of

salt loadings.
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management alternatives
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Management Alternative

Salt loading change at the Coloradodés state border for considered

Figure 7.27

management alternatives

ohn Martin Reservoir Salt Transport for Operational Mode A

Water quality entering John Martin Reservoir wasalyed to observe potential

improvements in water released from the reser¥gure 7.28 shows a summary of the
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total salt entering from the Arkansas and PurgatBirvers and leaving the reservoir during
the simulated period per management alternatiadt I&&ad entering the reservoir is used to
sort the alternatives display. Results show aatsaiu of salt load entering and leaving in
almost all of the alternative simulations compatedhe baseline, indicating an overall

lower salt transport through out the system.

The averages of the water quality transport cdefiiEquation 7.24) for the management

alternatives are presented in Figure 7.29. Thé#iciest T, is greater than one (averaging
T = 1.37) for all alternatives, corroborating theemien that in all cases the salt load

released from the reservoir is greater than the émdering the reservoir. The ANN-based
simulation in many alternatives resulted in aneaase in the transport coefficient, thereby
indicating a net larger salt load released per loail entering the reservoir. The increase
in salt loads released from the reservoir is mibsllyl associated with the larger flows

being released in this operational mode. As aotyrsheck, assuming that at least the
baseline reservoir release flows are duplicatedhm releases occurring under each
alternatives, the lower salt loads leaving the rkese most likely imply a lower

concentration downstream.
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Figure 7.28 — Salt balance in John Martin Reserfasioperational mode A for

considered management alternatives
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Figure 7.29 — John Martin Reservoir water qualignsport coefficient in operational

mode A for considered management alternatives

Remarks on Results under Operational Mode A

Although, in this mode the reservoirs did not stadeitional water and release it to match

baseline return flows, the mode assumes that (I)sals in the basin participate in the

program (i.e., less water is diverted) and (2)rtbe-diverted water runs downstream along
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the river within the same time step. Therefore, docurrence of relatively small or no
shortages indicates that the dynamics of the systeaid allow implementation of several
management alternatives with minimum changes topieeating polices. In the case that
the water allowed non-diverted flows could be eak®a for agricultural activities, this
water could be added to the natural flow and irswesvailable flows to downstream users
in the basin. In this situation, junior diversioist historically diverted less water than
their actual water demand could divert more to naeger demands, without implying non-
participation in the program and without bringingma agricultural land into production. It
is important to point out that the simulated peneab historically a transition from wet to
dry conditions. The stream-aquifer system mod&egdrobably in transition to a new
dynamic equilibrium that is going to affect therafge water requirements, requiring more
water from storage if return flows are reduced otlee new dynamic equilibrium is
reached. Extending the simulation period will @dvehe storage requirement for this

dynamic equilibrium condition.

The analysis of the stream-aquifer interaction riindein the LAR GeoDSSeveals
reasonable agreement in the percentage of the eobinange from the baseline net return
flows. Comparisons between the regional MODFLOW3BMS-modeled results and the
basin-wideLAR GeoDSSesults show a reasonably similar tendency (digection of
change) in the overall predictions. Average saitcentrations of aquifer return flows in
MODFLOW-MT3DMS for the simulated alternatives shalwvemall disagreement with
respect to the baseline concentrations. Changewerage return flow concentrations
modeled by MODFLOW-MT3DMS relative to the baselif@ all the management

alternatives ranges from -32 mg/L and +96 mg/L,clvhin most of the cases is expected to
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be smaller than the average ANN predicted conagmtrarror due to the ANN imperfect
explanatory variables and the ANN priming procedurierefore, it is believed that return
flow concentrations for alternatives simulatedhe tAR GeoDSSvith average predicted
concentrations that fail to agree with the directd the change modeled in MODFLOW-

MT3DMS have little impact on interpretation of tresults.

