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ee Rae i resources. To help address these 

= : issues, the Wisconsin Department of 

: Natural Resources requested that the 

Wisconsin Geological and Natural 

History Survey and U.S. Geological 

eo ae Survey cooperatively develop a 
; La groundwater flow model that could 

ee ee d trate the relation- oe eS ar be used to demonstrate relation: 

re eee Be Se ships among groundwater, surface 

Se water, and well withdrawals and also ee NS : : 
Be So ‘ to be a tool for testing and evaluating 

5 ae Ee ee alternative water-management strat- 

a aaa ah : egies for the Central Sands region. 
<< ee. y gos @ i re oe we Because of an abundance of previous 

fa. Oe studies, data availability, local interest, 
RT a and existing regulatory constraints, 

the model focuses on the Little Plover 

he Little Plover River is a River watershed, but the modeling 

groundwater-fed stream in methodology developed during this 

the Central Sands region of study can apply to much of the larger 

Wisconsin. In this region, sandy sedi- Central Sands region of Wisconsin. 

it it i ft 
men epee) cd during orsoon aner The Little Plover River ground- 
the last glaciation forms an important 

5 water flow model simulates 
unconfined sand and gravel aquifer. i . 

| | : three-dimensional groundwater 
This aquifer supplies water for numer- ‘ * 
Be Nahtenpeciaynination!enanicl movement in and around the Little 

ep sepals is Plover River basin under steady-state 
pal, and industrial wells that support . can a 

a ; is and transient conditions. This model 
a thriving agricultural industry. In ani . . 

we explicitly includes all high-capacity 
recent years, the addition of many 5 

: , wells in the model domain and 
new wells, combined with observed . wat . 

tn . . simulates seasonal variations in 
diminished flows in the Little Plover 

. . recharge and well pumping. The 
and other nearby rivers, has raised J 

model represents the Little Plover 
concerns about the impacts of the i. amen 

River, and other significant streams 
wells on groundwater levels, and . . . 

. and drainage ditches in the model 
on water levels and flows in nearby Fe 

. domain, as fully connected to the 
lakes, streams, and wetlands. Diverse 

. i groundwater system, computes 
stakeholder groups, including well ; 

. . stream baseflow resulting from 
operators, growers, environmentalists, _ 

groundwater discharge, and routes 
local landowners, and regulatory and 

f the flow along the stream channels. 
government officials have sought a 

A separate soil-water-balance (SWB) 
a better understanding of the local 

model was used to develop ground- 
groundwater-surface water system 5 

| water recharge arrays as input for the 
and have a shared desire to balance 

. groundwater flow model. The SWB 
the water needs of the agricultural, | 
i - . model uses topography, soils, land 
industrial, and urban users with es 4 

. s use, and climatic data to estimate 
the maintenance and protection of ; 

recharge as deep drainage from the 
groundwater-dependent natural
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soil zone. The SWB model explicitly with previously published geologic 

includes recharge originating as irri- studies. Calibration was performed 

gation water and computes irrigation under both steady and transient 

using techniques similar to those conditions, and used a sophisticated 

used by local irrigation operators. parameter-estimation procedure 

The groundwater flow model uses the ean me ae 

U.S. Geological Survey's MODFLOW y Ps i P 
Sha A eters. For the Little Plover River, the 

modeling code, which is freely avail- . 
two most important parameters are 

able, widely accepted, and commonly ne 
the global recharge multiplier and the 

used by the groundwater commu- Z oe 
a hydraulic conductivity of the stream 

nity. The groundwater flow model ; 
. . bed. The calibrated model produces 

and the SWB model use identical 
: = - A water-level and mass-balance results 

high-resolution numerical grids that . . 
. that are consistent with field observa- 

have model cells 100 feet on a side, . . 
; ‘ . . tions and previous studies of the area. 

with physical properties assigned to 

each grid cell. This grid allows accu- The completed model is a powerful 

rate geographic placement of wells, tool for testing and demonstrating 

streams, and other model features. alternative water-management sce- 

The three-dimensional grid has three _narios. Example model applications 

layers: layers 1 and 2 represent the described in this report include sim- 

sand and gravel aquifer, and layer 3 ulating how the cumulative impacts 

represents the underlying sandstone. —_ of pumping and land-use change 

The distribution of material properties have affected average baseflow in the 

in the model (hydraulic conductiv- Little Plover River. Depletion-potential 

ity, aquifer thickness, etc.) comes mapping represents a method for pre- 

from previously published geologic dicting which wells and well locations 

studies of the region, updated by have the greatest impact on nearby 

calibration to recent streamflow surface-water resources. 

CoS ee eae Soe The completed model is publicly 
SWB model operates on a daily time : < ‘ 

available, along with a companion 
step. The groundwater flow model nes se ete 

. user's guide to assist with its opera- 
was calibrated to monthly stress : . 

. nen i tion, at http://wgnhs.org/little- 
periods, with time steps ranging 

A plover-river-groundwater-model. 
from 1 to 16 days. More detailed 

time discretization is possible. 

The groundwater model was cali- 

brated to water-level and streamflow 

data collected during 2013 and 2014 

by adjusting model parameters 

(primarily hydraulic conductivity, stor- 

age, and recharge) until the model 

produced a conditionally optimal 

fit between field observations and 

model output, subject to consistency
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Introduction 
Background ture on surface-water resources and lated the region's groundwater using 

groundwater levels first appeared a regional flow model and concluded 

The region generally known as in the mid-1960s and early 1970s that irrigation has reduced recharge 
Wisconsin's Central Sands spans (Holt, 1965; Weeks, 1969; Weeks and in some parts of the region by up to 

parts of several counties in central Stangland, 1971). These concerns 5.6 inches per year (in/yr) and caused 

Wisconsin (fig. 1). This report defines became more acute during the 2000s, _ average groundwater levels to decline 
the Central Sands as the contiguous with the occurrence of extremely by more than 3 feet in some areas. 

area east of the Wisconsin River with low water levels in several area lakes The Wisconsin Geological and Natural 

sand and gravel surficial deposits and extraordinarily low flows and History Survey (WGNHS) carried out 
greater than 50 feet thick, which is associated fish kills in some local several hydrogeological studies in 

the definition used by the Wisconsin streams. From 2005 to 2009, the Little the Central Sands during the 1980s 

Department of Natural Resources Plover River—a class 1 trout stream (Bradbury and others, 1992; Faustini, 
(R. Smail, DNR, personal commu- deriving 80 to 90 percent of its flow 1985). Kniffin and others (2014) 

nication, 2/2/2017). Much of this from groundwater discharge (based developed an extensive summary and 

region consists of sandy outwash on calculations herein)—completely overview of hydrologic conditions 

and lake sediment deposited in a dried up each year in at least one in the region and summarized the 

large glacial lake basin at the close stretch. Kraft and others (2012) simu- _results of numerous previous studies. 
of the Pleistocene Epoch, around 

11,700 years ago in Wisconsin. These 

sands and gravels form an important — 

shallow aquifer that supplies water for & (CE EON Sa: 

major row crops, vegetable packag- aE on foe } We aS py 

ing industries, cranberry production, et i | NY NG v. 

and domestic supply for several aT ey i [ Sees ) 

communities. The aquifer is approx- ay cc x > eS! 

imately 100 feet thick and lies on es] ere \ oH | 

less-permeable bedrock. The region wane aes ‘SS, \ 2 

includes more than 80 lakes and more | i al >» \ \ : 

than 600 miles of headwater streams fice WoEe. es wauraca’t 5. 

(Kraft and others, 2012) that comprise t : fe ie } 3 ! lee | 

important recreational and ecolog- Hea i en 7 oo ec 

ical resources. Irrigated land, which | f i : 2 

increased dramatically in the years ( $ eS ET 

after 1950, currently covers about | 4 r _ | si Sa 

183,000 acres. Irrigation supports \ f ‘ / 4 

production of potatoes, sweet corn, \ / Ne | ‘ 

snap beans, and other vegetables. The \ See & = Ph 

main source of the irrigation water is ~ ZN 77 \ 

groundwater pumped from relatively JUNEAU/} | Be 

shallow high-capacity wells in the ee UY | ets os J 

sandy aquifer. The number of wells So | ey i as ee oy 
has increased every year for the past ka aa pe z i | fm Little Plover River watershed 

several decades. ame > = Le fal Mocelidorain 

Groundwater and surface water / = ae as vies 
are well-connected in the Central Bb . id ae 

Sands region, and concerns over the COLUMBIA 0 10 miles 

possible impacts of irrigated agricul- 

Figure 1. Location of the Central Sands with the model domain and 

Little Plover River watershed. 
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climate, groundwater pumping, lake results to be viewed and illustrated 

levels, and stream flows (see http:// in non-technical, three-dimensional 

See Neale tnae grow.cals.wisc.edu/agriculture/ diagrams. With visualization and an 

. vanishing-waters). Although the gen- _—_ appropriate level of presentation, 

A single groundwater eral hydrogeology over most of the such models also can be extremely 
flow system underlies Central Sands is relatively simple and useful as educational tools to help 

the Central Sands well understood (Bradbury and oth- people better understand ground- 

ers, 1992), uncertainty about quan- water systems. 

: tification of t h , . 

groundwaterfowsytem——_atevapottaneprationremainsan (92073 theWisconin Department 
an noe oe ee 5 P 3 P ‘ of Natural Resources (DNR) requested 
occurs mainly in a single, inter- important scientific issue. : . “ 

feaeondiend | that the Wisconsin Geological and 
connects gener i i Although most water users, regula- Natural History Survey (WGNHS) and 

pee i oe ‘tictnahly y tory officials, and citizens in central U.S. Geological Survey (USGS) coop- 

ae oll Tae ts ¥ Wisconsin recognize the links among eratively develop a groundwater flow 

a s a oe groundwater pumping, groundwater = model for a portion of the Central 

cae \ on vette ba d levels, lake levels, and streamflows, Sands. Following proposal develop- 

tC ‘| ne fori vl ae there has been public disagreement ment and review by stakeholders 

aon er fae on . a over cause-and-effect relationships and a technical oversight committee, 

ae _ ie an Se a , — and over potential management the DNR provided funding for the 

BW te oe 2) ee actions performed to mitigate low development of a groundwater flow 

. - San i. . ees flows and lake levels. There has been and optimization model focused 

Lom — . ae he oe no broadly accepted method for regu- on the Little Plover River watershed 

ee. tu I ie lators and other interested parties in Portage County, Wisconsin. The 

‘i an very oa s are th to assess the complex interactions Wisconsin Potato and Vegetable 

cont ae ee mae m ~ of land use, climate, irrigation, and Growers Association (WPVGA) con- 

entra ‘ a ° = Se ‘ groundwater withdrawals in the tributed additional funding to sup- 

pee = ae as = : context of maintaining stream flows port model development. The project 

ae i = oh - or lake levels. Among some groups, was undertaken jointly by the WGNHS 

aa len een water there also has been uncertainty about — and USGS and formally began in 

e ura aca os a how well the groundwater system has November 2013. 

i at re aa eis been characterized or understood. 
e watershed. 

WHY IT MATTERS: Th Groundwater flow models are scien- Purpose and scope 

gtounduater flow ee 7 tific tools for quantitatively integrat- Overall goals 

7 F ing the complexities of geology, The overall goal of the project was to well connected, wide-ranging, . 
Brelthesatitnctores and groundwater recharge and discharge, —_ develop a state-of-the-art ground- 

Peancni cura eer race surface-water flow, well development —_water flow and optimization model 

Rntorenditowvella and use, and water balance into a for the Little Plover River (LPR) basin, 
single conceptual package. Such and to provide a defensible scien- 

models can simulate the complex tific basis for water optimization 
temporal and spatial interactions and other decision-support simula- 

among streamflow, pumping, and tions and a starting point for wider 

Irrigation is often cited as being climate; models:can-also provide groundwater modeling in Wisconsin's 
essential to the economy of central users “what-if” evaluations of possible — Central Sands. The goal of the model 

Wisconsin and for food production decisionsiinvolving management of development was to develop a tool 
(for example, search for“Irrigated land-use changes. In this way, models that can be widely accepted by 

vegetable production key to cen- provide a fundamental scientific basis citizens, user groups, and regulators 

tral Wisconsin economy” at http:// for'decision support: Modem graph- as a way to predict how both natu- 
agriview.com), but in recent years, ical interfaces (for example, Model ral changes (seasonal and climate 

there has been disagreement over Viewer, (Hsteh anid others, 2002)) variations) and management options 

the interrelations among irrigation, allow the model structure and model _(Jocations, design, and operation
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Figure 2. Study area. Figure 3. Little Plover River basin. 

of irrigation wells; and changes in Choice of the Little Plover River of water management in the Little 

land use) affect groundwater and The Little Plover River (LPR) basin Plover River basin and as a pilot 

surface-water resources in the basin. was chosen as the focus of this effort study to evaluate techniques that 

Such a tool is critical for undertaking because there has been ongoing can later be expanded to the entire 

cost-benefit afalyses and formalizing controversy about the possible Central Sands. 

the trade-offs inherent tO aletsUse impact of nearby high-capacity I A platform to demonstrate funda- 

decisions under competing demands. wells on flows in the river. The river mental scientific constraints inher- 

This work is intended as a demon- and its surrounding drainage basin ent to the hydrologic system and 
stration of the type of 21st-century (figs. 2 and 3) have been previously context for the costs and benefits 

hydrogeologic analysis and optimiza- studied in detail by the USGS and for differing scenarios. 
tion that can inform decision-making | WGNHS (Weeks and others, 1965), I Brveducationalfocl forfoster 
over wider areas of the CentralSands and the geology and hydrogeology 4 ecucationa 00 or ostering 

and other areas of Wisconsin where of the basin are well understood. In pelenceshaees MIscuSSIONSSE . 
water-resources conflicts arise. addition, the DNR has established botthe public and the technical 

Although the main purpose of this public rights minimum flow/stage community. 
work is decision support, the com- requirements for the river, which A h 

pleted model also will be valuable as help articulate and formalize societal pproac 
an educational tool to help regulators, constraints needed to assess manage- This project developed a three- 

water users, and citizens visualize ment trade-offs (see the “Little Plover dimensional, transient groundwater 

and thus understand the dynamics River Rights Flow Order” report at flow model of the Little Plover River 

of groundwater flow and the connec- __http://dnr.wi.gov/water/basin/cwrb). _ basin using the U.S. Geological 
tions among groundwater, surface Researchers in central Wisconsin Survey's MODFLOW code (Harbaugh, 

water, and water use. The model will (Clancy and others, 2009; Kraft and 2005), and a related USGS ground- 

also serve as an example and proto- others, 2012; Kraft and Mechenich, water optimization code, GWM-2005 

type of the type of hydrogeologic pre- 2010) have documented recent (Ahlfeld and others, 2005). Recharge 

dictive analysis that can help inform conditions in and around the river. for the model was estimated using 

public and private decision-making oo. a soil-water-balance (SWB) tech- 
for groundwater issues in other Objectives nique (Dripps and Bradbury, 2007; 
parts of the Central Sands and other Objectives of this project were to Westenbroek and others, 2010) devel- 

regions of Wisconsin. develop the following: oped by WGNHS and USGS scientists 
in Wisconsin and now in routine use 

1 A groundwater flow and optimi- for regional modeling studies. 
zation model as a science-based 

expert system for decision support
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1 “ recurrence interval of 10 years. WPVGA Water Task Force, includ- 

Setting and Because it is estimated to recur on ing Louis Wysocki, Nick Somers, 

study extent average only once in 10 years, it Randy Cherney, and Alvin Bussan, 

The Little Plover River is located in is usually an indicator of low flow were extremely helpful in providing 

Portage County, Wisconsin, south conditions during drought" (Illinois access to land, helping the research 

and east of the city of Stevens Point State Water Survey, 2015).Clancyand = team understand current irrigation 

and the Village of Plover (fig. 2). The others (2009) report Q,, and Q,, of and cropping practices, verifying 

focus of this study is the Little Plover 6.6 and 9.4 cfs respectively for the land-use data, and developing the 

River and its topographic drainage 1959-1987 period. Their Q,, and Q,, land-use and irrigation tables for the 

basin (fig. 3), but the area investi- statistics are analogous to the more soil-water-balance model. The Village 

gated and simulated in this work commonly used USGS flow duration of Plover (Dan Mahoney) provided 

extends westward to the Wisconsin statistics, reported by the USGS as streamflow and water-level data, and 

and Plover Rivers and east to the 90 percent flow duration = 6.5 cfsand Del Monte Foods Inc. shared data 

Tomorrow River (fig. 2). This larger 50 percent flow duration = 9.4 cfs on groundwater monitoring and 

study area represents the extent (http://streamstatsags.cr.usgs.gov/ infiltration. Personnel from Roberts 

of the active groundwater model gagepages/html/05400650.htm#31). Irrigation Company Inc. (Paul Roberts 

and will be referred to as the model Kraft and others (2014) updated these — and Marvin Hopp) were invaluable 

domain in the remainder of this statistics using baseflow separation in answering questions about local 

document. Most of this area is rural and reported Q,, and Q,, of 6.4 and groundwater conditions and irriga- 

or semi-rural, and the climate is 9.0 cfs respectively for baseflow at tion practices. WGNHS personnel who 

humid and temperate, with average the USGS gage at Hoover Avenue. assisted with the project include Pete 

(1971-2000) precipitation of 32.7 Legally established public rights flows Chase, Linda Deith, Anna Fehling, 

inches and average temperature of exist for the Little Plover River and are  >*¢¥@ Mauel, Mike Parsen, Caroline 
44.2°F (http://aos.wisc.edu/~sco/ discussed in the model streamflow Rose, Pete Schoephoester, and 

clim-history/division/4705-climo. measurement section of this report. Carolyn Streiff. 

html). Winters are typically cold and The public rights flow is the flow A technical advisory committee 
snowy, with many days below freez- “of sufficient volume and depth to established for the project met with 

ing; summers can be hot and humid. —_ protect fish and wildlife (including the project team several times and 

The Little Plover River flows west- aquatic life), and their respective provided invaluable advice. Members 

ward and drains into the Wisconsin habitats” (see the “Little Plover River of the committee included Charles 

River. The river's surface water basin Rights Flow Order” report at http:// Andrews, Douglas Cherkauer, George 

covers 21.4 square miles (Henrich and dnr.wi.gov/water/basin/cwrb). These Kraft, John Panuska, and Ken Wade. 

Daniel, 1983) and extends from the minimum flows were established This report underwent an extensive 
here ertkehi toa a ame ee peer review process following WGNHS 

tween the Wisconsin and Wol . j 

River basins. East of this watershed Funding sources and CHES ea Henndieeuen S63) 

pa surface we flows eastward, acknowledgments provided formal peer reviews. Adam 

cneralyctnewartne TeWcnanCepunertttun aor OM cmp ton 
USGS discharge measurements at Resources (DNR) provided the ere etdiiexe 5 | : 3 anamem- 

the Little Plover River Hoover Avenue majority of funding for this project. ‘ite 2 ji . Butler i vet Seah | 
gage (USGS site 05400650) for the The Wisconsin Potato and Vegetable curve ad ne Grouch 

period 1959-1987 record average, GIB: ASSSCEHERNPYGS) Soniiranrnentl Inc.) cubonited minimum, and maximum daily contributed funding to purchase ‘ditional inf | ; ts: Th 

discharges of 10.6, 3.9, and 81 cubic geophysical equipment used in others thank thes coed "for 1 ear the project, and the U.S. Geological authors thank these individuals for 

feet per second (cfs), with aQ, 1 Sur ; their very thorough and helpful 

of 4.75 cfs."The 7-day,10-year low vey Ee ante ied Teer comments and suggestions. Madeline 
flow (Q, jo) isa statistical estimate of matching funds. DNR staff (Daniel Gotkowit SIELME d. th 

the lowest average flow that would Helsel, Larry Lynch, Eric Ebersberger, ° own ; efter . ° 
be experienced during a consecu- and Shaili Pfeiffer) provided adminis- ae 

tive 7-day period with an average trative oversight and helped facilitate P . 

public meetings. Members of the 

6



Wisconsin Geological and Natural History Survey 

Geology, hydrostratigraphy, and hydrology 
of the Little Plover River region 
Geology and mentis uncertain. Behind (east of) the the western and southern parts of ie 

7 moraines, the landscape is hummocky _ basin. Peat deposits occur in low-lying 

hydrostratigraphy due to the presence of ice-contact areas, notably in the headwaters of 
Geological materials in the Little features such as kettle lakes. In front the Little Plover and in a larger area in 

Plover River study area consist of (west) of the moraines, the landscape _ the northwest in the model domain. 

sandy or gravelly stream or lake is generally flat, with a regional slope The Precambrian surface, which forms 
sediment and till over Cambrian toward the Wisconsin River of about a lower boundary to the groundwater 

sandstone and Precambrian crys- 10 feet per mile. system, slopes generally from north- 

talline rock. Previous investigators The thickness of Pleistocene sediment _ west to southeast across the project 
(Clayton, 1986; Holt, 1965; Weeks and ranges from more than 150 feet in area (fig. 5). The elevation of this 

others, 1965) describe most of the and east of the moraines, to absent surface ranges between 1,000 and 

material in the basin as undifferenti- Where bedrock outcrops at the 1,100 feet above mean sea level (msl) 
ated Pleistocene-age sand and gravel surface in the western and northern along the Wisconsin and Plover Rivers 

deposited as stream and offshore lake parts of the study area. Over most and slopes to about 900 feet above 

sediment in front of glaciers advanc- of the study area, the underlying msl in the southeast. The discontin- 
ing from the northeast. The most bedrock is Precambrian crystal- uous Cambrian sandstone occurs 

recent glacial advances, occurring line rock (usually gneiss, schist, or in mounds up to 57 feet high in the 

between 10,000 and 20,000 years coarse-grained granite) (Weeks and western part of the Little Plover River 
ago, deposited a series of moraines others, 1965). However, isolated basin, where a few outcrops of sand- 

just east of the headwaters of the patches of Cambrian sandstone form stone occur at the land surface (fig. 6). 
Little Plover River. These moraines are the uppermost bedrock in places in , 

composed of sandy till that contains the western half of the Little Plover The'sanid and gravel inthe stuay . 
boulders and cobbles. Clayton (1986) iver basin (fig, 4). These sandstone area forms an important and prolific 

reports that the sandy till is difficult knobs occasionally outcrop at the sur- unconfined aquifer. The top of this 

to distinguish from the underlying face, The buried bedrock surface often “ler is the water table, assumed 
stream sediment in subsurfacesam- consists of a clayey or silty weathered tobe the top of the saturated Zone. 
ples, and the boundary between the residuum. Windblown sand forms The capillary fringe, where the aqui- 

moraines and the underlying sedi- thin patchy dunes at the surface in teh por are saturated, but under 
negative pressure, extends above the 

water table, but is presumably less 

Generalized surficial geology J EAL ‘>. than a few inches thick in the sandy 

- Windblown sand { Offshore sediment ) 5 Gay > material and is noe considered in the 
Hillslope deposits) Meltwater and a XS a er : remainder of this report. The bottom 

Moder and offshore sediment 4 wor 4 of the aquifer is the Precambrian 

© postglacial stream Ill Peat a f ; surface. Where present, the Cambrian 

pein Till j x oS sandstone is generally much less per- 

stream sediment gg Cambrian f 4 Q "aie = meable than the overlying sand and 

sandstone | A é a ee a gravel. Over most of the study area, 

[1 Little Plover River watershed Vg ee y 2 Precambrian crystalline rock makes 

CO Model domain ant mee ns Sd it up the uppermost bedrock. This crys- 

1 Lakes and streams Le & wae md % talline rock has low hydraulic conduc- 

Major highways Tl $-@ : » neon aN tivity and forms the lower boundary 

Township boundaries ike) hs 4 » Ose Nyy of the groundwater system. 
—_ oe 

4 \ — — a PA \ The aquifer system in the project 

° 5 miles OO ee area is thin, with the combined sand 
. and gravel and sandstone ranging in 

Figure 4. Generalized surficial geology. Modified from Clayton (1986). thickness from more than 100 feet 
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to less than 10 feet across the model 6 miles north of the Little Plover, Lost 
: + avait Surface-water features ‘ : 

domain (fig. 7). A nearly identical Creek also flows west, discharging 

range applies to aquifer thickness in Rivers and streams to the Plover River. Lost Creek drains 

the Little Plover River basin. The study area is well drained, with a large wetland complex called the 

Although a regional aquitard (the few unaltered streams. The Little Jordan Swamp: About 4 miles south 

aay; Plover River begins in a series of drain- _ of the Little Plover, a series of drain- 

New Rome silt) is probably present ditches j f the Vill age ditches conducts water westward 
in the sand and gravel south of the age ditches just west of the village . 9 - 

of Arnott and flows to the west, into Buena Vista Creek and finally to 
study area (Clayton, 1986), we found . : ; oo . an A 

. ; a discharging to the Wisconsin River the Wisconsin River. These ditches 
no evidence of a continuous aquitard b he Vill PI d are more than 100 years old, and 

in several cores collected in the LPR econ “v ar “rr Over a ranae from 5 to aces dee ' and 

basin. Some of the cores contained ! ing ( gee an | ). Just Ups ream) ng am . P . 
. . . of the discharge point, the Little 5 to 15 feet wide. They are main- 

non-continuous silty or clayey inter- esau tn de | . | 
5 4 ‘ Plover is artificially impounded by a tained by occasional dredging and 

ain “tc i inact dam, forming Springville Pond. About jenerally flow year-round. Faustini 
tal to vertical hydraulic anisotropy in aM, FOFMING 2 PANGVIE FONG. AROU genetany . y . . ! 
the aquifer (1985) studied the ditches in the 

, Buena Vista basin and concluded 

that they have major influence on 

Precambrian surface 780 ware 

VS 
x Passive seismic measurements {) “Ths 5007 

© Geoprobe cores f~- Me 

+ Wells reaching bedrock \ =: : F 

__ Precambrian surface (ft above y a 
sea level in 20-ft intervals) oie = 1080__* 060 

Be! ; 
Little Plover River watershed Kef ys 

0 Model domain é Goo], . i, & i 
Kg 6: oF ] 

~ Lakes and streams oy ed - aE «Lh, 
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Cambrian sandstone f the stud 2 M 

oni ste area thickness and outcrops ,e J 

e Sandstone outcrops - @ f 
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: Dc —~ 
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Figure 6. Cambrian sandstone thickness and outcrops.
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regional groundwater flow paths Lakes and wetlands 

and can be hydraulically fully pen- The few natural lakes in the model EROUN GW ATERAEONORMM ET TATS 
etrating, in some cases allowing no domain all occur in the hummocky 

groundwater to pass beneath them. terrain east of the regional topo- Groundwater and 

East of the regional topographic graphic divide (fig. 2). Major lakes 
divide, several small streams have (from south to north), include Spring surface water— 

their headwaters in the hummocky Lake (on Spring Creek), Lake Lime, a single resource 
moraine near the divide and flow Bear Lake and Adams Lake (in the 
eastward to discharge to the headwaters of Bear Creek), Thomas DETAILS: Surface waters 

Tomorrow River. From south to north _—_ Lake, and Lake Emily. Small lakes west Se pakeeae diene LD 
these streams are (fig. 2) Spring Creek, of the regional topographic divide the region occur at places 

Bear Creek, and an unnamed creek were artificially created by dredging eae ere eEle 
near Nelsonville commonly referred to the water table, often as part of Lae ane pale 
to as Stoltenberg Creek. Stoltenberg construction projects. These lakes aueale " Sa 
Creek is not named on the USGS include Bluebird Lake, Lake Clar-Re, are supplied by groundwater 
7.5-minute topographic map, but is and an unnamed lake just southwest Sa Lakes coe ee 

listed in the DNR register of water- of the Hwy 51/Hwy 54 intersection. eens Se tee 

bodies. These streams range inlength With the exception of Bluebird Lake, lnilas ee ae , 
from 3 to 5 miles and generally flow none of these lakes are in the Little groundwater discharge points 

year-round. Plover River topographic basin. or flow-through features. 

The Jordan Swamp is the largest WHY IT MATTERS: 

wetland in the model domain and lies Groundwater and surface 
between the terminal moraine and water are well connected and 

the Little Plover River about 6 miles should be thought of as a 

north of the Little Plover. A small wet- single resource. Groundwater 
land occurs at the head of the Little discharge is the source of base- 

Plover just west of the moraine. flow in streams. Groundwater 
controls lake levels. Changes 

to the groundwater system 

affect surface water and 

changes to surface water affect 

groundwater. 

Aquifer thickness aa SS 

— Aquifer thickness (10-ft intervals) 

Little Plover River watershed f { ama 

0 Model domain a & 7 

~ Lakes and streams Yo r 

Township boundaries 4 5 y 

ANeD)))). | 

BAS so. 90: No { 

[Ss g, sa W, - 

a Ls \ \ | Cake 
0 5 miles f Pn Ey | | i BX Sy 

Figure 7. Aquifer thickness in the study area. 
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W; and soil conditions to predict the best | pumping does not occur in the winter, 
ater use F a - : ¢ 

; ; times to irrigate) to optimize use of but rises to over 110 mgd during the 

The location and pumping rates of —_ irrigation water. Industrial wells in the _ summer growing season. Water use in 
both public and private high-capacity area include wells used for vegetable 2014, a wetter year, follows a similar 

wells—those wells capable of with- processing and for sand and gravel pattern, but has a slightly lower mag- 
drawals greater than 100,000 gallons washing at several gravel pits located _ nitude of irrigation pumping during 
Per day (gpd) or roughly 70 gallons along the moraines. These wells the summer months. 

per minute (gpm)—were obtained operate somewhat seasonally. In . 
from databases maintained by the contrast, municipal wells in the area Low-capacity wells 

Wisconsin Department of Nattiral operate year-round and are generally | Numerous low-capacity wells—those 
Resources (R. Smail, personal commu- used every day. Other high-capacity that produce less than 70 gom— 

nication, 2015). Since 2007, Wisconsin wells in the area serve non-itrigation occur in the model domain and 
high-capacity well owners have been agricultural uses, including fire pro- primarily serve single-family homes 
required to report monthly total water tection, public businesses, and com- _and farms. Some of these wells were 
use to the DNR, but complete records mercial supply. During 2013, there professionally drilled and have an 
only go back to about 2011. were 498 high-capacity wells located | accompanying well-construction 
High-capacity wells in the model domain, of which 424 report; others are driven sand points 

High it ils in thestud were reported to be in use. Table 1 lacking any construction infor- 

SEED ES shows the breakdown of these wells mation. The DNR does not collect 
ales fall into three main Categories: by major water-use categories. water-use information from private 
agricultural irrigation wells, industrial low-capacity wells. Moreover, many 

wells, and municipal wells. Irrigation Groundwater use in the model of these wells are on properties with 

wells generally operate only during domain varles throughout the year onsite septic systems, and the water 
the growing season (June through and from year to year. Figure 8 pumpedis largely recycled on the 

September) and during that time illustrates the distribution of water same property. Based on Village of 

are used sporadically, dependingon —_use during 2013 and 2014 In.2013, Plover and Portage County records 
weather, crop type, and stage of plant _a typical year, municipal water use is (C. Mechenich, Central Wisconsin 
growth to deliver appropriate crop relatively constant through the year Groundwater Center, personal com- 

irrigation. Most local growers use at about 2,million gallons per day munication, 2015) there are 95 resi- 
some form of irrigation scheduling (mgd), and industrial use Increases dences, 4 multi-family dwellings, and 

(an approach that uses relationships _ from about 3 mgd in the winter to 9 commercial facilities in the Village 
among weather patterns, crop needs, © 4mgd during the summer. Irrigation of Plover served by low-capacity 

Table 1. Distribution of water use by high-capacity wells in the model domain during 2013. 
See figure 8 for distribution of pumping over the year. 

Numberof —_ Total annual use Daily average 
Water-use category nt (Mgal) (mgd) Percent of total CTL 

Irrigation 346 9,215.69 25.25 81.36 1 

Industrial 19 1,381.64 3.79 12.20 2 

Public supply (municipal) 8 650.07 1.78 5.74 3 

Non-irrigation agricultural use 23 75.94 0.21 0.67 4 

Fire protection 4 1.71 0.00 0.02 5 

Public other than municipal 11 1.23 0.00 0.01 6 

Domestic supply 11 0.97 0.00 0.01 is 

Commercial 2 0.36 0.00 0.00 8 

Totals 424 11,327.61 31.03
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Water use, 2013-14 
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Figure 8. Groundwater use, by type, in the model domain, 2013-2014. 

wells, and these are the majority of a Tall 
low-capacity wells in the entire model 

domain. The estimated combined j 

water use from these wells ranges io a 
from 0.01 to 0.06 mgd. This range m 7 

eh 

is an order of magnitude smaller SS SS a SS <7 ————— 4g - 

than the major water uses shown a 7 ND yor 

in table 1, and the use is distributed a = 
over a wide area. These wells are not Bae 7) 

: : : : o£ \ rr bin’ r 
considered a substantial portion of LAA vib A ‘om ie. 

the water balance for the purposes 

of this project and were not included 

in the groundwater flow model. 

Streamflow 
measurements 

Discharge records for the 

Little Plover River 

Records of the discharge history of 

the Little Plover River are important 

for determining how river discharges 

have varied historically, for determin- 

ing the low-flow and public rights 

flows of the river, and for establishing 

flow targets for model calibration. The
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Table 2. Flow data availability along the Little Plover River. 

Drainage 
ESTE aod 

Location name (CO MISSY measurement Period of record yi 

Kennedy Avenue 2.24 USGS (site #:05400600, continuous 7/1/59-7/9/76 discontinued 1976 

name: LPR near Arnott) 

Village of Plover continuous 11/1/09-7/1/14 stage only, 

many gaps in record 

UwsP periodic baseflow 5/11/05-present stage and discharge 

Eisenhower 16.6 USGS (site #:05400625, continuous 11/14/13-present new gage installed 
Avenue name: LPR near Plover) 11/13 

Village of Plover continuous 11/1/09-10/28/14 stage only, 

many gaps in record 

UwsP periodic baseflow 11/7/07-present stage and discharge 

Highway 51/I-39 n/a UWSP. periodic baseflow 7/11/05-present stage and discharge 

Hoover Avenue 19.0 USGS (site #:05400650, continuous 7/1/59-9/30/87 discontinued 1987 

name: LPR at Plover) 

UWSP. periodic baseflow 5/4/05-present stage and discharge ; 

history of discharge measurements Bhi ee 2s) i ob a a 
. 3 " aes ee rai ‘ee 1 Pe cr el 

on the Little Plover River is summa- 1 oe ees| a _ RET 

rized up to 2009 in Clancy and others a Gy 2 ee ma | Sees aS 
(2009). Since 2009, researchers at the aor, ha ce ZA |) ie 3c s 
University of Wisconsin-Stevens Point Himgep | WAN ae ie. ; fo Fj 

oo oa Y | F 

(UWSP) have continued to measure ‘ ae 1] a CS 
. . . looverAve. gage | oie 

“discharge during baseflow condi- * : q si cc, 
qi ib i ‘ , || Hwy -39- gage 

tions” at specific locations (G. Kraft, oe kee EAR OA RET ani nee 

personal communication, 2014). a tary Be a | Eg y Kennedy Avelaage 
Geese rane ae ae : . 

Locations of flow measurements eRe Re ee aa a 

Several agencies and research groups _ Figure 9. Streamflow measurement sites along the Little Plover River. 

have collected measurements of flow — (Basemap source: Esri) 
in the Little Plover River. Most of these 
easements come from four lOea- Hoover Avenue, Eisenhower Avenue, 201 3; the USGS installed a new gag- 
tions (fig. 9). Table 2 summarizes these and Kennedy Avenue. Hoover Avenue __ ing station directly adjacent to the 

records. Clancy and others (2009) and is the location of the longest-term old weir and began continuous-stage 

Weeks and others (1965) document gaging station on the river. It was monitoring combined with peri- 

incidental measurementsatother operated by the USGS beginning odic flow measlirements that allow 

locations along the river, andacitizen ” 1959, but discontinued in 1987. the construction of a rating curve. 

group, the Friends of the Little Plover Eisenhower Avenue is the site of a Kennedy Avenue was the site of a 

River, also collects flow data (see concrete flow-measurement weir USGS gage discontinued in 1976. 

http://www-riendsofthelittleplover- installed by the USGS during detailed The Village of Plover has monitored 
river.org/science/flow-rates/). studies of the river in the 1960s river stage at this site continuously 

(Weeks and others, 1965). The Village since 2009, but winter freeze-ups and 

Developing a record of recent flows of Plover monitored river stage at this | equipment problems have resulted in 

in the Little Plover River required a weir from 2009 to 2015, but did not a very sporadic record at this site, and 
synthesis of the stage and discharge collect any corresponding discharge no rating curve was constructed. 
data collected at the various sites data. The weir itself is damaged and 

along the river. The three sites having cannot be used alone to develop a 

the most abundant flow measure- stage-discharge curve. In November 
ments are the river crossings at
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Development of new rating curves | where Y= discharge (cfs), and Kennedy Avenue site 
Hisonhower Avenue site X= stage (feet above datum). Adding, stage-discharge curve is more 

; additional measurements collected difficult to develop at the Kennedy 

ven alethamertinn meeedt ihe by UWSP researchers gives a total Avenue gaging site because no USGS 

gaging sites is to establish a relation- ry fata bails and shaneessie discharge measurements exist, the 
: . regression only slightly, to Village of Plover stage measurements 

ship between the near-continuous di d the ch | 

stage measurements and the peri- (EQUATION 2) are'sporadic,ane’ the'cnanne! geome= 
odic river-discharge measurements * + X2 thy Is apparently Somewhat unstable. 

. . . . Y= 0.456 + 0.153 *X + 0.046 * X*, Plotting the UWSP discharge mea- 
This relationship allows calculation with R2 = 0.965 

: ‘ . surements made at this site through 
of river discharge at any mea- | : a 

sured stage level. Since 2013 at the Figure 10 shows the resulting rating late. 2014 gives the relationship n 

Eisenhower site, there are a number curves for the Eisenhower site. figure 11. The:best ft linear rating 
of USGS-measured discharges that The curves with and without the curve, using 50 data points is: 

correspond to Village of Plover stage UWSP data are virtually identical. (EQUATION 3) 

measurements. Using nine USGS The UWSP data focus on baseflow ¥<0:406 N38. Fi -with R? =05P 
discharge measurements collected conditions and it is appropriate to — ~ 3.81, wit ~" 

between November 2013 and include these data in the overall As shown on the figure, this rating is 

October 2014, the best-fit regres- rating curve. The 95-percent confi- very uncertain, with a broad envelope 
sion at the Eisenhower site yields a dence envelope for the regression on the 95-percent confidence level 

2"d.degree polynomial: line gives a measure of the expected around the regression line. 
error in this relationship and shows 

KEQUATION:A) that both the USGS and UWSP 
Y = 0.321 + 0.146 * X + 0.047 * X2, measurements agree equally well. 

with R? = 0.968 

Discharge rating curves 

14 8 
+ 

+ USGS data / @ UWSP data 
R @ UWSP data ===) fitofall data 

== fit ofall data Hs 95% confidence interval \? 

----- fit using USGS data only / 
95% confidence interval vi 6 Kennedy Avenue . 

10 as . ao 
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Figure 10. Discharge rating curve, Eisenhower Avenue gage. Figure 11. Discharge rating curve, Kennedy Avenue gage.
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Reconstructed flow records the flow data collected by UWSP sci- discharges are sometimes lower, 

Development of new rating curves entists, allows comparisons between and sometimes higher, than the 

for the Kennedy and Eisenhower the UWSP and Village of Plover data. village-measured data, and this 

sites has two purposes. First, the Beginning at the most upstream site, vatiation is largely attributablete the 

rating equations, using the river the hydrograph for Kennedy Avenue uncertainty In the rating equation 
stage data collected by the Village of (fig. 12) shows that the flows mea- (fig. 11). During 2009, prior to instal- 

Plover, allow the construction of flow sured by the Village of Plover gage lation of the village gage, the uwsP 

hydrographs for these two sites over varied between about 0.7 and 8.0 cfs Mata show that the river discharge 
the periods when the village recorder —_ between January 2010 and December “2° consistently below the public 
was operational. Second, reconstruc- 2014. During parts of this time, the rights minimum and was as low as 

tion of these records, which (for the river was below the public rights 0.2 cfs during late summer that year. 

Eisenhower site) are independent of minimum flow of 1.9 cfs. The UWSP Stream discharge calculated from 
data generally agree with this record the Village of Plover stage monitor- 9 yy ag} ig 9g 
during the time when both records ing at Eisenhower Avenue (fig. 13) 

are available. The UWSP-measured varied between 1 cfs and about 

Village of Plover daily streamflow, Little Plover at Kennedy Avenue, all available data 

20 

10 
Q 

5p eo, oa _ eo eo g = o 7" Pe a a ose? 

z 2 1 NA nr 
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= yt eee aa ' . Se 
g 1 T y e 1 5 . 

& s! : i 1 Pe 05 eed a —— Village flow data 
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Figure 12. Reconstructed flow at Kennedy Avenue. 

Village of Plover daily streamflow, Little Plover at Eisenhower Avenue, all available data 
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Figure 13. Reconstructed flow at Eisenhower Avenue.
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USGS daily streamflow at Eisenhower Avenue gage (2013-14) 

100 

30 ———__ USGS flow data 
—-e-— UWSP spot measurement 

_ = = = Qh flow 
$ Public rights minimum flow 

= 
= 10 
5 
g - = 
a? ea] — v = 
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2013 2014 

Precipitation, Stevens Point 
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Figure 14. USGS daily streamflow at Eisenhower Avenue and precipitation at Stevens Point, 2013-2014. 

12 cfs between January 2010 and Flow monitoring by the USGS, which Analyses of these hydrographs 

December 2014. The village’s stage began in November 2013 and con- suggest that going forward (after 

record for this period is more com- tinues to the present day, probably November 2013), the USGS gage is 

plete than the record at Eisenhower represents the most reliable recent probably giving the most reliable 

Avenue. During parts of this time, flow record at the Eisenhower Avenue _ flow data for the Eisenhower site. 

the river was below the public rights site. The USGS has a long history and Prior to installation of the USGS 

minimum flow at Eisenhower of 4 cfs. reputation for reliable streamflow gage the UWSP data set represents a 

Based on visual inspection, UWSP measurements (Water Science and reliable measure of flow at both the 

flow data from the same period Technology Board, 2004). Figure 14 Eisenhower and Kennedy sites. 

generally agree well with the village is a hydrograph generated by the 

data. USGS measurements at this USGS for late 2013 through 2014. For Other streamflow measurements 

site, which began in November 2013, much of 2014, the flow at Eisenhower A round of streamflow measurements 

also appear to agree well with both Avenue exceeded the public rights was made on December 5, 2013 by 

the village and UWSP data. As with stage, but fell below the public rights | USGS personnel. These measurements 

the Eisenhower gage, the UWSP data _ stage during parts of March, July,and = make up the synoptic measurements 

extend back to 2005, and show that August. Spot measurements taken by _ discussed in the steady-state obser- 

the river flow was exceptionally low UWSP personnel during this period vations section. The date was chosen 

for most of that year, reaching a low agree very closely with the USGS data. 

of about 0.2 cfs during late summer.
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based ona period interpreted as basin during summer 2014 provided i Measurements of static water 

baseflow conditions due to relatively additional data on depth to bedrock levels in production wells provided 

flat flow conditions at nearby gages and samples of the geologic materials by Plover River Farms 

and the time of year. The intent was to present. WGNHS installed piezome- . 
* , i Measurements of static water 

cover a large portion of surface-water _ ters and water-level recorders in these Baad 
i oo. levels in miscellaneous produc- 

discharge that leaves the model Geoprobe holes. A seismic survey tion Welle orovided by Roberts 

domain to help constrain the overall using a Tromino passive seismic Irrigation Com 7 Ine 

water balance of the groundwater instrument performed by WGNHS 9 Pany inc. 

model. The streamflow measure- provided additional estimates of i Measurements in piezometers 

ments were made following standard —_ depth to bedrock at 21 sites (see installed by the WGNHS as part of 

protocols (Mueller and others, 2013; appendix 1). Figures 5 and 15 show this project. Nested piezometers 

Turnipseed and Sauer, 2010) with a the locations of these data sources. provided hydraulic heads at two 

FlowTracker acoustic flow measure- . different depths to allow calcula- 

ment device. Appendix 1 contains Collection of tion of vertical hydraulic gradients. 

these miscellaneous measurements. water-level information For the USGS, Village of Plover, and 

Collection of We obtained water-level information De! Monte wells, the measuring 
° P for locations throughout the project agency’ provided Measuring pount 

geologic information area from a variety of sources. These elevations. For the remaining 

The geology and stratigraphy of the sources include: wells, the project team determined 

model area reported here is largely I Monitori i db MEASUrINg-point elevations in the 
based on the work of Clayton (1986). eieeee wells eas y : field using a real-time kinetic (RTK) 

the USGS as part of the statewide itionii 
Additional information was obtained n ndhucter monitonin netNorK global positioning system (GPS). 
from well-construction reports com- 9 9g Figure 15 shows locations of these 

pleted by well drillers and storedina  _& Monitoring wells operated by the data points. 
database at the WGNHS. More than Village of Plover D li ‘ f 

2,000 of these construction reports tee elineation 0 
ined and located 1 Monitoring wells operated by the 

wererrainined wid gedloeate Del Monte Foods Inc. bedrock surfaces 
during the data collection phase. Understanding the configuration of 
A series of Geoprobe cores (appen- I Monitoring wells installed by the ‘9 9 i 

‘ Fj : 5 ‘ the Precambrian and Cambrian bed- 
dix 1) collected at 8 sites in the LPR Wisconsin Institute for Sustainable . 