Table 7.3 shows a summary of the performance ofdhsidered management alternatives
for the primary evaluation criteria. Total watemogages greater than 100 acre-ft
(123,348.2 M) during the simulated period are considered inié@sind labeled asrge,
while small shortages are defined as those grézerzero and less than or equal to 100
acre-ft. The system end-of-storage is comparel thi¢ historical volume, considering
lower conditions to be those where water is left in tégervoirs but is lower than the
historical volume. The reservoir system conditomptyoccurs when there is no water left
after the simulation and is considered as infeasit3imulations that are unable to match
historical flows at the Colorado-Kansas state &ne inviolation with the Arkansas River
Compact, therefore they are considered as infeasiblhe stream-aquifer interaction
predictions are presented in three groups basdtdeoArkansas River and tributaries sum
of RMSE in change from the baseline. The alteveatwith a RMSE sum smaller than
150 acre-ft/week are placed in themaller error group, and alternatives with RMSE sum
larger than 250 acre-ft/week are theger group, all other alternatives are in therage
group. Similar methodology is used to classify evatuality predictions for the
alternatives, using the RMSE sum of the differeoicealt load change from the baseline.
The categorysmalleris assigned to the sum of RMSEs smaller than 3@Qvaek, the

larger category is assigned to alternatives with sumMBE larger than 600 ton/week and
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the averagecategory is used for alternatives sum of RMSEsvéen thesmaller and
larger groups. The average salt concentration of the floKansas is compared with the
historical. Average concentration changes witHa &f the historical concentration are
considered asame concentration reductions of up to or equal t%Xff the historical are
grouped intogood concentration reductions between 10% and 20%geraped into

better and improvements in TDS concentration of more @@% are categorized bsst

This table can guide decision making for implemgoaof the management alternatives
and help focus efforts on future modeling refinetaesuch as improvements in drained
water modeling, return flow modeling for type okrarios with larger errors, and longer

term modeling for lower than historical end of afye alternatives.
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Table 7.3 — Summary Management Alternative Perfomador System
Operational Mode A

Alternative Name Water End-of- Relative Aquifer- Flow to Kansas
Shortages Simulation Stream Interaction (Ark. River
Storage Modeling Error Compact)
Relative to Quantity Quality Quantity Quality
Historical

Drain100 Large Empty Average Larger Violation Good
Drain150 Large Empty Average Larger Agreement Good
Drain50 Large Empty Larger Larger Violation Same
Drain75 Large Empty Average Larger Agreement Good
New_rech50Seep50 N/A N/A Agreement

Pump200 None Equal Average Average Agreement Best
Rech10 Agreement Same
Rech20 Agreement Good
Rech30 Agreement Good
Rech30Drain100 Large Empty Average Larger Violation Good
Rech30Seep50 Average Average Agreement
Rech30Seep50Drain100 Large Empty Larger Larger Violation Good
Rech40 Agreement

Rech50 Agreement Good
Rech50Drain50 Large Empty Larger Larger Agreement Good
Rech50Seep90 Larger Larger Agreement Best
Rech50Seep90Drain50 Larger Larger Agreement Best
Rech60 Average Average Agreement

Rech70 Average Average Agreement

Rech80 Average Average Agreement
Rech80Drain50 Large Empty Larger Larger Agreement
Rech80Seep90 Larger Larger Agreement Best
Rech80Seep90Drain50 Larger Larger Agreement Best
Rech90 Larger Average Agreement

Seep50 Equal Agreement
Seep50Drain100 Large Empty Average Larger Violation Good
Seep70 Equal Average Agreement

Seep90All Equal Average Average Agreement
Seep90Catlin None Equal Agreement Same
Seep90Drain50 Larger Agreement
Seep90FtLyon None Equal Agreement Good
Seep90Highline None Equal Agreement Same
Seep90Holbrook Equal Agreement Same
Seep90Lined20 Equal Average Average Agreement
Seep900tero Average Agreement Good
Seep90RockyFd Equal Agreement
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Reservoir Operational Mode B

In this reservoir operational mode, the baselio@d$land concentrations failed to match the
calibration values, contrary to the situation ofbedrin the Mode A. The baseline
calibration network, calledalibration, in Mode B used historical storage target levels a
the baseline case stored water using the reservoir layer belgnalgorithm. The
management alternatives are compared against gediriea since they will use the same
storage allocation algorithm. The computed watmahds for this operational mode

result in the same amounts as for Mode A (see EigLi).