Agriculture (WISA) rock surfaces was important because 

these formations form the lower 

boundary to the groundwater system 

and were used in the Little Plover 

River model to define model-layer 
Model calibration points 

P a geometry. We used a subset of the 

* USGS-WGNHS network wells . £ geologic data described above to . eo é ; 
mA oe wells i gt = produce contour maps of the bedrock 

lage ol jover monitoring wells re . : 

+ Plover River Farms irrigation wells A + : 4 surfaces. This data setincluded'161 
x Del Monte monitoring wells a #e well-construction reports, 33 WGNHS 

ot . . oe 
= Surface-water discharge measurements Fe fot geologic logs, 26 passive seismic 

© WPVGA irrigation wells soundings at 21 sites, and 17 mapped 

, , SS bedrock outcrops. The surfaces were 
5 ne power River watershed 7 S initially generated using interpola- 

jodel domain - > sen 

Bm Lakes and streams ; ) 7% tion tools (kriging, inverse weighted 

— Major highways me 8 Sees | est distance) in ArcGIS. We manually a . " 
Township boundaries Z * 1 2 ty edited the resulting surface contours 

: ole ° 
ao é - ik 

0 5 miles at ° — _ 

Figure 15. Model calibration points.
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to reflect geologic interpretation.We data reported from well-completion Distribution of 
used records from wells that were tests using the method of Bradbury hydraulic conductivity 

relatively deep, but did not encounter othschild 5), | 

bedrock, to further refine the bedrock and Rothschild (1985) og pumps ees 
ein facS CONILOUTE: The data compilation included 

results from 44 slug tests, Los 

‘Lee H 305 specific-capacity tests, and 3° 

Compilation of hydraulic 15 multi-well pumping tests (table 3). ‘s 

conductivity data As expected in heterogeneous 3” 
A wealth of transmissivity and materials (Bradbury and Muldoon, a 

hydraulic conductivity data exist 1990), hydraulic conductivity esti- &” 
from previous studies in and around —_—mates increase with test scale, 
the project area. These data include with the multi-well pumping test oF 0 1 2 3 4 
single-well slug tests in wells and values (130 to 500 ft/day) being log K (ft/day) 
piezometers, specific-capacity infor- Most appropriate for the regional 
mation recorded by well drillers,and | ™modeling described in this report. Specific capacity tests 
multi-well pumping tests conducted Figure 16 shows that the distribution a3 

by prior researchers. The quantity of hydraulic conductivity is gener- 2 
and availability of these data elimi- ally log-normal for the pumping $0) 
nated the need for additional testing _ tests and specific-capacity data, and 8 
for the current project. Results from skewed for the slug-test data, sothat 
multi-well pumping tests, in which the geometric mean values given in 01 
drawdown at nearby observation table 3 are valid descriptors of the é 

wells due to pumping a well at a means of the specific-capacity and 

known rate for a known time is mea- | Pumping-test data. As expected, the 0 7 : : q 7 
sured, are available from reports from mean value for the slug-test data is log K (ft/day) 
USGS studies (Holt, 1965; Weeks, 1969; _ less robust due to the small volume 

Weeks and others, 1965; Weeks and of material tested (see Bradbury and Slug tests 
Stangland, 1971), as well as a gradu- Muldoon, 1990). Information about 03 

ate student thesis (Karnauskas, 1977). _ vertical hydraulic conductivity is a 
Bradbury and others (1992) reported _ limited. Weeks (1969) used pumping 3 - 
values from numerous single-well tests to estimate horizontal to vertical 5 ~ 

slug tests in the region. Additional hydraulic anisotropy in the Central s 
estimates of hydraulic conductivity Sands region and reported values Bor 

were obtained from specific-capacity ranging from 2 to 25. é 

% . 1 2. 3 4 
log K (ft/day) 

Table 3. Summary of hydraulic conductivity measurements in and Figure 16. Distribution of 

around the study area. hydraulic conductivity using 

three different methods. 

STR Cr cy capacity tests PU Rhy 

Number of tests 44 305 15 

Min (ft/day) 07 3 130 

Max (ft/day) 270 1280 500 

Mean (ft/day) 107 172 241 
Geometric mean (ft/day) 61 120 228 
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., Stakeholder 
; 2 eS em, cngagement 
Pai ives: 2. ae aad fa 

Bhi ista ad vegan, Relevance 
ie Ba ® Stakeholder engagement was an 

important aspect of the Little Plover 

River model development process. 

The team aimed to engage stake- 

holders early and often throughout 

L fs the project in an effort to improve 

j : the ability of the soil-water-balance 

‘ : a , and groundwater flow models to aid 

‘ 7 : decision-making processes by (1) 

that) f ensuring model relevancy through 

Re Sealers es the incorporation of structural 
Bite niin petri ae Se ees wuniess Sette ee eee eee §=6—components necessary for simulat- 

ee maar se So cre gaie Str Rea = ing stakeholder-identified questions 
aes ape ee ea ee Goer or concerns, (2) reducing model 

; = : = uncertainty by including datasets 
collected by numerous institutions, 

Groundwater Numerical stakeholder groups, and individu- 

: . . . als, and (3) increasing stakeholder 

recharge estimation simulation methods trust and confidence in the model 
Understanding the spatial and tem- The groundwater flow model by validating local and expetlen: 

poral distributions of groundwater uses the USGS MODFLOW-NWT tial knowledge through inclusion 
recharge in the study area is critical finite-difference code (Harbaugh, of stakeholder-collected data 

to building a reliable and useful 2005; Hunt and Feinstein, 2012) (stream-stage records and pumping 

groundwater flow model. Recharge with a Newton solver to improve data), testing stakeholder questions, 
is a function of precipitation, soils, the handling of unconfined con- and soliciting stakeholder feedback 

topography, evapotranspiration, land ditions. The model is transient and on intermediary model results. 

use, and applied irrigation, and is diffi- three-dimensional. It explicitly Methods 

cult or impossible to measure directly — simulates groundwater-surface 

over large ares, For this project, we water inferaclion with streamflow >takeholder engagement took the 

initially estimated recharge using a routing. We used the Groundwater form of synthesis and verification of 

soil-water-balance (SWB) approach; Vistas graphical user interface stakeholder-collected data; pre- 

we refined this estimate during model (Environmental Simulations Inc., 2011) sentations tovand discussions with 

calibration, described in the next to facilitate model input and visual- interest groups; public presentations; 

section of this report. ize model output. Model calibration presentations at local conferences: 
used the parameter estimation code informal meetings with stakeholders; 

PEST (Doherty and others, 2010). salon tours of farm property, ditches, 

Calibration targets used for history and irrigation systems. The PISy 

matching included heads, stream- ect team also. engaged n periodic 

flows, and lake stages. Steady-state update meetnas witha techn|cal 

calibration focused on the year 2013; advisory. committee. The Department 

transient calibration focused on of Natural Resourees, as the project 
spring and summer 2014. funder, identified committee mem- 

bers. Members represented groups 

from a variety of interests, including 

UW-Madison, UW-Stevens Point, 

DNR, and private consultants. 
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Recharge estimation 
: ies daily in SWB, depending on crop : Overview ype avswina seasen,antecetont Soil-water-balance 

Groundwater recharge is an import- moisture, temperature, and irrigation method 
ant input to the Little Plover River amount. While it is theoretically pos- We used the SWB model [ver- 
groundwater model, and is defined sible to develop a direct link between sion compiled on February 13 
as water that infiltrates from the water use and actual irrigation appli- 015] (Dri d — 
land surface, crosses the water table, : : j (Drips and Bradbury, 2007; and hecomes pariof the grounds ’ fearing saecken vtemeer Westenbroekand others, 2010) to 

water system (Anderson and others, “tthe cunont erciece inctend von estimate sbatealbaiie tampotaly 
2015). This project developed a rae Titecidiieed ac variable recharge and evapottans- 

. : ly; output piration for the model domain. 
spatially and temporally variable from SWB is used to develop the SWB is a deterministic, physically 
recharge array for the Little Plover steady-state and transient recharge based model that apples amoal 

River-basin. model Using almodined arrays for MODFLOW. fied Thornthwaite-Mather approach 
version of a soil-water-balance (SWB) 5 ‘ 
model (Dripps and Bradbury, 2007; Use of the SWB model allows addi- to conduct soil-water accounting 

Westenbroek and others, 2010). tional analyses related to the hydro- (Thormthwaite and Mather, 1957). 

The SWB model treats groundwater logic cycle in the project area. Of par- i ine ae aheipta ovate 
recharge as deep drainage from ticular interest are differences in the into 100-foot grid cells and computes 

the soil zone and does not simulate fate of applied water (irrigation) and deep drainage based on hydralegic 
redistribution, storage, or time lag in _ Precipitation and snowmelt under Parameters for = grid oobatieese 
the unsaturated zone above the water _ Various land uses and crop types. grid Iscoincident with the numerical 
table. Recharge results from the SWB __ This is accomplished by running the grolindWatet madel grid. 
model were used as initial values for SWB with and without the irrigation 
the recharge array in the Little Plover | Module and subsequently evaluating 
River groundwater flow model. This differences in the estimated amounts 

recharge array was subsequently of evapotranspiration, irrigation 

modified using model-wide adjust- return water, and recharge to the 

ment factors during groundwater groundwater system. 

model calibration. 

The approach to estimating recharge 

used in this study involves using See = Eas es g 

two different models—the SWB ce ee oe See ee 
model and the groundwater flow ee \. ; eee x BOP “s 

model (MODFLOW)—sequentially. OA: eee ge Pe $ : 
This approach lacks a direct link LAA = Ws eee Oe "See oe 
between groundwater pumping, ae . ee ae ae : 4 oo 
which is derived from monthly grower ON | yee oe aa r 
water-use reports, andthe fate ofthat =». #"N —_ fe ei ial aia a ig 

water applied as irrigation, which var- sae oad ae a Aa jee ee ( 2 

ice 3 a 2 pa =f i Z BN y | 
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Water-budget equation 

The SWB model operates on a daily 

time step using climatic, soil, and Evapotranspiration 

land-use/land-cover data for a sim- - 
ulated time period. SWB calculates Irrigation ia _ Precipitation 

daily deep drainage for each grid cell » | (including snowmelt) 

using a modified Thornthwaite and i ii 
\ y A y 

Mather (1957) soil-water accounting = Ny ae 

method as the difference between = a — 
the change in soil moisture and N . | i Interception 

sources and sinks of water within each y 

grid cell (fig. 17). The water-budget 

equation is: 

QUATION) Inflow (runoff) So Outflow (runoff) 

Recharge = (precipitation + snowmelt (he . 

+ inflow + irrigation) - (interception L(A [NS 

+ outflow + actual ET) - change in ‘Soil 

soil moisture moisture, 

Each water-budget term is defined as . 

follows: 

i Recharge: The total amount of 

water (inches per day) that infil- 

trates into the soil column, reaches 

the water table, and enters the 

saturated zone; assumed equiv- . 
alent to deep drainage. In the Figure 17. Elements of the soil-water-balance (SWB) model. 

soil-water accounting approach 

to recharge estimation, once the overland flow is calculated using face runoff; SWB outflow is calcu- 
soil column is filled to saturation, ee " -_ " 

a digital-elevation, model-based lated by use of a digital-elevation, 
recharge occurs. Vadose zone a 5 5 att 3: 

: . | flow-direction grid. model-based flow-direction grid. 
dynamics, such as capillary action, 
are ignored. 1 Irrigation: The amount of f Potential ET (used for calculating 

8 PreciateationsTH f pumped groundwater (inches actual ET): The total amount of 

recipitation: . fota as 8 per day) applied directly to the water (inches per day) that could 

Eiecrctthal fall ox ay) " at land (grid) surface for agricultural evaporate or transpire from a refer- 

ae a reli 2 eet al ' owe ie crops; applied irrigation in SWB is ence crop if soils are at or close to 

PE nan input into SWB is dependent on soil moisture and field capacity. 

partitioned into rain or snow. is triggered when soil moisture 
. § Actual ET (or AET): The total 

i) Snowmelt: The total amount reaches the maximum allowable i 
: . amount of water (inches per day) 

of water (inches per day) that depletion. . 
. that can evapotranspire from a 

melts from previously accu- . 5 i 5 . 
lated : Iti 1 Interception: The total amount soil layer at a given soil-moisture 

mutate Snows SNOWME'S of water (inches per day) that is deficit; actual ET is a scaled por- 
calculated in SWB based ona . oo . . ‘ 

ind hod intercepted by foliage; a maxi- tion of potential ET dependent 

temperature-index method. mum quantity of interception is on the available soil moisture. 

I Inflow (entering surface runoff): specified. The ratio between actual ET and 

The total amount of water (inches I Outflow (exiting surface runoff): potential ET is assumed to scale 

per day) entering a grid cell via The total amount of water (inches from 1, when a soil is at field 
water flowing over the land perday) exiting agridicell via’sur- capacity, to 0, when a soil reaches 

surface; often called runoff; this the permanent wilting point.
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f Change in soil moisture: Soil calculating water-budget terms, domain. Land-use types were sepa- 

moisture on the current day of sim- see Westenbroek and others (2010), rated into irrigated and nonirrigated 

ulation minus the soil moisture on —_ Dripps and Bradbury (2007), and land use. The seven most prevalent 

the previous day; a negative value — Hargreaves and Samani (1985). land uses in the model domain are 

is obtained when moisture is being deciduous forest, field corn, alfalfa, 

removed from the soil layer. The Land use grass/pasture, sweet corn, potatoes, 

change in soil moisture is limited Land use is a critical component of and developed open space. Figure 

by a soil’s field capacity. the SWB approach because many of 18 shows the spatial distribution 

Recharges generated with @qua the parameters usedin SWB depend _and relative percentages of all land 
: = s.generated eq on land use. The 2013 USDA National _uses. In 2013, 26 percent of the land 

tion ' w en acd on add Agricultural Statistics Service (NASS) in the model domain was irrigated 

a tincomplete eee _ 8 land-use database identifies 23 with high-capacity wells (fig. 19). 
anaisome er oI led tes Moles land-use categories representing 

ture. For amore detailed descrip- 96 percent of land use in the model 
tion of the methodology used for 

& _ Land use/cover by percentage of total model area 

£2 é 
2S 3 Non-irrigated a Irrigated 

Land use 5 3 0 5% 10% 15% 20% 25% 

= T 
I Forest, deciduous 249 0.2 I 
| Field corn 12.2 64 SY 

Alfalfa 76 14 | 
|_| Grass/pasture 71 05 I 

|| Sweet corn oss | 
I Potatoes os | 
_ Developed—open space 5.6 04 I 

(0) Snap beans oa | - a 
Bl Wetlands, woody 37 00 faa: ee ay , 

Developed—low intensity 34 0.1 | Py bd PES es 

BB Forest, evergreen 25 0.0 ¢ “af ei re ay 

{Soybeans os os | Ba V3 x eee 
Other hay/non-alfalfa 10 01 | | fia = Biante 

(8) Wetlands, herbaceous 09 00 fs Pig Me ae 
Peas 01 07 | tal ; ¥ ee Fa 

I Developed—med intensity 07 00 5 ae f SE ies wr ia . 
[) Open water 06 0.0 (i pa re. BE eC aed 
fl Forest, mixed 05 00 hoy i Pe aS +. 
I Developed—high intensity 03 00 Pe yn = iy ae ae a 

i) ape ea) oY Ror, 
All other land use/cover 10 01 | | ay: | & a} f se Cees Fr hh 

hi eae — Se: fe ae Seek 

Aare ree i ; 1 S Ges Gat iq See ON Be eres Sy Pe adem. SC yf 
Re le PA a] Pewee — oo 

Land cover a Be 5a es ‘ = saul 2 
egg ee ae | gE : eo yea, eee tay 
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1) Lakes and streams lazily an rd | ge Sey a i : a eer 

1 Little Plover River watershed |. Aygre= B at a he rey i Rey tee ea) 
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To ee 6 Bee he ee Sle 
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Figure 18. Land use and land cover within the model domain.
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Estimated irrigation, 2013 R, is the extraterrestrial solar radi- 

Irrigation (inches/year) ation. Air temperatures are 

! high : 36.25 2 expressed in degrees Celsius; 
= A : solar radiation is expressed as 

low: 0 . if equivalent evaporation, in milli- 

(Little Plover River watershed ’ a meters per day. The Hargreaves 
CO Model domain a % = am and Samani (1985) method was. 
1 Lakes and streams fae chosen for its simplicity because 
— Major highways wes = . it requi I ; d ; . ne quires only maximum ani 

Te hip bound. J . 
ili aia 4 e oe) minimum daily temperatures 

eee com ae ; to estimate potential ET. 
po Pe, le atte eo mr 
ie ‘ ee ae ae » FL, Calculation of actual 

po ari oY “Thy evapotranspiration 

0 5 miles \ 2 — a To calculate actual ET for the water 

. budget, we used the dual crop 
Figure 19. Irrigated land within the model domain, showing model-estimated coefficient and irrigation module 

irrigation rates in 2013. available in SWB to calculate spatially 
and temporally variable actual ET. This 

Hydrologic soil groups Coy. dual crop coefficient methodology 

Soil group ia Be ea calculates actual ET for specific vege- 

BAorA/D a } 3 tation types by scaling daily potential 

a a BD & i + ET by two coefficients that account 

a D g a os for plant transpiration and base soil 

[Open water i! ae evaporation, respectively: 

as Fy ae (EQUATION 6) 

Little Plover River watershed os be f : ET, = ET, * (Ky, of K,) 

O Model domain i 5 WR Saag 
— Major highways if aye i #) . where: 

Township boundaries ce 4 s ai { | : 
| 2 ge EEE ET, is crop-specific ET, 

rT MR Gt OO Be 
' ae & oy ET, is potential ET, 

\ | ee a eis 
0 5 miles | 3s re K,, is the plant transpiration coef- 

. ficient that reduces potential ET 
Figure 20. Hydrologic soil groups in the SWB model domain. when limited water availability (dry 

soils) inhibits potential ET rate due 

: : to plant stress, and 
Calculation of potential p 

evapotranspiration K, is the soil evaporation coefficient 
where: i i 

The SWB model calculates potential that increases ET to the potential 
ET in one of five ways chosen by the Kis an empirical coefficient ET rate when transpiration Is notat 

user. For this project, we calculated (0.162 for “interior” regions, the potential ET rate and addi- 
potential ET using the Hargreaves 0.19 for coastal regions), tional energy (in this case In the 

and Samani (1985) method, which Tis the average dally temperature, form of temperature) Is avallable 

estimates potential ET using daily ‘ to evaporate water in the topsoil 
maximum and minimum air tempera- _T,,,,, and T,,,,, are the maximum and following a rain or irrigation event. 

tures and solar radiation (equation 5). minimum daily temperatures, and Egy additional information regard- 

(EQUATION 5) ing K,, and K,, see Allen and 

others (1998). 
ET, = 0.0135Ky(T + 17.78)(Tmax — Tmin)°®Ra (1998)
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Irrigation simulation §) Norecharge occurs in grid cells teristics (NRCS-based curve numbers 

The irrigation module in SWB sim- specified as “open water” because for runoff, infiltration rates, intercep- 

ulates irrigation by adding water to they drain surface water features. tion storage, and depth of root-zone 

specific fields using criteria similarto _{n addition, the analyses did parameters), topographic gradients 
the irrigation scheduling calculations not include double cropping or (flow direction for runoff routing), and 

used by many local growers. The irri- cover crops. lirigation (where appropriate) into 
gation module operates only on spe- the simulations (see appendices 2a 

cific fields that receive irrigation from Data sources and 2b). We obtained daily precip- 

high-capacity wells. These irrigated Using the modified Thornthwaite itation and temperature data from 

areas were identified using aerial pho- and Mather soil-water accounting the:National Climatic Data Center's 
tos, high-capacity pumping locations —_ and the FAO 56 dual-crop coeffi- (NCDC) precipitation and maximum 

specified in the DNR high-capacity cient (Allen and others, 1998) and and minimum temperature dataset 

well database (2013), and discus- irrigation methods, the SWB codes at the Stevens Point airport (http:// 

sions with local growers or industry require parameters for climate (daily www.ncdc.noaa.gov/cdo-web/). 

personnel. The irrigation season for temperature, daily precipitation), land Dally precipitation and temperature 
most crops was assumed to begin use/land cover (percent assumed values were assumed tobe uniform 

on June 15 and cease September 9. impervious area), soil classification across the domain. Spatial land-use/ 

Between these two dates, for most (hydrologic soil group), soil charac- land-cover classification over the 

crops an irrigation amount of 

0.5 inches was simulated every time 

the predicted soil-moisture deple- 

tion exceeded a vegetation-specific CEOUN DW ETE UNDA MEN TAT 

maximum allowable depletion. 

The 0.5-inch application amount Evapotranspiration from land cover 
Was Based on irrigation application influences water levels and streamflows 
amounts reported by growers to the 

project team. For simplicity, irrigation DETAILS: Evapotranspiration highest rates of evapotranspiration 

efficiency, defined as the amount of refers to evaporation off plants, occur during the summer months. 

irrigation water that reaches the crop open water, bare ground and Peer-reviewed research as well 

(not lost to leaks, evaporation in the transpiration from plants. In the as empirical observations in the 

air, falling on impermeable surfaces, Central Sands transpiration is Central Sands region indicate that 

etc.) was assumed to be 100 per- larger than evaporation. Plants evapotranspiration is most often 

cent. Irrigation return is defined as remove water from the soil using greatest under irrigated land cover, 

the amount of irrigation water that their roots and pass it as vapor with differences among the various 

is not used by the crop and is avail- through stomata into the atmo- irrigated crops, followed by forest, 

able to recharge groundwater. sphere; this flux can be appreciable _ nonirrigated agriculture, and 

. on the basin scale. The amount grassland. In general, groundwater 

Assumptions of water transpired by plants is a recharge follows an opposite con- 

The soil-water-balance (SWB) model function of the type, density, and tinuum. Understanding the relative 
assumes the following: size of the vegetation as well as transpiration of native vegetation 

I Annual and monthly SWB applied amount of water available in the and irrigated crops is an active area 

irrigation as computed by SWB and root zone and time of year. Native of interest to stakeholders and thus 

pumping reported by growers to a and trees typically tran- merits greater study. 

the DNR are similar in magnitude. See ee east) WHY IT MATTERS: All landscapes 
shallow rooted plants and irrigated eeete eneeenetenenine 

i Water that surpasses the plant root crops. Evapotranspiration rates are : Sa i 

zone is considered to be recharge. related to plant type, where some tons Phe etiectoh coin Ie 
. gation to a landscape increases 

1 Irrigation parameters for individual Pee See Clec a evapotranspiration relative to 
crop types are identical. higher rates than upland plants. the pre-existing land cover 

Regardless of plant type, the 
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model domain was defined using the —_nonirrigated land uses/land covers were not yet available as of April 

2013 National Agricultural Statistics with >1 percent aerial extent of the 2015.) More importantly, 2013 is near 

Service (NASS) Crop Data Layer model domain. For agricultural areas the 30-year average for annual precip- 

(CDL) database (https://www.nass. and forested/wetland areas, we itation. The most recent 30-year aver- 

usda.gov/Research_and_Science/ adjusted land-use/land-cover type age (1984-2014) is 32.6 in/yr (fig. 21). 

Cropland/metadata/meta.php). parameters to match those specific Precipitation for 2013 was 31.5 inches. 

Spatial classification of soils follows to the region. For other land use/land = The wettest months during 2013 

the U.S. Department of Agriculture's covers and those with <1 percent of were April, May, June, and October, 

National Resources Conservation the land use, we used default values while December was the driest month 

Service (NRCS) hydrologic soil groups. _ that have been verified with previ- (fig. 22). The heaviest single precipi- 

Seven hydrologic soil types were ous projects using SWB. Regional tation event occurred in early April. 

modeled in SWB: A, B, C, D, A/D, B/D, land-use/land-cover type and irriga- During July and August, there were 

and null (open water) (fig. 20). Dual tion parameters were determined several very dry periods punctuated 

hydrologic soil groups A/D and B/D using a combination of published with one-day rain events. 

are used for Wet soils that collld be literature, local conference presehta- After establishing reasonable SWB 

adequately drained. The A/D soil was _ tions, and personal communication 
5 : s - — land- and water-use parameters 

classified as A because the areais ade- with UW-Extension specialists and . 
. using 2013 data, we ran SWB with 

quately drained by ditches. We useda —_ growers (appendices 2a, 2b, and 2c). . 
. o i climate data from 2012 (a dry year) 

10-meter-resolution, digital-elevation . and 2014 (a wet year) to investigate 

model (DEM) to determine the topo- se how recharge varied from arto ear 
graphic gradient and flow direction We selected 2013 as an appropriate df i ‘eplace.P yee it . 
for each grid cell. year for developing and testing the for ae Oak a as end anon 

lected soil, land d SWB approach in the LPR model or 20 ies 201 wale . * d 
We selecte soil, land-use an because it is the most recent year 36.5 inches, respective y As iscusse 
Tae odetie we anaes. having complete reports of irrigation in the erie model caliration 

First, we identified irrigated an’ pumping available. (The 2014 data section of this report, we used 2014 

Climate at Stevens Point, 1984-2014 
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Figure 21. Climate record at Stevens Point, 1984-2014.
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SWB-estimated monthly recharge tion and recharge at the Del Monte ranges for water-budget terms based 

in the groundwater flow model for application sites. Parameters in the on expert knowledge, particularly 

transient calibration. SWB output SWB model were modified until simu- actual evapotranspiration for specific 

from 2012 was not used directly inthe lated seasonal total appliedirrigation crop types; land use and irrigation 

groundwater flow model, but serves amounts matched reported seasonal tables; conducting water-budget 

as a check to better understand the total Del Monte applications (+/- 0.5 component comparisons; refining 

variability in SWB recharge output inches). Del Monte field irrigation and soil hydrologic group parameters; 

during dry climate conditions. recharge was treated separately and clarifying report summary statistics; 

co. was not used to validate SWB results stating assumptions and limitations 
Del Monte wastewater application for the rest of the model. of model runs; and clarifying the 

Del Monte Foods Inc. applies waste- . method of irrigation application in 
water from their industrial processes \V[gdel review SWB. Discussions and suggestions 
to fields in six locations south of the a 3. from this committee were extremely 

Little Plover River (figs. 18 and 19) and validation hel i ‘ i elpful and were incorporated 

The application fields vary in sizeand —_ Technical advisory committee into this study to the extent pos- 

contain a variety of crops and land As part of the evaluation of the Little sible within the project scope. 
Uses. Monthly application records Plover project, a technical advisory Validation methods 
are available from Del Monte for committee met with the project 

each location for 2013 and 2014. A team two times during the course Direct field measurements of ground- 

portion of this applied water reaches of model development and analysis. water recharge are very difficult to 

the groundwater flow system, while Committee members also were given obtain and rarely available to hydro- 

some evapotranspires or runs off. a mid-project status report focused on geologists, and this is the case in 

To be consistent with the recharge recharge and provided written feed- central Wisconsin. The lack of direct 

estimation approach used over rest back to the model development team measurements means that SWB 

of the model area, we used the SWB Discussions and report comments recharge estimates are best validated 

model to partition evapotranspira- revolved around finding acceptable by making comparisons with esti- 

Precipitation at Stevens Point, 2013 
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Figure 22. Precipitation at Stevens Point, 2013.
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mates of water-budget components, two methods for estimating Results 

a central topic during meetings with potential ET is important. The 

the technical advisory committee. UW-Extension Agriculture Weather — Recharge estimates from 

Key recommendations from the meet- group uses the Priestly-Taylor the SWB model 

ings were to conduct the following method for estimating poten- Output values from the SWB model 

comparisons: tial ET in WISP. SWB uses the vary spatially from grid cell to grid cell 

1. Compare remotely sensed Hargreaves:samant (1985) method — across the model domain according 

land-use data obtained from the for estimating potential ET. to differences in soils, topography, 

NASS data layer with informa- 3. Compare SWB-based esti- crop type, and land use. In this | 

tion from individual growers. mates of applied irrigation and section, we report results as spatial 

We compared 2013 NASS CDL high-capacity irrigation-water averages over (1 )the entire model 

cropland-use data within the LPR use reported to the DNR. domain, (2) the Little Plover River 

surface watershed with grower We compared 2013 SWB-modeled Watersied, or (3) irrigated fields, a8 

records from a survey distributed estimates of annual applied irri- appropriate and as indicated inthe 

at a meeting of the Wisconsin gation and the annual pumping text. Unless stated otherwise, these 

Potato and Vegetable Grower reported to the DNR by growers. averages include litigations application 

Association. Growers and agron- We assigned specific high-capacity to the Del Monte infiltration fields. 

omists who owned or worked on pumping wells to individual fields A well-known characteristic of the 

cropland within the LPR surface based on interpretation of aerial SWB code is the generation of anoma- 

watershed filled out the surveys. photos and information provided lously high recharge values at individ- 

2. Compare SWB-based estimates by local growers and conducted ual nodes located in closed depres- 
of potential ET and coincident field-scale comparisons. At the sions in the digital-elevation model. 

estimates from the University of model-domain scale, we com pared To correct this problem, we removed 

Wisconsin-Extension Agriculture 2013 annual applied irrigation ihe fiom us values hy Feplae- Weather group. estimated using SWB a 2013 ing the recharge value at all nodes 

We compared estimated 2013 annual applied irrigation reported —_ exceeding the highest 0.1 percent 
daily potential ET for a hypo- to the DNR. of recharge values across the entire 

thetical field of irrigated corn 4. Compare SWB estimates and model domain with the value of the 

under identical soil and climate satellite-based (MODIS) esti- 99.9" percentile for the spatially 

conditions from SWB with esti- mates of actual ET available averaged recharge OvSr: the model 

mates from the UW-Extension from NASA. domain. This correction removed 

Agriculture Weather group, which At the model-domain scale, we “bulls-eye” anomalies, but had a neg- 

produces the Wisconsin Irrigation compared 2013 actual ET esti- ligible effect on the recharge distribu- 

Scheduling Program (WISP) (http:// mated using SWB and NASA's dlon.oraverages. 

agwx.soils.wisc.edu/uwex_agwx/ Moderate Resolution Imaging The results report significant fig- 

sun_water/et_wimn). Many Spectroradiometer (MODIS) ures to 0.1 inch in order to compare 

growers in the Central Sands use (http://modis.gsfc.nasa.gov/ different model runs, but, given 

WISP or similar software as tools data). MODIS data is gridded known parameter uncertainty, the 

to determine daily irrigation at a 3,280 x 3,280-foot resolu- absolute results are only accurate to 

application amounts to main- tion, while SWB is gridded at about 1 inch. Recharge reported in 

tain maximum water efficiency. a 100 x 100-foot resolution. this section refers to results from the 

Thus, agreement between these SWB model; the recharge values were 
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5 ‘Annual Recharge subsequently adjusted using global 

2012 multipliers during calibration of the 

steady-state and transient ground- 

= water flow model as described in the 

section on model calibration. 

= Recharge varied between dry, 

average, and wet precipitation years. 

Measured annual precipitation for 

2012, 2013, and 2014 was 27.9, 

7 E 31.5, and 36.5 in/yr, respectively. 

" SWB-estimated annual mean recharge 

over the model domain was 7.0, 9.2, 

rr = z and 12.5 in/yr for 2012, 2013, and 
2014, respectively (fig. 23, appendix 

® 2d); annual mean recharge over the 

2 Little Plover River topographic basin 

was 7.4, 9.6, and 13.1 in/yr for 2012, 

= 0 2013, and 2014, respectively. 
o 

S i In general, annual mean recharge 

a was greatest in the western portion 

3 6 = of the model domain, which contains 

2 flatter topography, coarser soils, and 

3 irrigated lands. Spatially averaged 

8s 2 aa recharge over irrigated areas was 9.6, 

& ; 12.5, and 16.4 inches, respectively, 

io 6 and over nonirrigated areas was 6.1, 

4 0 a 8.1, and 11.2 inches, respectively 

z (appendix 2e). [For vegetation-specific 

3 6 ° estimates of annual recharge for 2012, 

& 2013, and 2014, see appendix 2g.] 

3 The SWB code estimates daily 

* recharge values, but for this proj- 

ect, the results were summed into 

0 monthly and annual totals. Spatially 

~ averaged recharge over the model 

domain varied seasonally during each 

of the three years modeled. The great- 

oo est amounts of recharge occurred in 

a the spring; smaller recharge events 

occurred in the fall (fig. 24, appen- 

00 dices 2h and 2i). April contained 

4 the greatest monthly total recharge 

° 70 20 ‘00 300 1000 (>4 inches) in 2013 and 2014, while 

. May contained the greatest monthly 
Figure 23. SWB-estimated annual recharge 

(uncalibrated), 2012-2014. Red circles indicate the 

Del Monte infiltration fields. 
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Monthly recharge, 2013 
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Figure 24. Estimated recharge (uncalibrated) by month, 2013. 
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total recharge (1.6 inches) in 2012. tion/total applied irrigation x 100). pared statistics from the SWB models 

Very little cumulative recharge [For vegetation-specific estimates conducted with identical param- 

(<0.7 inches) occurred during June, of annual irrigation for the most eters, but without the application 

July, August, and September during prevalent land uses, see appendix 2g.]__ of irrigation. Results showed that 

2012 and 2013, while 2.6 inches To evaluate water applied in SWB due irrigation increased annual actual ET 

occurred during the same months wee approximately 2.5, 1.9, and 1.5 inches 
. . to irrigation demand, we summed the a 
in 2014. For 2012 and 2013, approxi- . oe throughout the model domain in 

: : amount of simulated annual irriga- . 
mately 1 inch of cumulative recharge s ss , 2012, 2013, and 2014, respectively. 

. tion. This amount, spatially averaged 
occurred during December, January, overthe model dofnaif (includin When averaged over irrigated lands, 

and February, respectively, while both irrigated and nonirrigated 9 actual ET increased approximately 

2013 contained 2 inches of cumula- 9 a8 9.6, 7.1, and 5.6 inches for 2012, 2013, 
; lands), was 2.8, 2.2, and 1.8 in/yr for . . . 

tive recharge. For all years, October : and 2014, respectively. Differences in 
2012, 2013, and 2014, respectively 

and November contained at least = “ actual ET between model runs with 
: (appendix 2d). Simulated annual A sth is : 

1.2 inches of recharge. [For mean a : and without irrigation were negli- 
5 | irrigation spatially averaged over , oe 

monthly recharge estimates in 2012, oo gible on nonirrigated lands. These 
irrigated fields was 10.8, 8.5, and 7.0 

2013, and 2014, see appendix 2i.] in/yr for 2012, 2013, and 2014, respec- results indicate that approximately 89 

i " it, 84 it, and 79 it 
To evaluate the influence of irrigation __ tively (appendix 2e). [For 2012-2014 a eI sole ond ota rad e ctivel 

on recharge for 2012, 2013, and 2014, | SWB-modeled monthly irrigation ofa lied inti ated vvafenes va 

we ran the SWB model with identical spatially averaged over the model er} asta lands frcease 

parameters, but applied no irrigation domain, see appendix 2i.] Pp mg oo 
. a in actual ET due to irrigation/total 

(by turning off the irrigation module) . 5 re te i 
and compared the results to the pre- Simulated annual actual evapotrans- —_ applied irrigation x 100; appendix 2f). 

. i | lerigstion p d piration (including interception) oo 

vious model funs. irrigation increasec’  natially averaged over the model SWB output validation 
simulated annual recharge by approx domain (including both irrigated and — Land j 
imately 0.3 in/yr averaged over the nonitrigaied lands wasdl A 23.7 GN Use COMP AtSOH 

model domain during each year. The arid oS iaiye for 2012 5013; and The widely available NASS 
increase in recharge was 1.1, 1.3, and 3014 res othe la sendix 2d) cropland-data layer is an appropri- 

1.5 in/yr (between 9 and 12 percent Su eer cle sere neta eva: °- ate measure of land use for the SWB 

of' annual fechargé) on litigated lands transpiration spatially averaged over model. Results from the land-use sur 
for 2012, 2013, and 2014, respectively ie "ed Fells ane A 3% : and 69 vey distributed to growers and agron- 

(appendix 2f). Differences in recharge 9 for 2012, 2013 nd 2014 ““ — omists owning or working on agricul- 
b irrigated and irrigated in/yttor y an “Fespec- tural land within the Little Plover River etween irrigated and nonirrigate tivel dix 2e). [For 2012-2014 
SWB runs were negligible on nonit- i as ‘ 0 rere conc surface watershed showed that the 

rigated lands. These results indicate setimates Fane actual o- categorization of 80 percent of the 

that if irrigation had not been applied, Vater’ | P Bia NASS cropland-data layer pertaining 
recharge would have been 1.1 to Sos rnathhe veloc. Shere to agricultural crops within the water- 

1.5 inches less in irrigated areas (8.5, gl ny P shed matched grower records. 
. piration spatially averaged over the 

11.2, and 14.9 in/yr for 2012, 2013, : . . oe 
: . model domain, see appendices 2g Potential evapotranspiration: 

and 2014, respectively) and 0.3 in/yr and 2i, respectively] oint comparison 

less averaged throughout the model r resp » P P / a 
domain. Comparing these values to To determine the influence of irri- The potential Evapettanspiraion 

the amount of irrigation applied in gation on actual ET for 2012, 2013, (PET) calculation used in the SWB 
the model, simulated irrigation return and 2014, similar to the analysis code compares favorably with PET 

rates ranged from 10 to 21 percent conducted for recharge, we com- estimates fram other sources. tor 
of the annual water recharged identical soil and climate condi- 

(increase in recharge due to irriga-
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Potential evapotranspiration 
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Figure 25. Comparison between 2013 estimates of potential evapotranspiration (PET) from the soil-water-balance 

model and from the UW-Extension Ag Weather Group for irrigated corn. 

tions, we compared daily irrigated cool-weather months (January, applied groundwater pumped irri- 

corn potential ET for 2013 calcu- February, November, and December) gation of 2.5 in/yr spatially averaged 

lated by SWB (Hargreaves-Samani, and lower in warm weather over the model domain and 9.6 in/ 

temperature-based method) andthe — months (June, July, and August) yr averaged only over irrigated fields. 

UW-Extension Ag Weather Group than UW-Extension Ag Weather For potatoes, field corn, sweet corn, 

(Priestly-Taylor, radiation-based Group-estimated potential ET. and snap beans, 2013 SWB estimated 

method). The comparison was | oo . average annual irrigation rates per 

conducted for a hypothetical field Comparison of irrigation estimates crop type ranged between 7.2 and 

of irrigated corn under identical soil to water-use records 10.3 in/yr, while the DNR average 
and climate conditions at a specific Although there are inherent uncer- annual pumping rates per crop type 

point in the model domain (fig. 25). tainties in both reported water use ranged between 7.4 and 9.0 in/yr 

For 2013, potential ET records for and in model-derived irrigation esti- (DNR, personal communication, April 
2013 from the UW-Extension Ag mates, we found reasonable agree- 2015) (table 4). 

Weather Group ended on November ment between the two. Simulated — ; 

18. Total potential ET from January 1 annualirrigation for 2013 was 2.2in/ Actual evapotranspiration comparison 
to November 18, 2013 estimated yr spatially averaged over the model For 2013, SWB-estimated actual ET 

via SWB and UW-Extension was domain (including both irrigated spatially averaged over the model 

31.9 and 29.8 in/yr, respectively. On and nonirrigated lands) and 8.5 in/yr domain was 23.7 in/yr. In comparison, 

a daily time step, SWB-estimated spatially averaged only over irrigated MODIS-estimated actual ET for 2013 

potential ET was often higher in fields. The DNR annual reported over the model domain was 22.1 in/ 
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yr. SWB-estimated actual ETaveraged —_ Table 4. Comparisons between soil-water-balance (SWB) estimates and pumping- 

over the two most prevalent agricul- based estimates of irrigation for specific crops, averaged over the irrigated area of 

tural crops (field corn at 25 in/yr and the model for 2013. 

potatoes at 26 in/yr) was greater than 

that estimated by MODIS (eld comn 
at 21 in/yr and potatoes at 21 in/yr). Potatoes 9.0 10.3 

SWB-estimated actual ET was slightly com 86 ae 

less than MODIS-estimated actual 

ET for the most prevalent land-use =Wweef com 18 Tie 

type: deciduous forest (22 versus Snap beans 74 8.5 

23 in/yr, respectively). These actual ET 

values average over specific vegeta- 

tion types across the model domain 

and do not distinguish between to improve model calibration. The water flow model calibration 

irrigated and nonirrigated areas. process for the transient ground- coefficients are discussed in the 

Interestingly, when averaging over water flow model was similar, with the | model calibration section, along 

irrigated (approximately 6 percent of | exception that daily recharge arrays with the SWB-estimated recharge. 

the model domain) and nonirrigated calculated in SWB were for 2014 and . . 

areas for field corn (approximately were summed by month, providing Discussion 

12 percent of the model domain), an array of monthly recharge for The purpose of the SWB analyses 

SWB-estimated actual ET for irrigated model calibration. was to develop arrays of spatially 

field corn was approximately 9 inches ae and temporally variable recharge 

greater than that for nonirrigated field Recharge calibration over edu of oe ae input 

corn, while MODIS-estimated AET Steady-state groundwater flow for both steady-state and transient 
did not show significant differences model calibration was conducted groundwater flow models. Annual 

(<1 inch) for irrigated and nonirri- with the 2013 SWB-estimated SWB-estimated recharge results 

gated field corn. sation  eanttemet As a spatially averaged over the Little 
in the groundwater flow mode! } ; 5 as 

Application of recharge _ calibration section ofthis report, cases Tare TT 
e best-calibrated steady-state ‘ . . 

results to the model model used a recharge malepllet reported in the basin. SWB estimates 
aan of annual basin recharge in this study 

Methodology of 1.08, indicating that an 8 per- were approximately 7.4 inches in 
Soil-water-balance (SWB) output cent increase in the SWB-estimated 2012 (below-average precipitation), 

served as initial (pre-calibration) recharge throughout the model 9.6 inches in 2013 (near-average 

values for recharge rates in both domain was required to obtalna precipitation), and 13.1 inches in 2014 

steady-state and transient versions reasonable fit to groundwater head (above-average precipitation). Weeks 

of the groundwater flow model. ahd surface watet flow obselvations. and others (1965) estimated recharge 

Daily recharge arrays calculated in The SWB-estimated mean recharge rates over the LPR basin of 9.5 and 

SWB were aggregated into gridded over the model domain was 9.2 in/ 8.9 in/yr for 1960 and 1961 (note that 

annual and monthly recharge arrays yt; after parameter estimation, the recharge is equated to estimated 

for input into the MODFLOW recharge optimum mean recharge used in discharge), two years with slightly 

package (described in the model the flow model was 9.9 in/yr. above the 30-year (1984-2014) aver- 

construction section of this report). Transient groundwater flow model age precipitation. Gebert and others 

The SWB-calculated recharge array is calibration was conducted using (2011), using long-term baseflow 

one of several parameters adjusted the 2014 SWB-estimated monthly analysis (1960-1987), estimated 

during groundwater model calibra- recharge values as starting points for | average annual recharge of 6.9 in/yr 

tion. The calibration process deter- the calibration. The best-calibrated for the LPR basin. Clancy and others 

mined multipliers, which applied an transient model used recharge (2009) estimated recharge between 
equal fractional increase or decrease multipliers that varied by month 10.5 and 13.7 in/yr for a groundwater 

in the initial recharge rates to each and that totaled an annual mul- flow model with calibration targets 

node in the groundwater flow model _tiplier of 1.16. Transient ground- collected between 1963 and 2007. 
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For this study, calibration of the The method selected for computing eling and uncertainty in reporting. 