Water Allocation and Shortages for Operational Mode B

Water shortages are summarized for this operatimoale to identify alternatives that are
unable to meet the water rights and river compegtirements. Figure 7.30 shows the
water demand shortage per alternative. Guaramgtelkeéadequate water rights allocation
requires that there can be no water shortagestnatiges with significant shortages are
flagged as infeasible unless additional actioraken to supply the required water. Table
7.4 lists alternatives with significant shortagaescontrast to the Mode A results. All
alternatives not listed in Table 7.4 exhibit zeratev shortages. Comparing Table 7.4 and
Table 7.2, it is evident that improvements are fingant to render any of the alternatives
in Table 7.2 as being feasible. In most casesg tisea slight increase in total shortages due

to changes in return flow patterns caused by aibesin the system operation rules.
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Table 7.4 — Management Alternatives with Water &g®s in Operational Mode B

Alternative Name Water Shortage
[Acre-ft]
Rech80Drain50 10557
Drain50 20901
Rech50Drain50 28811
Rech30Seep50Drain100 85461
Seep50Drain100 92853
Drain75 95170
Rech30Drain100 156393
Drain100 160524
Drain150 273136
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Management Scenario

Figure 7.30 — Management alternatives water dershaodage for operational mode
B for considered management alternatives

Reservoir Storage and Operation for Operational Mode B

In this mode the reservoir layers and costs wetesgeas to duplicate the historical
operation. The reservoir priorities were set inhsaavay that all of the water demands and
river compact requirements are satisfied. Sings thode allows storage above the
historical storage, results should show the mdgtieft allocation of water by storing non-
diverted water and releasing strictly the wateunegl to satisfy water rights and the river
compact. The end-of-simulation system storagecfmh alternative is plotted in Figure

7.31, including the baseline for comparison. Aanfb for Mode A, alternatives with
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shortages show no water stored in the reservotteagnd of the simulation, indicating the
lack of enough resources in the system to makewughé changes in return flows. Table
7.5 shows the end-of-simulation storage for theradttives, with theadditional storage

column corresponding to the difference in end-oftdation storage between the baseline

and the given alternative.

Table 7.5 — Alternatives End-of-Simulation Resen&torage (operational Mode B)

Alternative Name Additional End-of-simulation Alternative Name Additional End-of-simulation

Storage Storage Storage Storage

[Acre-ft] [Acre-ft] [Acre-ft] [Acre-ft]
Drain100 -145192 0 Rech50Seep90Drain50 -5788 139404
Drain150 -145192 0 Rech80 -2656 142536
Drain50 -145192 0 Baseline 0 145192
Drain75 -145192 0 Calibration 0 145192
Rech30Drain100 -145192 0 Seep90Holbrook 4337 149529
Rech30Seep50Drain100 -145192 0 Rech90 8839 154031
Rech50Drain50 -145192 0 Seep90Catlin 25912 171104
Rech80Drain50 -145192 0 Seep90Highline 27123 172315
Seep50Drainl100 -145192 0 Rech80Seep90Drain50 45088 190280
Rech40 -24927 120265 Rech30Seep50 53520 198712
Rech30 -24566 120626 New_rech50Seep50 58575 203767
Rech50 -22005 123187 Seep50 62388 207580
Seep90Drain50 -21107 124085 Seep90FtLyon 79419 224611
Seep900treo -19487 125705 Seep70 97235 242427
Rech20 -19099 126093 Seep90All 138927 284119
Rech60 -17434 127758 Seep90Lined20 138927 284119
Rech10 -12921 132271 Rech50Seep90 150337 295529
Rech70 -11286 133906 Rech80Seep90 197779 342971
Seep90RockyFd -9870 135322 Pump200 364534 509726
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Figure 7.31 — Management alternatives end-of-sitiiriagystem storage in
operational mode B

Stored water at the end of the simulation indicdteg the alternative implementation
produces water that can be used to further impmater quality in the system or in
environmental programs and if water law allowspitpvides possibilities of additional
appropriation. This water could be released onaehto reach water quality goals at
selected points in the system. The possibilitytofisg and releasing this additional water

in the actual system requires further investigatiod negotiation with river administrators

and system operators.