steady-state groundwater flow evapotranspiration affects model SWB applies water when soil moisture 

model for 2013 required an 8 percent _ results. Comparing SWB-estimated reaches a maximum allowable deple- 

increase in the SWB recharge esti- potential ET (Hargreaves-Samani) tion. For this study, the maximum 

mates in order to reasonably match and the potential ET estimated allowable depletion ranged between 

calibration targets. Several factors by the UW-Extension Agriculture 0.35 and 0.6, depending on the 

probably contribute to this necessary | Weather group (Priestly-Taylor), crop. When this maximum allowable 

adjustment in recharge. One factor showed that SWB-estimated depletion occurs, the model applies a 

could be the application of a single potential ET was often higher in user-defined amount of water. For this 

station precipitation record (Stevens cool-weather months (January, study, 0.5 inches of water was applied 

Point Municipal Airport) to the entire February, November, and December) to all crops except alfalfa, which 

model domain. Using spatially vari- and lower in warm weather months received 0.2 inches of water. Irrigation 

able precipitation would allow for an (June, July, and August) than the water is not applied when the soil 

improved understanding of spatial potential ET estimated by the moisture is above the maximum 

variability in the groundwater flow UW-Extension Agriculture Weather allowable depletion, allowing rainfall 

model, particularly because the west- —_ group. This difference is likely due to meet vegetation ET demands. 

ern and eastern portions of the model to the assumptions in the empirical SWB's method of irrigation applica- 

domain have differing long-term equations of the Hargreaves-Samani tion captures irrigation trends, but, in 

precipitation trends (Kucharik and temperature-based method reality, the method of irrigation appli- 

others, 2010). Other factors that might _ versus the Priestly-Taylor cation and its efficiency greatly varies 

contribute to the need for adjusting solar-radiation-based method for between growers (WPVGA Water Task 

SWB-estimated recharge during the calculating potential ET. Future SWB Force meetings, 2014-2015, personal 

groundwater flow model calibra- modeling efforts could consider communication). 

tion process include overestimating adjusting the Hargreaves-Samani Comparisons of SWB-modeling 

actual ET and/or underestimating the equation to better match local condi- ; 

amount of applied irrigation water. tions (Allen and others, 1998). lle a ral ita 

Many parameters determine actual MODIS-estinieted acttial ETShGW 
oo . Uncertainty in actual water use and that the two estimates are similar 

evapotranspiration, including the ee 5 F 

crop/vegetation coefficients. irrigation rates contributes to model when averaged at the ical scale. 

uncertainty. Results reported here Averages on a vegetation-specific 

For the purposes of this model, the indicate that SWB-estimated irrigation _ basis show differences between 

NASS data layer was an effective over the model domain is similar to, outputs from the two estimates, 

characterization of the different but slightly lower than, water-use which are likely due to differences 

land-use types and corresponded records reported to the DNR by in estimate scale (the SWB estimates 

well with what growers reported. Central Sands growers. For 2013,SWB havea much finer resolution) and 

Additional land-use characteriza- estimated 0.3 inches less irrigation methods of calculating actual ET. 

tion could help to further elucidate than irrigation pumping records Improving accuracy of these esti- 

trends in water use over the course reported to the DNR when averaged mates would require field-based 

of several years to decades. Future over the domain (SWB: 2.2 in/yr; DNR: _ observations of evapotranspiration 

analyses could include crop rota- 2.5 in/yr) and 1.1 inches less irrigation for model calibration. For additional 

tions and additional delineation of when averaged over irrigated lands discussion about actual ET in the 

non-irrigated lands, such as types of (SWB: 8.5 in/yr; DNR: 9.6 in/yr). Such region, see Weeks and Stangland 

forests, so that characteristics such as differences in estimated and reported = (1971), Weeks and others (1965), 

vegetation age, density, and spe- irrigation probably result from both Kraft and others (2012), Motew and 

cies compositions are considered. the method and accuracy of mod- Kucharik (2013), and Naber (2011). 
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Overview rates. The model uses the USGS conceptual understanding of ground- 

; , MODFLOW-2005 code (Harbaugh, water flow in the project area. The fig- 

The Little Plover River ground- 2005) with the Newton solver, which —_ure is a block diagram that is oriented 
water flow model 'sanumer- provides a more numerically sta- approximately west to east along 
ical finite-difference model ble numerical solution for thin or the axis of the Little Plover River. The 
for steady-state and transient dewatered model cells (Hunt and water table forms the upper boundary 
three-dimensional groundwater flow. Feinstein, 2012; Niswonger and of the groundwater system, and crys- 
Finite-difference models simulate others, 2011). A recent textbook talline rock forms the lower bound- 

groundwater flow by dividing the | (Anderson and others, 2015) pro- ary. Most of the unconfined aquifer 
model domain into a geometric grid Vides a state-of-the-art description material is sand and gravel; Cambrian 
of rows, columns, and layers—a pro- of these modeling techniques. sandstone occurs above the crystal- 
cess called discretization. As a result, line bedrock in the western part of the 

the model ae is ec aah . Conceptual model of the model. Lateral hydrogeologic bound- 
NUMSTOUS Old celle: Sach, OF WNis aries include the Wisconsin River on 
takes on hydraulic or boundary groundwater system the west and the Tomorrow River on 

properties appropriate to its position A conceptual model of the ground- the east; these function as regional 
in the groundwater system. Standard —_ water system is a synthesis and groundwater discharge points and 

groundwater flow equations, which interpretation of what is known about have approximately constant heads. 
include flow, recharge, discharge, the study area, and/or acollectionof —_ Recharge from precipitation varies 

boundary conditions, pumping, hypotheses about how the ground- spatially and temporally and occurs 

and changes in storage, are solved water system works, which is sub- almost everywhere in the landscape. 
approximately in the finite-difference sequently tested and refined in the Additional recharge occurs under irri- 

scheme, and the resulting solution modeling process (Anderson and gated fields compared to nonirrigated 
includes hydraulic heads and flow others, 2015). Figure 26 illustrates the 

Recharge Tomorrow River 
q A (constant head) 

Evapotranspiration [re 

p «— Water table 
> 

Irrigation Gers 
recharge Pee a 

yy Sage 

aS ‘e & e. - : Ge j 
Little Plover River i Reo Oe wes Sica elit 

(routed stream) sf ER eg a eg No-flow boundary 
OO Re ER ee 

tl faces Be Sa een : 
Wisconsin River eee oat ae Groundwater divide 
(constant head) ce eae gO Z 

FR ce ee eee 
spc cesceieee mec cso AMIRs aS eae “et 
Pe eet es oci0: Sema al <= Sand and gravel aquifer 
bss vi bie tS eS) ee cd le — 

| SARE 9s? nae . 
ee nots eee 

Z Bad ae peal Crystalline rock 

Figure 26. Conceptual model of groundwater flow.
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SS aa a T mae — eee ee and conducts surface water toward 

Coats a eal CRE EEHEE EERE EEE SEES Seer han the west. Groundwater also dis- 

[T4—] model grid EEE EAE EE EEE EEE EEE Et Perce Stat {4 charges to tributary streams, drainage 
[Hi] — utte Plover River PE fat ee PEPE PEEP EE EEE EEE tet ditch id high it Ils i 
LOS thigh-capacity wet PH EEE see PEE Eee Ere reee ed ieenes, and hign-capacity wells in 
IHN steamnede Pot eee ae FE es IE the region. There is no evidence of a 
IpOFRE COCCI NES eee eee ett discrete aquitard in the Little Plover 
PEPE CEeCHEEHT HE ae EeECEREEEEEP eee COREC TH iver water 
ISSCC eRe SSCORiver watershed. Measurements of 
PSC CCC ee Nei | CCC ey - ‘ 
fe Cis CSS CCCP SE CCC ee CCCs correo rer) head in nested piezometers were 
Eup pee SCR eS eee EEESE bere ert gree 
i se Pear Se used to calculate vertical hydraulic 

Rise Reet Spee ete tte ebe HY gradients at six locations (appendix 1). 
ERS ee tH Heer reece Peeeea viet cgereeeeert CH The hydraulic gradients—calculated 
ECE NAT et eS SeecuEe4e PEPER Se err ois aes ie hy rau ic gral ien sta culate 

bree a See este oA hie ts] as the difference in hydraulic head 
[eee eee eee EEE HAEEEEEEE RES SEP ot aging Statiae--acl) between the shallow and deep pie- FpeeHEEREEE-EECPEE ERS EEE oo et eee re ae i ial 
i ae Sach Gace rrr per rpepe Hi —a=-} zometers, divided by the vertical sep- 
i FD CASES ERC CCPC eee] . : 

ee COSA eCCCeCr ec oe rrr ayecr aration between the open intervals of 
BE PNETTRPNS ETT EEAE TH] the two piezometerswere generally HOA RE ee eee ; 

I £A so) CESS COSI@ eS SSSSrererrre rs ee} very small, ranging from 0.01 upward 
[ ace \ RERANCH to 0.004 downward, with one outlier kf ‘ke PRECCURE CHEN E CASE : Ownhwald, eouulle 
A EN g CAC rn eH of 0.08 upward and with several mea- 
I Pe O12 Os ¥ oe ry Fi 
COPE rrr ere sured gradients less than 0.000. These 

; small gradients, combined with the 
Figure 27. Model grid spacing. 9 | | 

lack of discrete clay or silt layers in the 

Geoprobe cores, are consistent with a 

Boundary conditions / conceptual model of uniform, though 

Boundary conditions hydraulically anisotropic, aquifer. 

— No-flow \ 5 5 

— Constanthead A Model grid and layering 
— Stream ; ‘ 2 
im Drain The Little Plover River model grid cov- 

ers 345 square miles and consists of 

+ High-capacity wells a Q three layers, with a uniform cell spac- 

Little Plover River watershed EER ing of 100 feet on a side. Figure 27 

— Major highways o\4 e shows part of the model domain 

Township boundaries fe 2 | ees with the model grid overlaid ona 

oy ry a Y topographic map. Each layer contains 

> eet Ne pee 900 rows (east-west direction) and 

Pecado, ¢ peat) ee - 1,070 columns (north-south direction) 
ee a re tes ee : for a total of 2,889,000 model cells, of 

> all :% + . a 
0 5 miles \ Bo Y" a which 1,746,329 are active, covering 

an area of 209 square miles. Nodes 

Figure 28. Model domain and boundary conditions. outside the model boundaries are 
removed from the model solution and 

termed inactive. These inactive nodes 

fields due to return of irrigation water. the water table to bedrock in the occur because the overall model 

Evapotranspiration is also spatially middle of the section; groundwater grid is necessarily rectangular, but 

and temporally variable and removes __ west of this divide flows toward the the model domain of interest has an 

water from the system. Wisconsin River and its tributaries irregular shape (fig. 28). 
: ; ‘ ao 

Groundwater flows vertically and while groundwatereas otitis divide The three-layer conceptualization of 
ain flows toward the Tomorrow River and : F z 

laterally from the water table until it emai | oo the model is a compromise designed 
. . . its tributaries. The Little Plover River is a i . 

reaches a discharge point. A regional a location of groundwater discharge. to minimize model complexity while 

groundwater divide extends from 9 9° preserving the capability to simulate
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Figure 29. Cross sections through the model grid near the Little Plover River. 

vertical groundwater flow, simulate across the model domain. Sandstone —_ boundary of the groundwater system 

flow beneath surface-water features, thicknesses are based on the map in these layers. These layers can go 

and allow hydraulic properties to vary — shown in figure 6. Due to a lack of completely dry if the simulated water 

vertically. Model layers are continuous —_ any clear or mappable stratigraphic table falls below their base. Layer 3 

across the entire grid, have irregular marker within the sand aquifer, the represents the Cambrian sandstone 

thicknesses, and are numbered 1 (top boundary between layers 1 and 2 and is simulated as a convertible layer, 

layer), 2 (middle layer), and 3 (bottom __was arbitrarily placed at one half meaning that it becomes unconfined 

layer). The top of layer 1 is the land the distance between the long-term if the water table falls below the top 

surface. Elevations for the layer top water-table elevation and the bottom __ of this layer. 

were i rted from the existin of layer 2. This boundary was adjusted 
= mpon . een . y . ouncary tena s Cross sections through a portion of 

30-meter digital-elevation model for in places during model calibration A . 
. the model grid near the Little Plover 

Portage County. The bottom of layer where mathematical convergence - 
. River (fig. 29) show how the layer 

2 is the top the Cambrian sandstone problems occurred due to layer 2 . - 
e thicknesses vary across the basin. 

where it is present or one foot above being very thin. The bottom of layer A . . 
2 5 : These sections also illustrate how thin 

the Precambrian surface where the 3 is the Precambrian surface (fig. 5). ae i . 
. . the sand-and-gravel aquifer is relative 

sandstone is absent. One-foot thick- Layers 1 and 2 represent the sand and . 
. . ae . ; . to its lateral extent. 

ness is assigned to a layer where it is gravel in the region, and are simu- 

absent in reality because MODFLOW lated as unconfined, meaning that 

requires that each layer be continuous _ the water table is the effective top
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Boundary conditions elevation corresponding to the base 

of the hydrologic feature. However, 

eee ea AMEN TELS Specified head and when the head falls below the base 
. no-flow boundaries of the drain, no additional water is 

Pumping affects Specified (constant) head boundaries supplied to the groundwater system. 
groundwater levels occur along the east and west sides Boundaries of the wetland complex 

of the model, corresponding to the were taken from statewide wetland 

DETAILS: A basic principle Wisconsin and Plover Rivers on the delineation coverage, and elevations 
of well hydraulics is that west and the Tomorrow River on the of the wetland were interpolated from 

retmoving\wateqtrom/a well east (fig. 28). Each of these rivers flows the USGS 7.5-minute topographic 
always reduces total hydraulic continually and constitutes a regional map. These drain nodes (fig. 28) are 
Pressure, or head, in the aquifer discharge location for groundwater. more than 4 miles away from the 

near the well. This pressure In addition, each of these boundaries _Little Plover River and are located in 
change results in a lowering of was judged to be distant enough an area where the aquifer is very thin 

groundwater levels near the from the area of interest (Little Plover and few wells are located. The pres- 
well, known as drawdown. The River basin) so that any boundary ence of the wetland has little impact 
amount of drawdown is directly errors would not significantly impact | on the rest of the model, but was 

elated ore Pup ciate model results. The specified head at included for completeness. 
aquifer transmissivity, aquifer each boundary node was interpolated 
storativity, and distance from from the topographic elevation of Lakes 
the well and can be predicted the relevant water body, based on The model represents several lakes in 

by well-established equations. contours on the USGS 7.5-minute the model domain as high-hydraulic 
The three-dimensional extent quadrangle maps. The heads were set conductivity features (1x10° feet per 

of drawdown is generally identically in all three model layers. day) in model layer 1. When repre- 

cone-shaped and is called the sented in this manner, the lakes are 

“cone of depression.’ This cone No-flow boundaries are located along ot boundary conditions, but instead 

grows larger the longer a well the northern and southern ends of represent outcrops of the water table 
is pumped. A typical cone of the model. The northern no-flow and were used as water-level tar- 

depression for a high-capacity boundary is near a regional ground- gets during the calibration process. 
well in the Central Sands is water divide and in an area where the Recharge is set to zero over lakes. 

measurable for a half a mile or sand and gravel aquifer is very thin. 

more around a well. While a dis- The southern no-flow boundary is Streams 

tinct cone of depression comes generally parallel to regional ground- —_ Internal streams (Little Plover River, 

and goes as a well cycles on water flow paths in that area. Both Spring Creek, Bear Creek, Lost Creek, 

and off, it is important to realize boundaries are far from the area of Stoltenberg Creek, and several 

there is always less water in the interest. In addition, all model nodes —_drainage ditches, see figs. 2 and 
aquifer, and thus lower water west of the western specified head 3) are represented in the model as 

levels, for a short period after a boundary and east of the eastern head-dependent flow boundary con- 

well is pumped. The complete specified head boundary were also set —_ ditions with the Streamflow Routing 
recovery of the water table can to no-flow. This designation removes —_ (SFR2) package. This approach 

take months or longer. the cells from the numerical solution —_ accounts for baseflow accumulated 
WHY TMATHERSTIe and improves model performance. from stream leakage (Niswonger 

erect ofeachwell pumping Drains and Prudic, 2005; Prudic and others, 

is a reduction in ground- The model simulates the large wet- 2004), Input for the FR? taco atenleveleuTnerdictancet tau lexknowmas Pie tordan developed from existing GIS cover- 

(itatinsp cmd ancenttudiowt Swareenuin fhe MOBELOW drain ages in the National Hydrography 

the ieduction depends on in Pe ee | ies ae Dataset NHDPlus (Mckay and others, 
the properties of the aquifer HODE ow . g vd ; dent fl 2012) and hand-digitized linework. 

Seacie scunt cueon b daieetieat nerhenve erevaneiueater The hand-digitizing removed a trib- 

ee eee cea ay oun 9g utary in the headwaters of the Little 
Pumping from the system when the head at Plover River that is no longer present 

the boundary exceeds a specified 
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(except during large precipitation but are too narrow tobe captured — Recharge 

events), due to leveling of the land in the 10-meter DEM. Where field Recharge is added to the uppermost 

and added drainage ditches directly measurements of streambed active cell at each grid location, and 

connected to the river that were not elevations were unavailable, these varies cell by cell across the model 

present in NHDPlus. The procedure for incisions were represented in the domain. Recharge values were devel- 

developing the SFR2 package input is model by manually setting the oped using the soil-water-balance 

summarized below. starting elevation of the stream (SWB) methodology described earlier. 

1. Preliminary SFR2 reaches were seca abelian Aggregated recharge rates are inputs 

created by intersecting the stream the ditch Sappcendmmately 0001 fe for the MODFLOW groundwater 

linework with the model grid cells pooriverperieedsatn| an incision flow model as a spatially variable 
and subdividing the linework at . ’ . recharge array, either on an annual 

the grid cell boundaries. Attribute abthe segment statt of approx basis (for steady-state simulations) 
information associated with the mately 5 to 10;feet. or ona monthly basis (for transient 

linework was joined to the inter- 6. The streambed elevations of the simulations). Steady-state runs used a 

secting grid cells. interior reaches in each segment single recharge array corresponding 
. were then smoothed to maintaina to the year simulated. Transient runs 

= us pee nay ee flat or decreasing streambed eleva- used different recharge array for 
grouped Intesegmients based on tion in the downstream direction. each month (stress period) simulated 

confluences (so;that-segments (fig. 24). As described earlier, evapo- 
would start at headwater reaches 7. Stream widths were estimated transpiration and applied irrigation 

or confluences, and end at con- from total upstream drainage rates are explicitly calculated in 
fluences or outlets to the stream length (called the arbolate sum) SWB, but are not input directly into 

network). Routing connections using a regression relationship MODFLOW. Instead, they are incorpo- 

between segments were devel- (Feinstein and others, 2010). rated in the gridded average annual 

ee entearedenticatons, 8. Intersection of the stream linework and monthly recharge ate inputs. 
with the finite difference grid SWB, strictly speaking, estimates 

3. Preliminary streambed eleva- results in many instances where deep drainage, while MODFLOW 

tions for each reach were set to multiple line fragments (prelimi- accepts recharge as input. This 
the minimum elevation from the nary reaches) are collocated in a disconnect means that the vadose 

10-meter DEM in each grid cell single model cell, due to stream zone is ignored in MODFLOW and all 

containing SFR2. Where available, meandering and confluences. To water draining from the root zone 
field measurements of streambed avoid undesirable circular rout- (output from SWB) is applied at the 

elevation were used instead of the ing between collocated stream water table without modification or 

minimum DEM values. In SFR2 cells reaches, the total streambed delay. This assumption is a common 
with multiple field measurements, conductance was computed for practice in groundwater models, and 

the minimum value was used. each cell with collocated reaches, _is appropriate in the Central Sands 

4, The segment end elevations and assigned to the collocated region, which has a relatively thin 
Wweremade'te be consistant with reach with the largest upstream vadose zone composed of permeable 

: drainage. Conductances for the sand and gravel. 
the minimum and maximum ae 
preliminary elevation values in remaining collocated reaches were The SWB recharge estimates were 

each segment, and with adja- set to be effectively zero by assign- adjusted during model calibration 

cent upstream segments so that raid values for streambed using multipliers applied to the SWB 

the starting elevation of each ydraulic conductivity. results. Multipliers allow a fractional 

segment was less than or equal 9. The model layering was adjusted increase or decrease in the SWB 
to the ending elevation of the so that all SFR2 streambed top and _ values to help match MODFLOW 

adjacent upstream segment. streambed bottom elevations were _ calibration targets. A single multi- 

5. Many headwater drainage ditches in layer 1. Tops and bottoms of plier.can-berapplledto'therentire 
. a subsequent layers were adjusted SWB-calculated recharge array, or 

i eens yabictatee bee toa downward to maintain a minimum several multipliers can be applied to 
depth of. oF MOIS feet teletive layer thickness of 1 foot. various regions (for example, land-use 

to the:surrounding land surface, or soil types) throughout the domain. 
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The use of an adjustment multiplier showed low-capacity groundwater ter year than average, with propor- 

enables the leverage of head and use to be an insignificant part of the tionally less irrigation water use over 

flow information that is available overall water budget in the model the model domain. (Water use in 2013 

for calibrating other aspects of the area. The DNR maintains a database was 11.3 mgd; 2014 water use was 9.5 

MODFLOW model (for example, of high-capacity well locations and mgd). The MODFLOW code discretizes 

hydraulic conductivity) to inform the reported monthly and annual pump- _ time (for transient runs) into stress 

overall SWB water balance. Due to ing volumes. Groundwater Vistas uses _—_ periods and time steps. Stress periods 

correlation of parameters within SWB, open interval elevations to determine _ represent intervals during which 

long run times, and lack of available which layer a well should pump from —_ time-dependent model parameters 

recharge data, direct calibration of and partitions the pumping between _and stresses (such as recharge or 

SWB parameters is often impractical. multiple layers based on trans- pumping) remain constant. Stress 

missivity. For wells without casing periods are, in turn, divided into 

Wells information, the well was assumed time steps, and the model solves the 

The fine grid spacing (100 feet) inthe to draw water from layer 2 because transient groundwater flow equation 
Little Plover River model allows wells _ that layer is the most extensive. Inthe for each time step in sequence. For 

to be located accurately within the steady-state model, pumping rates most problems, the solution needs 
model domain. The model simu- were calculated using the reported fewer time steps during periods of 

lates high-capacity wells using the annual pumping volume for each small changes in stresses (such as 

standard well package in MODFLOW _weell, converted to cubic feet per day. winter) than during periods of larger 
(Harbaugh, 2005). Well locations Transient modeling uses monthly changes in stress (such as the summer 

were obtained from the DNR and, stress periods, and the pumping rates pumping season). In general, time 

where necessary, corrected through were determined by converting the steps follow a geometric progression, 

consultation with well owners and reported monthly volume into cubic being shortest at the beginning of 

study of aerial photographs. The feet per day for each well. each stress period and longest at the 
elevations of the top and bottom of end of each period. Steady-state runs 
the screened interval of each well Time discretization require only a single stress period 

were calculated using information The steady-state model was based with one time step. 

feare We) ConesteeeNOn Spar at on stresses from 2013, which are con- The transient Little Plover River model 
attached fo:the-welldatabase. Well sidered average conditions in recent as described and calibrated in this 
data were imported to the model 5 ‘i 

: ee: time. The transient model represented —_yeport uses stress periods correspond- 
using the Groundwater Vistas inter- stresses from:2014- which was'a wet- . 
face, which placed each well in the , ing to the months of the year, so that 

appropriate model node and speci- 

fied the model layers open to the well. 

The numerical simulation assumes Hydraulic parameterization Z -—, 

that each well is located at the and conductivity a 
geographic center of a model node, K zone Log K (ft/day) Soe i, 

but the fine grid spacing assuresthat M1 © 6 o's 1.28 £ ao 
the spatial error associated with this 2 m6 © 1ih-250" AM i 

Aen 21 m8 @ > 2.50 
approximation can be no more than m3 9 neous 
about 70 feet. m4 8B deviation ofthe mean a . yt 

Both the steady-state and tran- ee map s)he deh = ON 

stent versions ofthe model Include ( Little Plover River watershed Ae Oo “$ . 
all high-capacity wells within the [J Model domain y - AT ee, 

model domain, with nonzero I Lakes and streams cee \4 e = aN 

reported pumping for the time — Major highways &B ee ¢ e@ e a} ants nf ea 2 

period simulated. The model does Township boundaries P 9” es) Gg iquacr 7” 

not simulate low-capacity domes- [oy \ | ¢ : S—. C 

tic and commercial wells; review 9 5 miles Le ai ay 

of available water-use estimates Figure 30. Parameterization of hydraulic conductivity in model layer 1 using 

TGUESS hydraulic conductivity results. 

38



Wisconsin Geological and Natural History Survey 

each simulated year contains 12 stress Model parameterization uniform in both horizontal (Kx) and 

periods. The head solution from the vertical (Kv) hydraulic conductivity, 

steady-state calibrated model was Parameterization refers to the meaning that a single hydraulic 

used as the starting condition for the assignment of hydraulic proper- conductivity value was assigned 

transient model. The length of each ties to spatially variable geologic over the entire zone. Zone 9, the 
stress period corresponds to the num- materials or regions, and is a largest and most important zone, 

ber of days in the month (January has key part of model development was assigned spatially variable 

31 days, February has 28 days, etc.) so (Anderson and others, 2015). hydraulic conductivity. Hydraulic 
that the entire model year contains Hydraulic conductivity conductivity is assumed to be 

365 days. The number of time steps i. . isotropic in the X and Y directions. 
7 ‘ Existing maps of Quaternary materials 

per stress period ranged from 2 in Clagten, 1986) auided ti f 

January, when there is little stress on ; aL - , gu “ forth ton ' Storage 
the system, to 5 in July and August, a sale ic conductivity fort e Little The transient Little Plover River model 

when most stresses occur, with 1.2as over River model: Assigning ates requires storage parameters: specific 

the time-step multiplier. The length of into zones was an iterative process storage and specific yield. Specific 

the stress periods and the number of during model calibration, with the yield (Sy) represents the amount of 
time steps can easily be changed for goal ot keeping the zones 2s simple water lost or gained from storage 

specific simulation requirements. as possible while accounting for for a given water-level change in an 
spatial variability in geologic mate- unconfined aquifer, and is dimension- 

Initial conditions rials. Figure 20 shows the hydraulic less (such as feet of water released per 

sie ge ‘ conductivity zonation for model feet of water-table change). Specific 
Initial conditions for the transient runs layer 1. (Compare to the geologic tl (ss) is th ; 

were taken from converged-model map in fig. 4.) Table 5 summarizes SEOEAg S28) Je Se ana ogous Parame- 
output from the steady-state calibra- she FialPauille COnGUIGLIVIEY zones The ter for confined aquifers, but is orders 

tion run. Fixed boundary conditions iad till units are Tate tola “ 1 pi eanldecs hassel tart heads: tioflow boundaties) g ' yer''. change in storage relates to compres- 

othe tisnetent ris were identical to eee an i Slat rOerESS sion of the aquifer and fluid, rather 
h dinth d non-consecutively because some than to physical dewatering of pores. 

those used in the steady-state runs. zones were added or deleted during Ss has units of 1/foot. A numberof 

model development and calibration. investigators have previously mea- 

Most zones were treated as spatially sured or estimated these parame- 

ters in the Little Plover River area. 
Table 5. Hydraulic conductivity zonation. Refer to figure 30 for zone locations. Review of work by Holt (1965), Weeks 

“Clayton unit” refers to map units in Clayton (1986). “Model layers” indicates the and others (1965), and Weeks and 

layers where the zone is active. Stangland (1971) suggests that a rea- 

sonable range of Sy in the LPR basin 

is 0.14 to 0.24, with a median value of 
1 c Cambrian sandstone 12,3 0.15. Reported values of Ss range from 

2 gk till of Keene member 1 0.001 to 0.003, with a median value of 

21 gk till of Keene member in LPR headwaters 1 0.0019. The optimal estimated values 
, . from calibration were 0.12 and 0.001 

3 gd till of Mapleview member 1 for Sy and Ss, respectively. 

4 od offshore sediment over till 1 a. 
The sand and gravel materials in 

5 ou, oc meltwater stream and offshore sediment 1,2 model layers 1 and 2 are treated as 

6 sp postglacial stream sediment 1 unconfined and assigned a single 

8 p peat 1 value of Sy across the entire model 

81 p peat in LPR headwaters 1 demain. Layer 3, representing 
Cambrian sandstone, is treated as 

9 au streams and offshore lakes 12 confined, and assigned a single value 
13 Ou, OC meltwater stream and offshore sediment 2 of Ss across the entire model domain, 

14 ou, oc meltwater stream and offshore sediment 1 but converts to unconfined if the 

15 ou, oc meltwater stream and offshore sediment 2) SfiniUletse WAI tables Bta ps Dela 
the top of the layer. 
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Streambed properties Parameter estimation 

GROUNDWATERNECNDAMENTALS The vertical hydraulic conductivity of | The parameter estimation process 

streambed sediments helps govern used for the LPR flow model was per- 

: : the exchange of groundwater with formed in multiple steps. These steps, 

Pumping diverts surface-water features. Weeks and outlined broadly, were (1) assem- 

water from streams others (1965) estimated the Kv of bling available data, (2) assigning 

DETAILS: Streams in the Little Plover River sediments using weights to data, (3) defining hydraulic 

Central Sands are naturalarcas nearby pumping tests and reported parameterization (discretization 

Berean teens mercer] a range of 1.3 to 5.4 feet per day. and zoning), (4) conducting manual 

rscrecnderencane Faustini (1985) measured Kv of sedi- “trial-and-error” history matching to 

eee coicntnacans ments at six sites in drainage ditches determine initial parameter values, 

Ber neveene tremor ing just south of the Little Plover River (5) conducting sensitivity analysis, 

aroundtuencnitenn trea iiae basin in the Buena Vista basin and (6) iteratively exchanging parameter 

melieunpinctmodinesend reported a range of 0.7 to 23.8 feet values between parameter estimation 

Penance erent eter per day with a mean value of 7.9 feet steps, and (7) revising the concep- 

flow and thus reduces thevol: per day. The relatively large values tual model and observation weights. 

lmelorcroundwetenclecharae and narrow range of these field These steps do not necessarily follow 

to streanis Thisreduction is measurements, combined with the in sequence from one to the other 

Gailled diversion because water field observations that most stream because feedback throughout the 

frat wouldnaveciecharged te and ditch sediments in the study process identifies shortcomings 

a stream under natural condi: area are loose and sandy, suggests and indicates changes that cascade 

Ronsedivenedanentromtne that treating the streambed prop- throughout the process. The final 

etreamiliawelllle ese enough erties as uniform for all streams and model is based on the results at each 

Oe en mene cuCeoneles ditches simulated in the model is step, as described in this section. 

indueennerena reer vce reasonable. This uniform streambed Appendix 3 describes the parameter 

that eurace water feature The Kv was varied during the calibra- estimation algorithm and provides 

pmountordverionentsed ey tion step described below; the final context for the steps outlined. 

calibrated value was 2.5 feet per day, 5 : 
a well depends on the pump- EST History matching was first performed 

ing rate, pumping period, wellwithin the range of field mea- using a steady-state version of the 

distance from a stream, and surements reported in the literature. model. The steady-state model is 

local geology. Parameter estimation much faster to run and provides / 

WHY IT MATTERS: Each : . portant information about hydrau 

Doreina re lintnecentra| and model calibration lic conductivity, streambed conduc- 

Sands impacts streams by Model calibration is the process of tance, and a general adjustment to 
diverting groundwater dis- adjusting model parameters so that the SWB recharge array. Using the 

charge and reducing stream- both model inputs and model out- steady-state results se a starting 

flows. Even wells outside the puts produce acceptable fits to“hard” Point, history matching was then 
surface-water basin of a par- knowledge (observations of water lev- performed on the transient model. 

ticular stream can divert water els and flows) as well as“soft”knowl- For the transient model, the same 
Se emineer eet edge (professional experience and hydraulic conductivity estimated in 

judgment) about the model domain. the steady-state history matching 

Calibration of the Little Plover River effort was retained, but recharge 
model involved adjustment of multipliers, streambed conductance, 

uncertain model parameters (param- and storage parameters were esti- 
eter estimation) and comparison of mated. The streambed conductance 

results to an array of model targets, a estimated in the transient model was 

process called “history matching.’ This then reapplied to the steady-state to 

term refers to the specific aspect of ensure that changes were minimal. 
calibration that was used in this work, 

and it is used interchangeably with 

“calibration” in this report. 
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MODFLOW simulates surface-water Steady-state head observations error-based weight assignment is 

flows as the baseflow component of For head observations, values were consistent with overdetermined 

flow in streams. As a result, cali- selected from time series spanning regression theory (Hill and Tiedeman, 

bration targets for streamflow are 2010-2014, with the exception 2007). These error-based weights do 

approximations of the baseflow of 2012, which was anomalously not, however, fully account for all 

component, rather than full stream- dry. Mean water-level values were aspects contributing to the objective 

flow. MODFLOW simulates baseflow selected from the 2010-2011 and function, which is the total sum of 

entering streams and routes the flow 993-2014 periods. The values were model error and usually calculated as 

to downstream stream cells, so cali- then divided into groups based on the sum of squared weighted residu- 

bration targets represent cumulative the data source. Groups were named als (Anderson and others, 2015). For 

baseflow. “wisa_h” for WISA (Wisconsin Institute example, the number of observations 

. for Sustainable Agriculture), ”dm_h” in each group can overemphasize or 

Gata sources: heads and flows for Del Monte, “prf_h’for Plover River Underemphasize the importance of 
Calbration data were mae up of Farms, “ri_h” for Roberts Irrigation, matching targets in the group. As a 

Wesel levels in we don - i, and “usgs_h” for water levels from the result, an adjustment was made such 

asellow estimates detived Trom. National Water Information System that each group would account fora 
flow measurements in streams and of USGS, “wgnhs_h for WGNHS desired percentage of the objective 

othe woware oie necessaliy for piezometers, and“lake_h’ for lake function (PHI) based on the initial 

ot I a cbs . See 4 elevations measured for December parameter values (Doherty (2014). 
tative va orl Dal one aware 2013. Adjusted head target values are These percentage values reported in 
transient ca aac whe e following in the “heads” page of accompanying table 6 as are the resulting weights 
ene nl af mi je vothe digital data files available in appen- and the adjusted standard deviation 

ing Tor head anc tow data forthe dix 4. The naming scheme indicates indicated by each weight. The group 
steady-state and transient datasets, the group and a well number; for “wisa_h” was assigned a weight of 0.0 

respectively. example, measurement DM_10 because measurement errors, while 

a 5 not quantifiable, were clearly too 
Steady-state calibration fepicens a Wellongeupan st: th SIhaeens y TOO 

he steady-stat del is designed t (Del Monte), with well number 10. igh. The remaining: head groups; in 

The steady-state mo dis Ssignec 0 These short names are necessary aggregate, were targeted to make up 
teplesent average conditions given for the PEST software, which limits 20 percent of the steady-state objec- 
a recent time period. The stresses for the length of observation names tive function. 

the steady-state model (such as water 9 , 

use and recharge) were derived from The initial weights were assigned for Steady-state flow observations 

2013 conditions. PEST as the reciprocal of the assumed —_ Flow observations were derived 

standard deviation (see table 6) as from continuous readings at the 

outlined in Doherty (2014). Such Eisenhower gage and a series of syn- 

Table 6. Head target groups and weighting scheme for steady state. 

Initial : EC] 
Bere Weight (1/ft) peer Target PHI (%) 

UEC ol) deviation (ft) Tt] ETL deviation (ft) Steady state Transient 

wisa_h 1.00 1.00 0 0 n/a 0.0 

dm_h 0.50 2.00 0.65 1.55 4.0 12.3 

prf_h 2.00 0.50 0.30 B32) 2.0 Teh 

rh 3.00 0.33 0.25 4.04 2.0 n/a 

usgs_h 0.25 4.00 ibs/ 0.73 2.0 TT 

vp_h 1.00 1.00 0.72 1.39 4.0 12.3 

wgnhs_h 0.25 4.00 0.65 1.54 4.0 6.2 

lake_h 2.00 0.50 0.35 2.88 2.0 n/a 

Abbreviations: PHI = objective function (sum of squared errors between the model and observations); n/a = not applicable.
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Baseflow, Eisenhower Avenue gage, 2013 

4 

Streamflow 

n | —— Baseflow 

i 
10 

Zs | ill 
x | ) } ] 

& | 
= i | | 

6 ] t 

| | \ y \ 
, \ 

2 \ 

0 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

2013 

Figure 31. Baseflow at Eisenhower Avenue, 2013. 

optic measurements made at various calculating a median baseflow target bias observed in the synoptic mea- 

locations throughout the model area value at Eisenhower. The median surement collocated with the annual 

in December 2013, as discussed ear- baseflow at the Eisenhower gage median value at the Eisenhower 

lier in the report. was thus calculated assuming that gage was assumed to apply to all 

5 a the 2013 winter baseflow value (from — synoptic measurements through- 
The continuous readings include all ° 

December 2013) was also represen- out the model area. The resulting 
flow past the gage—baseflow and . . 

tative of January 1, 2013-March 15, values are presented in table 7. 
stormflow. The groundwater model . 

s 2013. With these values replaced, a : 8 
only simulates the baseflow com- . The flow observations were divided 

median baseflow value was calcu- . 1 ” “gn 
ponent of the total flow (such as the . into two groups: “flux_Ipr” and “flux: 

. lated for the year 2013 at Eisenhower. i i 4 
amount of flow emanating from the fi The “flux_lpr” group contains the four 

The synoptic measurements at other , 
groundwater system) so baseflow : . baseflow estimates made along the 

eects locations were assumed to be biased . 5. 
separation is necessary to separate . : length of the Little Plover River. All 

x higher than the representative ‘ : 
the two components of flow. This was § other baseflow observations are in 

: . baseflow for the year. This assump- ddan accu sivas 
accomplished using the HYSEP algo- tion wae backed Ue bY natna that the “flux” group. A similar weighting 

rithm in TSPROC (Westenbroek and . pby 9 strategy was adopted for baseflow 
the median annual baseflow at the 5 ae 

others, 2012). A window of 5 days was 2 observations as for head. Initially, a 
i , Eisenhower gage was 83 percent of . oa: 

applied to daily streamflow values | . 10 percent coefficient of variation 
. . the flow measured in the synoptic . 

at Eisenhower. A comparison of the measurement at the same location was assumed to characterize the error 

baseflow to total flow record for 2013 4 . in each observation. Coefficient of 
. . As a result, all synoptic baseflow re 
is shown in figure 31. Baseflow makes . . variation is defined as 

. measurements were subjected to this 
up approximately 86 percent of the . . . 
total flow. same ratio (83 percent) to reduce their (EQUATION 7) 

. volumes consistent with the observa- cv = g 

High values at the beginning of tions at Eisenhower. All the synoptic x 

we year oe cine, due to an a aatemanitnan vaitnan den where: ois the standard deviation, 

orming on the gaging equipment; same ow conditions (within a 2-day and xis themean ‘observation value: 

these values were disregarded for window in December 2013) so the
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Given a cv value of 10 percent, this 20 percent of the objective function in 2014. The groups were assigned 

equation can be rearranged as to be made up of the head groups, similar names as for the steady state, 

ceURONS as indicated above. These target although neither lake observations 

; é proportions of the objective function —_ nor Roberts Irrigation measurements 

cv=0.1= z are subjective and based on profes- were part of the 2014 dataset. The 

sional judgment. The high proportion —_ table“head_groups” in appendix 4 

then assigned to the flow groups high- shows the same group names as used 

(EQUATION 9) lights the importance of streamflow for the steady state and the break- 

x to the model results. Table 7 shows down of objective function contri- 

= 10 both the initial and adjusted weights bution used to adjust the weights. 

for flow observations. Also in appendix 4, the “heads_tran- 

To assign the weight for PEST as %, . . . sient” table lists the transient-head 

the weight for each observation is Transient calibration targets and values. The naming 
The transient observations represent scheme for each measurement is 

(EQUATION 10) 5 _. . 
. 1 10 measurements made in 2014, an similar to the steady state, but with 

weight = z7-F anomalously wet year. These corre- the stress period (month) appended 
a0 spond with the stresses of the same onthe end: so measurement 

Once again, this error-based strategy _Y@ar. Processing is more straightfor- DM_10_12 represents a well from 
provides a starting point based on ward for the transient observations, group dm_h (Del Monte), with well 

aleatory, or intrinsic, uncertainty, but 45 they represent a mean condition number 10 and the average water 
does not account for other sources in the month they were measured, level from month 12 (December). 

of epistemic uncertainty (uncertainty _ father than needing adjustment to Transient-flow ob . 

related to incomplete knowledge), represent a longer-term average ransient-flow observations 

including model quality, number of condition. In 2014, continuous-flow measure- 

i i - ments were available for the Little observations per group, units of mea Transient-head observations , : 
sure, and others. As a result, a multi- Plover River at Eisenhower. The record 

plier was applied to all weights within Transient-head targets were based was available from April-December 
each group to achieve portions of the on the average value calculated / 2014. A similar approach to baseflow 

initial objective function of 20 percent for each month in 2014. The spatial separation was performed to separate 
and 60 percent for the groups “flux” arrangement of observation locations _baseflow from total (including storm) 

and “flux_Ipr.” respectively. This left differs from the steady state because flow. The HYSEP technique was used 

— they represent only values observed as in the steady-state case, although 

Table 7. Flow targets and weights for steady state. 

Name Ter Flow (cfd) Flow (cfs) (TCT ee MIL Adjusted weight 

lprken LPR at Kennedy 78,519.13 1.47 flux_Ipr 11.00 27.74 

Ipri39 LPR at Hwy 51/I-39 345,770.06 4.00 flux_Ipr 2.50 6.30 

Iprhoov LPR at Hoover 450,914.10 5.22 flux_Ipr 1.92 483 

Ipreis LPR at Eisenhower 168,245.23 1.95 flux_Ipr 5.14 12.95 

bearq Bear Creek at Q 738,365.37 8.55 flux 1.17 1.66 

springq Spring Creek 316,717.77 3.67 flux 2.73 3.88 

ditch2 Isherwood Ditch 417,935.93 4.84 flux 2.07 2.94 

noname Stoltenberg Creek 105,001.14 1.22 flux 8.23 11.69 

swcan3 Southwest Canal 3 1,375,512.43 15.92 flux 0.63 0.89 

swcan2 Southwest Canal 2 1,059,151.72 12.26 flux 0.82 1.16 

swean1 Southwest Canal 1 649,281.48 751 flux 1.33 1.89 

4The “flux_Ipr” group contains the four baseflow estimates made along the length of the Little Plover River; the “flux” group 
contains all other baseflow observations.
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Baseflow, Eisenhower Avenue gage, 2014 
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Figure 32. Baseflow at Eisenhower Avenue, 2014. 

the window was widened to 11 days measurement was adjusted by Parameterization 

to accommodate a slower return to applying the ratio to determine the Model calibration consisted of adjust- 

baseflow conditions after a closer calibration target. ing model parameters during the 

Coren en ottvasitmenon 3 Transient-flow targets consisted of a history-matching process, with the 

Ficiire'29 shows both the Racer series of observations at each gaging _—goal of obtaining an optimum match 
ms ial flow duiing 3672. Basel point through time (see appendix 4e). between model output and model 

an _ Ota ne vine 78 ase oe Initial weights were assigned using targets. For the steady-state calibra- 

— uP 7 vior> ede BSICED a coefficient of variation of 10 per- tion, the adjusted parameters were 
of the total flow for 2014. cent, the same way used for the hydraulic conductivity, streambed 

Following baseflow separation, the steady-state observations. Weights conductance, recharge, and specific 

monthly mean baseflow was calcu- were then adjusted to assign weight storage. For the transient calibra- 

lated for each month for Eisenhower. _ of 0.0 to all flow observations other tion, the adjusted parameters were 

These values were used as targets for than the Little Plover River and 54 recharge and specific yield. 

flow for 2014. Synoptic measurements _ percent of the objective function to Hydraulic conductivity values were 

were available at other locations, both _ the flow observations for the Little assigned in two ways: through 

on the Little Plover River andinother Plover River. This emphasis on the homogeneous zones and using 

streams. Synoptic measurements Little Plover highlights the man- pilot points in zones where hydrau- 

were adjusted to more closely rep- agement interest in the river as the lic conductivity varies spatially. As 

resent conditions at the continuous main driver for this work. Flows in discussed above, hydraulic conduc- 

Eisenhower location. For each synop- _ other streams and the head obser- tivity zones were first assigned based 

tic measurement, the ratio oftheflow — vations, while still of interest, are on lithology, and uniform values 

measured on that day at Eisenhower, emphasized less to ensure that the throughout each zone were assumed. 

compared to the monthly mean for Little Plover River baseflow values In zone 9, which represents stream 