Arkansas River Compact Compliance for Operational Mode B
The Kansas flow check summary is presented in EiguB2. Operational mode B

provides, if available, exactly the river compaajuested water. This mode is able to store
any additional water by releasing only what is 3saey. Thd2ump200alternative is the
only one that provides Kansas with additional wat@his alternative includes vertical

drainage water downstream of John Martin Resertlmat cannot be retained in the
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reservoir by exchanges for the releases. Excaptalternative Seep50Drain100the

alternatives with zero storage at the end of theulsition (Table 7.5) violate the river

compact at some point in the simulation.
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considered management alternatives for considesthgement alternatives

Aquifer-Stream Interaction for Operational Mode B

Although, in this operational mode the modeledastr@aquifer interaction is expected to
slightly change from that in Mode A due to chanmgeiows in the Arkansas River and in
diverted water, as shown in Chapter 6, there ig ardmall difference in the return flow
prediction between Mode A and Mode B. For prattparposes, the stream-aquifer

interaction results are assumed to not changefisigmily in comparison to Mode A (see

Figures 7.12, 7.13 and 7.14).
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River Water Quality for Operational Mode B

The simulated water management alternative imprevesnin the system water quality at
the diversion points are summarized in Figure 7.838mparison of the change in average
diversion TDS concentrations between Mode A andBeich alternative indicate that
Mode B has a tendency to provide diversion watdéh slightly higher concentrations than
Mode A. The more concentrated diversions are chbgyestoring any additional water
upstream in the reservoirs in Mode B, instead tdasng it to flow downstream as in
Mode A. The average change in diversion conceotras 36.7 mg/L (less than 4%
change from the average concentration computedoitieM\), the maximum is 109.4 mg/L
and the minimum is -35.5 mg/L over all alternativéthe water management alternatives
showing a decrease in the diverted concentratione: aRech80Seep90
rech50Seep90Drain5M@rain150 Seep50Drain100drain10Q drain75 Rech30Drain100

andRech80Seep90Drain50.

Figure 7.34 illustrates the simulated average TD&centration of the water provided to
Kansas. In general, results show a marginal isergaconcentration as compared with the
Mode A simulated concentrations. For all managenaéiernatives with lower average
TDS concentration than the baseline in ModeS&ep90Holbrooks the only alternative
that shows a higher concentration in Mode B. Thange in average concentration
between the operational modes per alternative ésvshin Figure 7.35. The average
change in concentration of 41.4 mg/L reiterates dherall higher concentration in the

Mode B simulations as a consequence of the lowearsfthrough out the system.
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Figure 7.34 — Average TDS concentration provideldosas in operational Mode B
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Figure 7.35 — Change in TDS concentration in fleavKansas between Mode A and
Mode B for considered management alternatives

John Martin Reservoir Salt Transport for Operational Mode B

Total predicted salt loads entering and leavinghJitartin Reservoir under Mode B are
presented in Figure 7.36. With the exception REch80Seep90Drain5tand
Rech80Seep90esults show a decrease in salt load from theaslis and Purgatoire
Rivers to John Martin Reservoir. The average lealliction in the Mode B alternative is
85,080 tons. The salt released from the reseteons to increase by 105,483 tons on

average. The average water quality transport ictexit for each management alternatives
is presented in Figure 7.37. The average salspan coefficient T, = 1.53) for Mode B

increases slightly from the average for Mode A, higsly due to the reservoir operation
reduced releases compared with Mode A. The oidyredtive with a transport coefficient

value less than one Fump200
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Figure 7.37 — John Martin Reservoir water qualiagnsport coefficient for
alternatives

management alternatives under operational Mode Bdosidered management
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Detailed results on system performance for all gangent alternatives under operational

Mode B can be found in Appendix VIReservoir Operational Mode. B
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Remarks on Results under Operational Mode B
The comparison of simulation results between madleend B show marginal positive

effects in the river water quality, and in someesadetrimental impacts in using Mode B
reservoir operation. However, these results amgea®rd since less water is moving
downstream because it is being stored in the regsrvThe real benefit of Mode B is in

having additional end-of-simulation storage, siaggotential environmental improvement
could be achieved by releasing the additional wateneet water quality targets at selected
locations within the basin, maximizing the effeofsthe water management alternatives

implementation.