Eisenhower for the given month, was are met as nearly as possible. and offshore lake deposits, a single 

calculated. Then the synoptic-flow homogeneous value would not be 

sufficient to represent the variability



Wisconsin Geological and Natural History Survey 

of hydraulic conductivity. In this case, a major precipitation event resulted identifiability. Model fit is the agree- 

pilot points were employed following in nearly 1 inch of recharge at the ment between modeled values and 

the guidelines in Doherty and others end of the August stress period. This their associated measured observa- 

(2010). Pilot points are used not only stress should really be introduced to tions. The calibration process also 

where variability is important, but the model at the beginning of the must ensure that the estimated 

also where observation data can following month (September). As a parameters fall within realistic ranges. 

inform parameter values through result, for the purpose of recharge There is a tradeoff between model 

history matching (Doherty and others, only, the August recharge was fit and parameters. Excellent fit 

2010). Interpolation for the pilot point | made up of the sum of all SWB daily values can often be obtained with 

values to fill in the entire zone of estimates from August 1 through 29, parameters that are inconsistent with 

model cells is accomplished through 2014, and the September recharge knowledge of the geology of an area. 

kriging using an exponential vario- was the sum of SWB daily estimates Care must be taken to properly strike 

gram. Following Doherty and others from August 30 through September the balance between fit and realistic 

(2010), a long range was used sothat —_ 30, 2014. This transposition of the parameter values. Finally, identi- 

the exponential variogram behaves storm does not change the overall fiability—a highly parameterized 

as a linear interpolator between pilot mass balance of recharge, but shifts adjunct to sensitivity—can provide 

points. The roughness orsmoothness the timing to be more consistent with —_ information about which parame- 

of the fields is then controlled more conditions at the site. The recharge ters are important to observations. 

through regularization than through multipliers for stress periods 8 and The following three subsections are 

interpolation. At each pilot point loca- _9, therefore, were applied to the dedicated to observed fit, parameter 

tion, a separate value was estimated storm-transposed recharge rather values, and identifiability. 

for vertical and horizontal hydraulic than the original SWB results. All . 

conductivity, and those values were other stress period recharge mul- Fit to observed values 

interpolated to all model cells using tipliers were applied to the sum of The history-matching results show 
the same variogram parameters. the calendar month SWB results. generally good agreement between 

ao. | modeled values and their associated 
Recharge was initially estimated for Parameter-estimation results measured observations (see appen- 

the model using the SWE code,as Evaluating parameter-estimation dix 5a for head results). Table 8 shows 

discussed earlier. In the steady-state results requires analysis of model fit, the measured and modeled equiva- 

model, a single multiplier was parameter values, and parameter lent values for steady-state flows, and 
assigned to the recharge array to 

allow a minor adjustment to over- 

come uncertainty in the SWB process 

and account for uncertainty in the Table 8. Steady-state flow results. 

baseflow targets. This single multi- 

plier allows for minor adjustment of Baseflow value (cfs) Mm Cure 
the overall water balance, without Name Description Observed eres (cfs) () 

deviating from the spatial pattern Iprken _ LPRat Kennedy 147 0.96 051 -347 

deteriined Ih SWB aba function of Ipri39 ss LPRat Hwy 51/39 4.00 3.69 0.31 -78 
land use, soil type, and other charac- 

teristics. In the transient calibration Iprhoov _ LPRat Hoover 5.22 5.24 0.02 0.4 
phase, a single multiplier for each Ipreis LPR at Eisenhower 1.95 2.11 -0.16 8.2 
stress period was applied to the entire an Bearcieekana 855 7.70 0.85 -99 

recharge array. One challenge with ' 
summarizing recharge by months springq Spring Creek 3.67 5.29 -1.62 44.1 

is that in MODFLOW, all stresses ditch2 Isherwood Ditch 4.84 474 0.10 -2.1 

(such as pumping and recharge) are noname _ Stoltenberg Creek 1.22 1.38 -0.16 13.1 

assigned at the start of the stress swean3 Southwest Canal3_—_‘15.92 18.40 2.48 15.6 
period and assumed constant during 
that timeframe (in this case, one swcan2 Southwest Canal2 12.26 13.62 -1.36 11.1 

month). However, on August 30, 2014, swcan1 Southwest Canal 1 7.51 3.18 4.33 Sik 

45
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figures 33 and 34 show the fit graph- Head 

ically on one-to-one graphs’. Error 

bars correspond to the initial standard ° 

deviation values that were part of 

assigning weights at the beginning of 

the process. Note that the fit for flow _ M30 we af 

measurements on the Little Plover 9g b & 
‘ ‘ $ a Fe S 

River (group flux_Ipr) is particularly § & 

good, reflecting the chief goal of the 2 o SS 

model being matching those values. 3 & 
5 oe 2 1100 of Targets 

Table 9 summarizes the statistics s Pocee 

of model fit for each group in the = é 2 © Uses h 
steady-state model. Figures 35 and 2 a ° ~ 

vi 

36 show weighted and unweighted 3 § 8 : neh 

residuals for steady-state heads and 1050 4 eS . wanhe K 44 ° | 
flows, respectively. The main impact @ Wiseich 

of assigning weights corrects for the © tih 

difference in units between heads 2 © lake_h 

and flows. This normalizes the impact ? 

of both groups on the objective 
fiction 1050 1100 1150 

M id (ft ab level 
Appendix tables 5c and 5d contain easured (ftiabove'sea.tevel) 
the measured and modeled equiv- Figure 33. Steady-state head calibration. 

alent values for transient heads and 

flows, respectively. Figures 37 and 38 

show the fit graphically on one-to- Streamflow 

one graphs. As in the steady-state 

case, error bars correspond to the i 

initial standard deviation values 

that were part of assigning weights 

at the beginning of the process. In 5 

figure 38, the poor fit to the q_other 

group (flow targets outside the LPR) is ’ 

expected, as they were assigned zero z 
c 

' In the review process of this work, a 3 

typographical error in the parameter 2 

estimation files was found in which ° 

the value 0.91 cfs for the steady-state 
adjusted flow at the Kennedy gage 

should actually be 1.47 cfs. Tables 5 , ee 

7 and 8 and figures 34 and 36 have t Targets 
been corrected. This discrepancy only ° fux lor 

impacts flow entering the Little Plover 6 ° aux: . 
River from the headwaters to the °, 

Eisenhower gage; about 0.56 cfs of 

the total streamflow should enter the I 
stream higher in the watershed than 5 10 15 
simulated. This error does not impact the 

overall parameter estimation results. Measured (cfs) 

Figure 34. Steady-state flow calibration.
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weight for the transient calibration. and weighted residuals forheads and _‘ For the transient data, it is also 

This is attributed to insufficient infor- _ flows, respectively, for the transient important to evaluate the fit during 

mation on stream elevations, stream- calibration. The main impact of the course of time series values. 

bed conductance, and fewer nearby weighting is observed in the flows Hydrographs of flow and head are 

head targets in the streams other where the effect of zero-weighting presented in figures 41 and 42, 

than the Little Plover River. Table 10 observations outside the Little Plover respectively. In these figures, the 

summarizes the statistics of model fit River resulted in fewer outliers and a stress period on the x axis indicates 

for each group in the transient model. __ less biased spread of residuals forthe — the month of simulation for 2014. 

Figures 39 and 40 show unweighted Little Plover River observations. Head measurements were somewhat 

scattered through time, with most 

Table 9. Steady-state calibration metrics. All values refer to differences between measured and modeled values. 

ates wT 
absolute 

Group i LETT Max tt WET Max ut error RMSE _—RMSE/range 

Head (feet) 

dm_h 12 1.77 2.55 0.78 1.91 2.55 0.78 1.91 1.99 1.12 

lake_h 8 14.01 6.36 -7.65 -1.47 765 0.26 3.19 4.23 0.30 

prf_h 17 12.27 1.74 -10.53 -1.38 10.53 0.04 2.15 3.73 0.30 

rh 25 20.69 9.70 -10.99 0.40 10.99 0.24 3.71 4.67 0.23 

usgs_h 3 2.30 2.36 0.06 1.41 2.36 0.06 1.41 1.72 0.75 

vp_h 6 6.19 5.35) -0.84 2.38 5.35) 0.52 2.84 3.36 0.54 

wgnhs_h 12 6.56 4.50 -2.06 2.15 4.50 1.19 2.70 3.00 0.46 

wisa_h 6 5.63 4.59 -1.05 1.04 4.59 0.06 1.64 2.37 0.42 

Flow (cfs) 

flux ‘ 6.82 4.34 -2.48 -0.05 4.34 0.10 1.56 2.08 0.30 

flux_Ipr 4 0.47 0.31 -0.16 0.02 0.31 0.02 0.14 0.18 0.38 

Abbreviations: n = number of values in a group; RMSE = root mean squared error. 

Table 10. Transient calibration statistics. All values are in feet and refer to differences between measured and modeled values. 

EG wt 
—__________ absolute 

Cat) n eV re(y iE tt Mean Max ti error RMSE —_—RMSE/range 

dm_h 24 3.03 0.57 -2.46 -0.60 2.46 0.03 0.74 0.96 0.32 

prf_h 17 13.28 1.70 -11.58 -1.51 11.58 0.03 2.32 4.04 0.30 

q_lpr 33 4.30 2.28 2.02) 0.07 2.28 0.11 0.78 1.01 0.23 

q_other 24 13.45 13.08 -0.37 4.07 13.08 0.06 4.14 5.84 0.43 

usgs_h 11 3.43 2.40 -1.04 0.51 2.40 0.02 1.31 1.52 0.44 

vp_h 28 6.22 3.58 -2.64 0.48 3.58 0.21 1.77 2.00 0.32 

wgnhs_h 40 8.50 4.37 —4.13 1.19 4.37 0.06 2.03 2.40 0.28 

wisa_h 49 6.50 4.45 -2.04 -0.04 445 0.03 1.17 1.57 0.24 

Abbreviations: n = number of values in a group; RMSE = root mean squared error.
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sites only being measured in either weights. In general, the patterns and stresses (for example, recharge and 

the spring or the fall, but not both. magnitudes of head values show pumping) that vary on a timescale 

The data provide a valuable signal the correct trends. Misfit between smaller than a month. However, as 

about the temporal dynamics of the measured and modeled values can discussed elsewhere in the report, 

system, but they are not necessarily be an artifact of the need to average we must apply stresses averaged 

informative about the entire year. stresses over a month, even though, over each month. As a result, it is 

This poses a challenge for the PEST in many cases, head observations are —_ not expected that head observa- 

algorithm, which considers each instantaneous. In other words,ahead __ tions will perfectly agree with their 

measurement to be similarly infor- observation, collected at a certain modeled equivalents in all cases. 

mative as enforced by the assigned time during a month, is the result of 

Steady-state head residuals 

Unweighted — — MEAN Weighted — — MEAN 
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Figure 35. Steady-state head residuals, showing unweighted (left) and weighted (right) targets. 

Steady-state flow residuals 
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Figure 36, Steady-state flow residuals, showing unweighted (left) and weighted (right) targets.
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Figure 37. Transient head calibration. 
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Figure 38. Transient flow calibration.
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Flow values on the Little Plover with the steady-state calibration, as the vadose zone and the actual 

River (at Kennedy, Eisenhower, adjustment of parameters is made changes in recharge and pumping 

and Hoover gage locations) were by the PEST algorithm to minimize within each monthly time step. The 

available for most months of 2014. the squared differences with little close agreement between measured 

Figure 41 shows that the Kennedy overall bias in the results. Accordingly, | and modeled values at the low-flow 

gage was slightly underestimated within a gage and among them,some conditions during summer in the 

throughout the 2014 simulation, but targets are simulated too high and Little Plover River was a primary goal 

both Eisenhower and Hoover were others too low. The transient response — of model development, and the cali- 

closely reproduced—especially for also depends on some phenomena bration meets that objective. 

the important summer months. As that are not explicitly simulated, such 

Transient head residuals 
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Figure 39. Transient head residuals, showing unweighted (left) and weighted (right) targets. 

Transient flow residuals 
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Figure 40. Transient flow residuals, showing unweighted (left) and weighted (right) targets.
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Transient discharge Estimated parameters 

As indicated earlier, the fit-to-ob- 

Kennedy Avenue gage served values is only part of the 

45 criteria in determining that parame- 

#9 ter estimation has been carried out 

; successfully. It is also critical that the 

g 3.5 ns | parameters estimated are reasonable, 

‘8 ag ° | e | given professional judgment and the 
5 7 | extensive knowledge about Central 

yg 25 8 | Sands hydrogeology from earlier 

B 4 studies. Estimated parameters include 

L ‘ | a recharge multiplier, streambed 
15 ° o °° Modeled : 2 

| \ hydraulic conductivity, and both ver- 

10 tical and horizontal hydraulic conduc- 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec tivity throughout the model domain. 

The steady-state hydraulic con- 

ductivity calibration produced the 

Eisenhower Avenue gage zones listed in table 11. Preliminary 

7 calibration of zone 5 resulted in an 

estimate of Kv>Kx, which is physically 

6 unrealistic. Rather than enforcing that 

e , 4 @ Kx>Kv a priori, we left the flexibility 

= r | oh to the algorithm to estimate param- 

2 4 - ; ’ | eters with the intention of overrid- 

s | L 4 : ing unreasonable parameters after 

a 3 4 estimation, if necessary. Only zone 5 

°} required such intervention. 
2 Modeled 

Zone 9 is the most important hydrau- 

Pa Feb Mar Apr May Jun Jul = Aug sep Oct Nov Dec liciconductivity.zone inthe model. 
The sands that underlie much of the 

agricultural activity, and to which the 

Little Plover River is connected, are 

in this zone. Previous observations 

Hoover Avenue gage indicated heterogeneity in these 
14 stream and offshore lake sediments 

- and specific homogeneous zones 

2 - have not been mapped. The thick- 

# 6 ° I ness of the aquifer in this zone is also 

> 4 o 6 | variable. A distributed field of pilot 

2 8 > jf + points each for horizontal and vertical 

3 ] 4 = hydraulic conductivity for the three 

a [ | model layers provides the flexibility of 

4 ° } - the information contained in observa- 

- —@~— Measured 

2 - 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Figure 41. Transient results for Little Plover River gaging sites. 
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Simulated water-level hydrographs 
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Figure 42. Selected simulated water-level hydrographs for transient calibration. See appendix 5 for additional results.
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Table 11. Calibrated hydraulic conductivity zonation. Refer to figure 30 for zone locations. 
“Clayton unit” refers to map units in Clayton (1986). “Model layers” indicates the layers where the zone is active. 

caren ene SEL URE ECM Le 

(LY eet 1 EV TIey Kx (ft/d) Kv (ft/d) eat} a} 

1 ie Cambrian sandstone 1,23: 20.0 2.0 19.2 2.0 

2 gk till of Keene member 1 25.0 2.5 255 25 

21 gk till of Keene member in LPR headwaters 1 25.0 25 24.9 26 

3 gd ___ till of Mapleview member 1 25.0 25 23.6 25 

4 od _ offshore sediment over till 1 1.0 0.1 1.0 0.1 

5 ou,oc meltwater stream and offshore sediment 1,2 33.0 33.0 21.0 21.0 

6 sp postglacial stream sediment i 15.0 15.0 16.4 15.6 

8 p peat 1 1.0 1.0 1.0 1.0 

81 p peat in LPR headwaters i 1.0 1.0 1.0 1.0 

9 su streams and offshore lakes 1,2 220.0 7.0 190-350 6-8 
(variable; uses pilot points) 

13 ou,oc meltwater stream and offshore sediment 1,2 200.0 10.0 158.0 10.0 

14 ou,oc meltwater stream and offshore sediment 1 35.0 3.5 47.8 3.5 

15 ou,oc meltwater stream and offshore sediment 2 35.0 3.5 48.7 377) 

Abbreviations: Kx = horizontal hydraulic conductivity; Kv = vertical hydraulic conductivity. 

tions to inform both the degree and the field cores collected during this respectively. In both cases, these were 

pattern of heterogeneity. Figure 43 project (see appendix 1). On aver- the lower bounds based on previous 

shows the estimated fields for hori- age, however, anisotropy typically is field measurements. The estimated 

zontal and vertical hydraulic conduc- —_ around 30 for zone 9 and between 1 values being low suggest that the 

tivity for the three model layers. In and 10 in the homogeneous zones. storage parameters are compensating 

the vicinity of the Little Plover River, . . for model error in decreasing the time 
ce . For the transient-parameter estima- 

a similar high hydraulic conductivity . , . for system response to stresses. The 
tion, the hydraulic conductivity field . 5 

body as shown by Kraft and others 5 i streambed hydraulic conductivity, as 
| | | was not adjusted. The only estimated ; ; 

(2012) was estimated. This area is wee with steady state, was estimated as 
. ; parameters were specific yield, 

associated with Cambrian sandstone i 2.5 feet per day. 
ae | specific storage, streambed hydrau- 

subcrops, which likely influenced the : a a 3 5 
a — lic conductivity (iteratively with the The best-calibrated steady-state 

depositional conditions of the sand. A 
. . steady-state model), and recharge model uses an estimated recharge 

Figure 44 shows anisotropy calculated aye ; are te 
as Kx/Kv for each layer, respectivel multipliers assigned to each month multiplier of 1.08. This multiplier 

yer i P y- (3-12) for which the SWB estimate indicates that an increase throughout 
In the area around the highest values . - 

. of recharge was greater than zero. the model domain of 8 percent in 
for Kx, the anisotropy peaks near 50. en oF i . 

as . . | Specific yield and specific storage recharge over the value estimated 
This high local anisotropy is consis- . 4 5 3 
sant with observations oFinterialeok were each estimated at their lower by SWB was required to result in a 

, . ae bounds of 0.12 and 1.0x10? ft", reasonable fit to observations. The 
silty or clay-rich material in some of
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Hydraulic conductivity 

Horizontal Vertical 

—k—=_ a _—k— 
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Figure 43. Estimated horizontal (left) and vertical (right) hydraulic conductivity fields for each layer.
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Anisotropy 

base mean recharge (as estimated 

b =a using SWB) over the model domain 

aa? was 8.6 in/yr. After parameter estima- 

, tion, the mean recharge applied in 

the MODFLOW model was 9.9 in/yr. 

. = For comparison, a previous model by 

Clancy and others (2009) calibrated 

€ with a recharge range of 10.5 to 

fs a a 13.7 in/yr. Weeks and others (1965) 

6 7 estimated recharge in the LPR basin 

¢~ eee at 8.9 to 9.5 in/yr for the climate in 
1 pS 1960 and 1961. Recent work by (Hart 

‘ : y and others, 2016) determined annual 

i var x recharge at a site in Adams County to 

be between 9.7 and 11.9 in/yr. 

The recharge multipliers applied to 

each month of the year in the tran- 

sient simulation are listed in table 12, 

along with the SWB-estimated 

recharge (in inches) for each non- 

a) zero month and the adjusted mean 

CY recharge. Figure 45 shows the 2014 

monthly recharge graphically. The 

oe mean recharge for the year increased 

“ i from 12.5 inches to 14.6 inches, repre- 
p ' senting an effective overall multiplier 

af of 1.16—a similar value to the steady 

/ - a | state, The major conclusions from 

the monthly adjustments are (1) the 

= main spring recharge event due to 

snowmelt and associated runoff was 

estimated by SWB as occurring in 

April, but for MODFLOW it was better 

simulated in May, (2) recharge in 

= winter was lower than simulated by 

: SWB, and (3) an increase in autumn 

- a recharge was indicated by the 

oe parameter-estimation process that 
i was not simulated by SWB. 

P 4 Potential explanations for the first 

: issue include flow through the vadose 

f&- “a zone. SWB estimates deep drain- 

age (water draining from the root 

zone) into the vadose zone, whereas 

0 6 12 24 #30 36 0«6©42)— 48 MODFLOW simulates recharge occur- 

Anisotropy ring directly on the water table. The 

Figure 44, Estimated horizontal to vertical anisotropy (ratio, Kx/Kv). 
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Table 12. Monthly recharge multipliers for transient calibration. 

Stress periods 1 and 2 have zero recharge due to frozen ground. 

Seana SWBmeanrecharge _ Estimated recharge PUTT 
us (inches) PM Tm CLL a3) recharge (inches) 

3 1.48 0.25 0.37 

5 1.21 3.57 4.33 

Z 0.01 2.21 0.03 

9 0.54 6.48 3.53 

11 0.58 1.42 0.83 

Transient recharge adjustment 
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Figure 45. Transient recharge adjustment for each stress period.
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timing of water movement through Simulated steady-state me. wr 

the vadose zone is not explicitly water-table elevation A e107 

simulated, but in reality, there may + High-capacity wells 5 ) S150» 
be a delay from deep drainage to — Simulated steady-state water table WA XQ! ZN 

s (feet above sea level in 10-ft intervals) Aas of oS 
reaching the water table. As a result, WAS OT 7 

better agreement between the model Little Plover River watershed yi) eae FD 
and observations are obtained in 1 Model domain BLL A YF LM 
MODFLOW when the spring runoff B Lakesiandistreams; Whe aS Se el \) 
woe . Township boundaries cP \ © «anette giles « PLLAR 
is simulated as recharging the water { AN roy. / 4 \\\ 

table in May rather than in April. A Ny s : BX oe.) ) | 
second potential explanation is the Lan | Tae JNS/e Fi 

oe ice. /, oT Be le Pee 8 Sh an00 Ae / 
relatively coarse resolution of monthly Sd oe Gens: af an ee KKKKKA, 

stress periods; precipitation occurring eae Se AN ta A OT ay \ 1} 18/ se 

late in a month impacts ground- robs “A ; a ya AD, wi a ? VENER 

water levels and streamflow in the 0 5 miles eS ge earee ~ alt oo JY PD 

month after the precipitation occurs. 
The lower winter recharge following Figure 46, Simulated steady-state water-table elevation. 

parameter estimation may result 

from temperature increases that SWB 

simulates as thawing the ground and 
allowing recharge to occur when, in parameters with high identifiability tions. Vertical hydraulic-conductivity 

fact, the ground remains frozen and can be interpreted as important con- _ values are less identifiable, indicating 

no recharge can occur. trols on model behavior. that they control the solution less and 

are informed less by the observations. 
itivi dontifiahili In the Little Plover River model, the 

Sensitivity and identifiability two parameters with the highest Overall, the identifiability analysis 
In modeling parlance, groundwater ; P - o . indicates that vertical hydraulic con- 

rrr ae identifiability are the recharge multi- oe . 
parameters with high identifiability , 3 ductivity is less important to model 

. plier (rm1) and streambed hydraulic . | : 
are interpreted to be well informed by - results than is horizontal hydraulic 

. . conductivity (sfrc). These two param- . 
the observations, while parameters ‘ conductivity. 