This reservoir modeling approach assures exachgetefrom the reservoirs to meet all
water demands, which could result in no releasgsined for weeks. This situation creates
problems in the water quality calibration since Bimazero flows in the main stem amplify
the effects of salt contributions from the tribigar thereby making calibration more
difficult. The effect of small or zero flows indfriver causes spikes of high concentrations
that can affect the ANN-based reservoir salt trartssults. This aspect of the reservoir
layer balancing approach should be addressed urefutefinements of the modeling

system.

Table 7.6 shows a summary of the performance ofrifweagement alternatives in relation
to specified evaluation criteria. The table sumreesrlarge water shortage for the
simulated period when greater than 100 acre-fe réservoir system storage is categorized
depending on the end-of-simulation storage witlpees to the historical, witlempty
assigned to infeasible simulations having dry conk in the reservoirs. Management

alternatives are categorizedviolation with the Arkansas River Compact if the simulation
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results are unable to provide at least the histbfiows to Kansas. The average salt
concentration is compared with both the historarad the operational Mode A. Average
concentration changes within 5% of the historicahaentration are considered s@me
concentration reductions of up to or equal to 1G%he historical are grouped ingmod
concentration reductions between 10% and 20% arxgogd intdbetter, and improvements
in TDS concentration of more than 20% are categdrasbest This table helps identify
alternatives that would be more intricate to impetand alternatives with more potential

for water quality improvement.
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Table 7.6 — Summary Management Alternative Perfocador System Operational

Mode B
Alternative Name Water End-of- Flow to Kansas
Shortages Simulation Ark. River Concentration Conc.
Storage Compact relative to Change
Relative to historical From
Historical Mode A

Drain100 Large Empty Violation Same
Drain150 Large Empty Violation Same
Drain50 Large Empty Agreement Good Same
Drain75 Large Empty Violation Good Same
New_rech50Seep50 None Above Agreement Higher
Pump200 None Above Agreement Good Higher
Rech10 None Agreement Same Higher
Rech20 None Agreement Same Higher
Rech30 None Agreement Good Higher
Rech30Drain100 Large Empty Violation Same
Rech30Seep50 None Above Agreement Good Higher
Rech30Seep50Drain100 Large Empty Violation Higher
Rech40 None Agreement Good Higher
Rech50 None Agreement Good Higher
Rech50Drain50 Large Empty Violation Higher
Rech50Seep90 None Agreement Best Higher
Rech50Seep90Drain50 None Agreement Best Lower
Rech60 None Agreement Good Higher
Rech70 None Agreement Higher
Rech80 None Agreement Higher
Rech80Drain50 Large Empty Violation Higher
Rech80Seep90 None Above Agreement Best Lower
Rech80Seep90Drain50 None Above Agreement Best Lower
Rech90 None Above Agreement Best Higher
Seep50 None Above Agreement Good Higher
Seep50Drain100 Large Empty Agreement Lower
Seep70 None Above Agreement Good Higher
Seep90All None Above Agreement Good Higher
Seep90Catlin None Above Agreement Higher
Seep90Drain50 None Agreement Good Higher
Seep90FtLyon None Above Agreement Same Higher
Seep90Highline None Above Agreement Same Higher
Seep90Holbrook None Above Agreement Higher
Seep90Lined20 None Above Agreement Good Higher
Seep900tero None Agreement Higher
Seep90RockyFd None Agreement Higher

ANALYSIS OF STREAM-AQUIFER RESULTS

The stream-aquifer interaction results need to terpreted in the context of the
MODFLOW-MT3DMS modeling, thereby analyzing the dquiflow budget components
to understand changes in the aquifer behavior umdgous management alternatives.

MODFLOW-MT3DMS output files were processed usingo@4ODFLOW, where the
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flow budget components were summarized for thereergimulated area, to compare
volume differences between a sample managemematitee and the baseline simulation.
The MODFLOW flow budget is composed of: Aquifer Gige, Wells, Rivers, Recharge,
Evaporation (up-flux from the water table), Draisgagnd General Heads (Seepage). Net
changes in these components from the baseline aimulare examined for the water
management scenari®ech50 which reduces irrigation-induced areal aquifaheege by
50 percent. In this comparison, results show tlewing tendencies: (1) areal recharge
reduction, (2) canal seepage increase, (3) reductiopflux from the water table, (4) net
return flow decrease, (5) aquifer storage decrease, (6) no change in the pumping.
Although the management scenario only includesateaiuin the areal aquifer recharge,
changes in the water table depth affect the systgmamics including computed canal
seepage, return flow, and upflux. Figure 7.38 cispiveekly changes in MODFLOW flow

budget components between Bech50scenario and the baseline simulation.
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Figure 7.38 — MODFLOW Flow Budget components chaliog&0% areal recharge
reduction alternative compared to the baseline

For understanding the changes to the groundwatgersy the terms implying water
additions (gains) to the baseline aquifer condgiane combined together. Components
resulting in more water available to the aquifeiude river return flow reductions, canal
seepage increases, and the reduction in upflux fremwater table. In contrast, areal
recharge reduction represents less water to thé&eadfrrigation losses) during the
alternative  modeling. Figure 7.39 presents the paoison between the
additions/subtractions to the baseline aquifer walée difference between additions and
subtractions in Figure 7.39 indicates the changaquifer storage. The total simulated
aquifer gains are 2.00x30n® (162,142 acre-ft) and the total simulated aquifeses are
2.28x10 m® (185,004 acre-ft), indicating that approximately?d®f the water lost was
derived from aquifer storage depletion. FigureD7shhiows the change in aquifer storage

from the baseline storage, where positive valudgate release of water from storage and
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negative values represent additional water to georaThe accumulated storage over the
simulated period shows that during this alternasumulation, the aquifer storage is
depleted. Since the river return flows are they @lyinamic component of the flow budget
modeled in the basin scale modeling system, th&esiqiepletion reflects a net gain of
water to the surface system. Since the areal rgelvaduction amounts are not diverted at
the canal head gates, while the aquifer return fleductions are less than the reduction in

areal recharge, a false impression of water sawiagde created.
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Figure 7.39 — Aquifer water balance change frombidmeeline conditions in Rech50
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Figure 7.40 — MODFLOW Aquifer storage change fréma baseline storage in
Rech50 alternative

The true water savings could occur from the portibthe reduced upflux amounts located
under fallowed and naturally-vegetated areas. il dliernative simulation, the simulated
total upflux reduction is 25.1x20n* (20,348 acre-ft), representing approximately 10% of
the modeled recharge reduction. Assuming a unifguftux reduction over all the fields in
the modeled area, a quick approximation of thenii@lewater saved under this scenario as
a function of the aquifer recharge reduction volwae be performed using the percent of
fallow fields for a given year. As an example 8203, the percent of the fallow fields in
the modeled area reaches almost 50% of the figldgentially representing a 5%
[1/2*(10%)] of the areal recharge reduction as mgater savings as consequence of the
alternative implementation. Current studies inAlnkansas Valley are attempting to better
quantify ET from fallow and naturally-vegetatedldi® for better approximating actual
water saved from the reduced diversion due to lmgesf the water table and associated

reduction in upflux to ET. Most likely, the implemtation of these kinds of alternatives
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will drive the system to a new long-term equililbbndhat might include less aquifer storage
than the baseline equilibrium state. In conclusitiee simulated results for this
management alternative reflect the best possibpgawements in the system quality and
feasibility because of aquifer storage water madalable to the surface system for

dilution and for meeting downstream water obligasio

In summary, the groundwater modeling results oBi@ercent reduction in areal recharge
alternative reveal changes in all components ofM@DFLOW-MT3DMS flow budget,

even though this alternative only directly impatiie aquifer recharge. Changing the
aquifer dynamics by lowering the water table has ¢bnsequence of increasing canal
seepage, reducing upflux, and reducing aquiferagear As expected, return flows are
shown to decrease, but in smaller amounts thameithgction in recharge; i.e., the non-

diverted water exceeds the reduction in return$low

The canal seepage change observed in this rechmadyetion alternative simulation
exposes an inconsistency in the basin-scale mapsiice theL,AR GeoDSSlternative
manager takes into account only changes in the imgdeystem explicitly stated in the
alternative. Future refinements of the modelingteay need to correct the canal seepage
change as a consequence of indirect impacts ohémagement alternatives. In the current
system, the assumed canal seepage affects the Alldnatory variables. However,
errors introduced by neglecting changes in canapage are expected to be minimal
because the ANN training is based on the originalyumed seepage amounts (i.e., first
pass results) that did not include the changesepage. The ANN is trained with a canal

seepage explanatory variable that does not indlueléndirect adjustment. That is, since
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the ANN is trained to duplicate the MODFLOW-MT3DM8odeled return flows that

include all components of the flow budget, the atreaquifer interaction predictions are
expected to have less error by using the origiradlyumed canal seepage as a fraction of
the diversion. A more significant error can beeotpd in the diversion reduction because
the increase in canal seepage requires additiomalstbns to overcome these additional
losses. Therefore, the modeled diversion reductiactually greater than what it should

actually be.

SUMMARY OF MANAGEMENT ALTERNATIVES MODELING
Analysis of the MODFLOW-MT3DMS modeling results eals the interrelationship

between the modeling components, enhances unddirgjaof the management alternative
modeling results, and reinforces confidence ingbeerful stream-aquifer representation
methodology implemented ihAR GeoDSS Groundwater modeling analysis of the
Rechb50alternative shows additional water available ® sbrface system during the basin
scale simulation of the management alternatives ttueaquifer depletion without

representing water savings to the system. Howdévere is a portion of that water actually

saved by reducing upflux to ET on fallowed fieldslanaturally-vegetated areas.

The simulation of management alternatives that wereincluded in the MODFLOW-
MT3DMS modeled set (e.new_Rech50Seepbillustrates the power of the implemented
modeling system. Th&AR GeoDSSnodeling system is able to simulate these new
management alternatives using the ANN-based stesanfer interaction model and the
Scenario Manager functionality. Return flow préidics for these new management
alternatives are checked against MODFLOW-MT3DMS etind results of alternatives

with similar characteristics, demonstrating thesogeabld AR GeoDS$rediction.
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The results for operational Mode B demonstratertigortance of exploiting flexibility in
the reservoir operations in pursuit of implemenptaf the management alternatives. The
operational Mode A, with limited changes in thesresir operation, shows that most of the
alternatives require at least a minimum adjustri@miie reservoir operation in order to be
feasible. The most effective improvements in tlaerrwater quality are found in Mode B,
where additional water stored at the end of theukition indicates a greater potential to
improve water quality in the system by releasing d@dditional water in patterns designed
to meet water quality targets. In this case, auithl releases during the irrigation season
might have the best impact on agricultural actgtby applying better quality water to the
fields, with the off-season low flows potentiallyore concentrated. In terms of water
quality improvements and reservoir storage usdge,reésults presented in the Mode B
simulations can be considered as the worst casasador each of the alternatives. In the
water quality aspect, the additional water stomredhe reservoir should be released to
further improve the simulated concentrations.  Bimulated reservoir storage is the
maximum required since strategic releases dis&tbuiver the simulation period will

reduce the storage requirements.

The inclusion of economic aspects of implementatbthe proposed alternatives could
enhance the analysis and the ranking of alterratefuture selection of those alternatives
best suited for salinity and waterlogging remediatiriver water quality enhancement, and
water conservation. The study presented hereinodsimates the type of comparative
analysis that is possible with th&R GeoDS$nodeling system and the ability to screen
management alternatives that are going to be miffieutt to implement because of

violation of water rights and river compact or bz implementation requires significant
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modifications to the water law and reservoir operatules. It is important to point out
that the surface drainage improvement alternatdesiot consider the addition of the
drained water to the surface system; thereforeesaointhese alternatives that violate water
law could still be implemented if more detail madgl of the drained volumes is

incorporated.