. - aa Vics eters are the main controls on overall 
with low identifiability are interpreted water balance into the model and 

t ill inf d by the ob ti 
tore cone a vclativehy '0nS the connection to streams. The Little Model results 

oI y ny Plover River flow observations are the — Hydraulic head distribution 
constant in the history:matching most important and highly weighted i 
process. The identifiability metric is a ccrathons inthe odial on Col The overall steady-state hydraulic 

calculated using both sensitivity and lows that the parameters controllin head distribution produced by the 

correlation, as discussed by Anderson fl hs 7 ‘ehithaist model is very simllarta Maps pro- 
and others (2015). In models with Water exchanges WIT Ie sticamnan duced by previous investigations 
many parameters, identifiability overall th available in the meee (Clancy and others, 2009; Weeks and 

: should be the most important. Other 

isa More informative metic than important parameters re horizontal ne Focltehiedenesmend 
sensitivity. Appendix 6 explores the h vevalte coodinctivit SParaetare: regional water table slopes gently 

identifiability of parameters for the ture of homo ocous zones ° from north to south across the model 
steady-state model. Identifiability % r a ai je domain (fig. 46). Groundwater flow 

is a qualitative metric and should an Pilob petits This Nigh fights te is perpendicular to these contour 
not be over-interpreted, but it can Seivtoaan °F ier ae ' lines, and flow diverges to the east 

ow to su e streams and also to 

provide some: insight Inte.Important maintain a imulated head surface in ane palit ia dneletanah 
model behavior. In a qualitative sense, " divide near the center of the model 

good agreement with head observa-



A Groundwater Flow Model for the Little Plover River Basin in Wisconsin’s Central Sands 

domain. Figure 47 shows details Using the calibrated steady-state Eisenhower Avenue and Hoover 

of the simulated water table near model for 2013 conditions, maps of Avenue. This finding is consistent with 

the Little Plover River. Contours “v” the simulated groundwater inflow recent field observations and with 

upstream as they cross the river, indi- and baseflow distribution along the work of Weeks and others (1965), 

cating that groundwater discharges the Little Plover indicate places and coincides with an area where the 

to the river. The presence of adam where groundwater enters the river. aquifer thins. The river loses water to 

on the west end of Springville Pond Figure 48 plots the groundwater groundwater in some of the stretches 

causes a steep hydraulic gradient inflow at each model stream node upstream near Kennedy Avenue. 

just below the dam and results in along the Little Plover. Greatest sim- Greater discharge from the river to the 

bunched contours between the ulated groundwater inflow, indicated | groundwater occurs along the upper 

dam and the Wisconsin River. by the darker blue nodes on the fig- part of Springville Pond, where the 

ure, occurs in the river reach between _river has been artificially impounded. 

The dam for the pond raises the pond 

aaa mI =a Pe we above we ronal oe lev- 

ss eS TH | | ee vA + ge els, creating a hydraulic gradient from 

eS o€ sep | sy i me, yee pe he ee es the pond feithe sroundhraler system. 
Ls cette alee Tol [de BA Se A 
ea | ‘ih in. ' Se) 2 | The Streamflow Routing (SFR2) 
ieee) Hef) 4 te Pees kage used in the model adds 

Peer Sete —— Uitte Plover River 7 ss * A. . rei packag 

Pegtets |Ccwoonic wrnes | | th. Y N 7 abet “© the discharge of all the individual 
haat ie \/ \ a Pe Mi stream nodes together to produce the 
: ee ( hey A . a Poe distribution of steady-state baseflow 
Peeate aria St He AY LESS os yl =" shown in figure 49. As expected, 
Rae se Ne al as TM ey ioe — (simulated baseflow increases down- 
Ky et w NG ae “y)) stream, and is a maximum of about 

lee =< x Ry % Ne BS. A ie SSE ge 8 cfs at the river mouth. This simu- 

ee = i ESN i ae he oNY aS Bs ag wee _ lated baseflow distribution can serve 
= A) | / Va AS Rs a KC Proefes oe as a basis for comparison between 

‘s ®, ae 9 Ae <A eo ae Cs arora alternative management scenarios for 

ee fee} ga) 4 i " \ : 3 ~ Ww se v z * evaluating impacts on the ground- 

ak hf 8 eff ee Su aN eS Ae water component of streamflow. Plots 
ee SS, 5. ag LP \y of ake or similar to figure 49 could be con- 

cry Ne NA me en structed for transient conditions but 
pa aE Ned ach ETE oh later are not shown in this report. 

Figure 47. Hydraulic head distribution near the Little Plover River. 
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Figure 48. Simulated groundwater exchange with the Little Plover River 
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Figure 49. Simulated baseflow in the Little Plover River. 

Table 13. Steady-state mass balance for the entire model domain and the Little Plover River watershed. 

ai (ah hia 

LETT a NY Tait TC Citi it Ty 

mre eC ur li) 

Recharge 1.31E+07 0.00E+00 151.9 0.0 9.9 0.0 

Constant head 1.45E+06 6.17E+06 16.8 NA ile 47 

Drain (wetlands) 0.00E+00 2.08E+05 0.0 24 0.0 0.2 

Well 0.00E+00 3.90E+06 0.0 45.1 0.0 29 

Stream 4.22E+05 4.72E+06 4.9 54.7 0.3 3.6 

Storage 0.00E+00 0.00E+00 0.0 0.0 0.0 0.0 

TOTAL 1.50E+07 1.50E+07 173.6 173.6 11.3 113 

Percent error 0.00 0.0 0.0 

Lateral ground- 8.74E+05 1.16E+06 10.1 13.4 6.4 8.5 
water flow 

Recharge 1.40E+06 0.00E+00 16.3 0.0 10.4 0.0 

Constant head 0.00E+00 0.00E+00 0.0 0.0 0.0 0.0 

Well 0.00E+00 5.12E+05 0.0 5.9 0.0 3.8 

Stream 1.44E+05 7.53E+05 LF 8.7 1.1 5.6 

Storage 0.00E+00 0.00E+00 0.0 0.0 0.0 0.0 

TOTAL 2.42E+06 2.42E+06 28.0 28.0 17.9 17.9 

Percent error 0.02 0.0 0.0 

Abbreviations: cfd = cubic feet per day; cfs = cubic feet per second. 
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Steady-state mass balance 

Inflow (in/yr) Outflow (in/yr) 

1.06 
Stream 6.44 

z 5.55 8.53 
Lateral Stream Lateral 
groundwater groundwater 
flow flow 

10.36 3.78 a 
Recharge Wells 

Figure 50. Steady-state mass balance for the Little Plover River basin. 

Mass balance and cubic feet per second, cfs) and no constant-head cells, drains, or 

The groundwater model yields as a depth of water over the model other features that serve as potential 

excellant intemal nase balance for domain area (inches per year). discharge points away from the river. 

both steady-state and transient The largest single term in the overall Atawatieraded fecharge " RIPE 
simulations. Overall mass-balance steady-state model water balance graphic basin (104 in/yn) is somewhat 
error (the disagreement between is recharge (9.9 in/yr). The recharge larger than in the overall model, and 

volumes of water gained or lost in term in the model budget is a lumped mL eiSier LGsereDOUETL IN 

the model) is less than 0.01 percent, term that includes losses to evapo- yrto ne aquifer from the stream 
indicating that the model has reached transpiration and gains from irrigation” losing reaches. The steam gens 
a stable numerical solution. Table 13. water, Most of this water eventually about 56 in/yr from the aquifer to the 

summarizes the steady-state mass discharges to external boundaries stream in gaining reaches. wells sim 
balance for both the entire active (4.7 in/yn), internal streams (3.6 in/ ulated inthe model use 3.8 in/yt, and 
area of the model (209 square miles) yn), wetlands (drain cells, 0.2 in/yr), the remainder of the water balance is 

and for the topographic basin of the or wells (2.9 in/yr). These numbers made upof horizontal groundwater 
Little Plover River (21.3 square miles). _are slightly different if calculated flow ne ang away from Mig nasi, 
The table presents the results both as__only over the portion of the model with net horizontal flow being 2.1 in/ 

rates per time (cubic feet per day, cfd, that makes up the Little Plover River outof the basin Figure 50 shows 
drainage basin. This basin is in the these'water balances graphically. 

interior of the model and contains
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Model simulation examples 
The Little Plover River groundwater developed to accompany this report ‘ ‘ 

model is a tool to help illustrate the provides instructions on specific Example I: Adding a 

principles of groundwater flow and model applications (Bradbury and high-capacity well 

use in the region; to show the inter- others, 2017). The Little Plover River model can 

relationships of various sources and This section of the report contains be used to evaluate the potential 

sinks, such as recharge, streamflow, the following examples of model effects of installing new high-capacity 

and pumping; and to test differ- applications: wells in and around the Little Plover 
ent water-management scenarios. River drainage basin. Impacts from 

For the purposes of this report, a I Simulation of the addition of a pumping an individual well include 
scenario is a model simulation in new high-capacity well under drawdown at or immediately next 

which certain model variables, such both steady-state and transient to the well, development of a cone 

as well-pumping rates or recharge conditions. of depression around the well, and 

rates, have been changed from the I. Delineation of the area contrib- potential depletion of streamflow by 
calibrated base model in order to uting groundwater to the Little capturing water that would have dis- 

represent possible future (or past) Plover River under current-day charged to the stream as baseflow or 
conditions (Anderson and others, conditions and predevelopment by inducing flow from the stream to 

2015). A simulation represents a conditions. the aquifer. Simulation of a hypothet- 
single run of the model. The relevant ical new high-capacity well near the 

information obtained from typical I Groundwater management using _ ittle Plover River demonstrates the 
modeling scenarios includes dis- depletion-potential mapping. evaluation of these impacts. 
tributions of hydraulic head (water A fourth example, addressing ground- | | 

levels), drawdown (change in water The purpose of this‘example |s:to levels), mass balance (quantification water management through con illustrate how the model can simulate 
of sources, sinks, and flows of water), strained optimization, is included in a single new well under steady-state 

and gtoundwater flow'directtons appendix 7. and transient conditions. The simu- 

and velocities. The user’s manual lations were run under two different 

assumptions regarding recharge. 

Initial runs assumed no change in 

: Bec land use—other than the presence 

Pee ge of the new well—and all discharge 

mee Sel te | from the well was removed from the 
, Rn So model. A second set of runs simu- 

pen ae if lated additional recharge around the 
ae = : =e a well that might occur as part of the 

: eee oS Wes irrigation process as a portion of the 

} >. Fe |. . =e ea irrigated water infiltrates and replen- 
Sof > eS ieee shes the groundwater system. x f aw. oN os Satin 52 

a ey Ls mee ea 
aS pea A a eae 
ee Rio ee eae 
ae Se 
ee te eo : Bae e ; hee ee a 

7 ass |G PIN Gy ee acs 
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Methodology existing well elsewhere in the model.) (2013 conditions for steady state and 

The example simulates the impact of Overall discharge from the well is 2014 conditions for transient; see 

a new high-capacity irrigation well 8.69 million cubic feet, or 65 million calibration section of this report). 

along Porter Drive, about 1 mile north gallons (Mgal), per year. This trans- Comparisons between baseline mod- 

of the Little Plover River (fig. 51). lates to an average daily discharge of | els and the new well simulation show 

The well is typical of many of the 23,800 cubic feet, or 0.18 Mgal, per the effects of the well on groundwater 

larger-capacity irrigation wells in day (124 gallons per minute, gpm). ee and en flow inthe river. In 

the model domain. This hypothet- We simulated the groundwater and the ee oe betwee cease 
ical well pumps only during the surface-water responses to this and transient anal a the in ie 

growing season, with 28 percent of pumping using both the steady-state Il was added “eo 593 ; P 

its annual use in June, 58 percent and transient models with their mn wethe wodel ath he wellasen 
in July, and 14 percent in August. calibrated recharge conditions 4 nemodel P 
(These are percentages from an to layers 1, 2, and 3. The model com- 

Simulated steady-state drawdown, with and without irrigation return 
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@ Gages an sot \ ce ! 
Figure 51. Simulated steady-state drawdown with and without PALS 
irrigation return for a hypothetical new well. (Basemap source: Esri) —
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putes discharge to the wellfromeach comprising 230 acres centered on the Steady-state results 

layer in proportion to the relative example well (fig. 51). An area of this Under steady-state assumptions, the 

layer transmissivities at this model size was chosen to be about equal well lowers the water table about 

node. Initially, recharge rates were to the area irrigated by the existing 1 foot near the well and forme 

unchanged from the steady-state and _ well on which this example is based. cone of depression (as bounded 

transient calibrations. Transient runs Additional recharge applied totaled by the 0.5 ft drawdown contour) 

were carried out in two stages fora 1.5 inches during the irrigation period shout 1/2 mile across (solid lines, 

5-year simulation period, repeating (June, July, August); this value was fig. 51). Simulated baseflow in the 

a single pumping cycle five times. taken from soil-water-balance cal- Little Plover River declines 0.1 cfs 

In the first stage, the example well culations based on grower-reported at Kennedy Avenue, 0.1 cfs at 

was pumped only during the first irrigation for potatoes in 2014 (see Eisenhower Avenue, and 0.2 cfs at 

year in order to examine the length recharge section of this report). The Hoover Avenue (table 14). These 

of time needed for full recovery from extra recharge was equally distrib- values, divided by the steady-state 

the pumping stress. In the second uted over the irrigation season, with well discharge, give depletion ratios 

stage, the well was pumped identi- 0.5 inches added in each ofthethree of 18 t9 69 percent, meaning 18 per- 

cally for each of the 5 years in order simulated months. It is important cent to 69 percent of the water 

to examine the impact of a well to note that the irrigation return produced by the well at steady state 

being used in successive years. To used in this example is intended is water that otherwise would have 

simulate the recharge of irrigation for demonstration and is based discharged to the river. The remainder 

water, we conducted a second set on numerous assumptions about of the water produced by the well 

of runs in which additional recharge cropping, soils, and irrigation prac- would have discharged elsewhere, 

was applied over a rectangular area tice that might not be appropriate primarily to the Wisconsin River. 

for other locations or time periods. 

Table 14. Baseflow changes at three locations with and without a new well—no change in recharge. 

See figure 9 for site locations. June, July, and August results refer to simulated flows at the end of these months. 

PERT Baseflow with Change 
CET RC PERT OAC) well (cfs) (cfs) Change (cfd) Change(%) Depletion ratio (%) 

BIC Sie LMP (OP Ce) 

Kennedy 1.0 0.9 0.1 4,320 51 18.2 

Eisenhower 2.2 2.0 0.1 11,232 6.0 47.2 

Hoover 5.4 5.2 02 16,416 35 69.0 

Bch ara es 

JUNE (Q=81,079 cfd) 
Kennedy 1.8 1.8 0.0 0 0.0 0.0 

Eisenhower 3.8 3.8 0.0 1,728 0.5 21 

Hoover 79 7.9 0.0 1,728 0.3 2.1 

JULY (Q=162,531 cfd) 
Kennedy 1.2 1.1 0.0 2,592 2.6 1.6 

Eisenhower 2.5 24 0.1 9,504 43 58 

Hoover 6.2 6.1 0.1 11,491 2.1 71 

AUGUST (Q=39,232 cfd) 
Kennedy 13 1.2 0.1 6,048 5.4 15.4 

Eisenhower XE) 27) 0.2 16,416 6.6 41.8 

Hoover 6.8 6.5 0.3 22,464 3.9 57.3 

Abbreviations: cfd = cubic feet per day; cfs = cubic feet per second; Q = discharge of hypothetical well
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Table 15. Baseflow changes at three locations with and without a new well—recharge increased in the vicinity of the well. 

See figure 9 for site locations. June, July, and August results refer to simulated flows at the end of these months. 

PEST Baseflow with Change 
CET (RC) baseflow (cfs) well (cfs) (cfs) Change (cfd) Change (%) Depletion ratio (%) 

Steady state, 2013 (Q=23,800 cfd) 

Kennedy 1.0 0.9 0.1 4,320 Sl 18.2 

Eisenhower 2.2 2.1 0.1 10,368 5.5 43.6 

Hoover 5.4 52 0.2 15,552 3:3 65.3 

JUNE (Q=81,079 cfd) 

Kennedy 18 18 0.0 0 0.0 0.0 

Eisenhower 3.8 3.8 0.0 1,728 0.5 21 

Hoover 79 79 0.0 1,174 0.2 14 

JULY (Q=162,531 cfd) 

Kennedy 1.2 1.1 0.0 2,592 2.6 1.6 

Eisenhower 25) 2.5 0.1 7,776 3.5 48 

Hoover 6.2 6.1 0.1 9,438 1.8 58 

AUGUST (Q=39,232 cfd) 

Kennedy 1.3 1.2 0.1 4,320 3.9 11.0 

Eisenhower 29 27 0.2 13,824 55) 35.2 

Hoover 6.8 6.5 0.2 18,361 3.1 46.8 

Abbreviations: cfd = cubic feet per day; cfs = cubic feet per second; Q = discharge of hypothetical well 

Under steady-state conditions, sim- Transient results steady-state model underestimates 

ulating the return of irrigation water The transient simulation results show Maximum drawdown in this case 

significantly reduces, but does not how the impacts of the well change (compare figs. 51 and 52) because 

eliminate, the impacts of the well on through time, and are probably more the pumping rate is averaged over 

the water table and on streamflows. representative of actual impacts than the entire year. Figure 53 shows how 

Assuming irrigation return, the well the steady-state results. However, the drawdown cone changes through 

lowers the water table about 1 foot because the transient simulation the year for the scenarios with and 

near the well and the 0.5-foot draw- is based on precipitation and without irrigation return. It initially 

down contour is about 1/3 mile across pumping during 2014, a year with develops as pumping begins in June, 

(dashed lines, fig. 51). Simulated base- higher-than-average precipitation, it continues to grow during July and 

flow in the Little Plover River declines may not be representative of impacts August, and then diminishes during 

0.1 cfs at Kennedy Avenue, 0.1 cfs during drier years. Maximum draw- September. In both scenarios, the 

at Eisenhower Avenue, and 0.2 cfs down occurs near the end of July,and Cone of depression remains through 

at Hoover Avenue (table 15). These the cone of depression developed September, even though simulated 

values divided by the steady-state then is similar in shape to—but larger pumping ceases at the end of August. 

well discharge give depletion ratios of than—the steady-state cone (fig. 52), Comparison of the scenarios with 

18 to 65 percent. with the 0.5 ft drawdown contour and without irrigation return (right 

being about 1 mile across. The and left parts of fig. 53) shows that 
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Simulated transient drawdown, with and without irrigation return 
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Figure 52. Simulated transient drawdown with and without ; ne, > 
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Cone of depression, with and without irrigation return 
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less total drawdown occurs under the baseline (no new well) condition. The 

irrigation scenario and the cone of streamflow begins to recover when 

depression is slightly narrower. pumping declines at the end of July, Se EE A eA MENTALS 

but th Il decline in streamfl 
In the transient simulation, drawdown u 1 € overal eciing In streamviow Cumulative impact 
avthewell and inpacworestrem- continues for several months after umulative lmpac 

flow vary with time and lag behind pumping ceases, reaching a maxi- of pumping 
decline in September bef 

changes in pumping. This time lag is mum ec ine in september Detore ; DETAILS: Whenever a well is 
related to the concept of hydraulic beginning to recover. When the well is _ ua’ 

diffusivity, defined as transmissivit operated only'during first year.of the 2 Ie se 

divided by storativity, which vers simulation (top plots on fig. 54), the from streams and water 
the rate le 3 ae ropa wee streamflow at all three sites is about levels in an aquifer, lakes, 

shrouiGhiah aaiuifer cen aad 50 percent recovered at the end of and wetlands are lowered. 

aioe saisiahe unconfined aquifer Y&2" 1 but does not fully recover until Se impacts ie to 

in the Little plover River basin bas midway through yéan3: In contrast, poe 
a relatively high storativity (specific when the well operates in successive from numerous wells in the 

, ee ee years (bottom plots on fig. 54), the same area overlap. When many 
yield of 0.12), which means that the isi j feral 

hydraulic diffusivity is small and the streamflow: never Tully. ecovets: oe ee aes pumped, water level declines 
corresponding response time is long Accounting for re-infiltration of a andictreaniflow diversionsadd 

compared to confined aquifers com- proportion of irrigation water near to each other. So even though 

posed of similar materials. the well teduces the impact on te a single well may cause only a 

Plots of streamflow change and draw- stream only slightly. The dashed lines small decline or diversion, the 

down at the well versus simulation is on 34 estima sl irae additive effects of many wells 

time (fig. 54) illustrate the effects of eine eh innit aw val Wou Aded can significantly impact lakes 

time lag. There is no drawdown at the oe Update ° and streams. 

pumped well until pumping begins . dccsaaemcace ‘ WHY IT MATTERS: Unless ja June: avd fakinnurn drawdown maximum reductions in streamflow at ! Soca 

of about 10 feet occurs at the end the three,gages:during:the firstyear Cons MN ea 
of July. The well begins to recover as of the 5-year simulation are about 0.1 toa surface water feature or 

view y “leceane. im AuGUeE But cfs at the Kennedy gage, 0.2 cfs at the another well, any single well 
P a 9 h . gust h Eisenhower gage, and 0.2 cfs at the typically has modest impacts 
sa Auer :dieadleen contin: e Hoover gage (table 15). on water levels or streamflow. 

1 - However, when many wells are 
ues for several months. Simulated Comparison of simulated 2013 located in the same areaithe 

drawdown is 0.7 feet at the end of steady-state versus 2014 transient cumulative impacts of all these 

September, 0.4 feet at the end of impacts on streamflow (table 14) wells can become significant. 

October, and 0.3 feet at the end of shows that the transient impacts 

November. The well does not fully can be significantly different than 

recover until the following spring. the steady-state impacts, and that 

The time lag effect means that impacts differ by position along the 

impacts at greater distances from the stream.t is importantito notesthat 
<wail'sredélaved more than ipaets because 2014 was a wetter-than-aver- 

ieninecliatal  tiacent tothe eel age year, the simulated 2014 transient 

The top aa os on figure 54 show impacts might be somewhat less than 

hydrographs of the change in flow for a dry or average year. The model 

: : i ble of simulati diti 
of the Little Plover River at the three s capable of simurating con tons 
gaging sites versus time. The plots in other years, but such simulations 

chow thareven though . uinpin were beyond the scope of this report. 

of the well begins in Mire here The groundwater system in the Little 

Pl Ri tak | 
little impact on the streamflow until Over RIVEF area Can take severa 

July, when streamflow at all three months to reach steagy state,and 

sites begins to decline relative to the generally does hot reach steady state 
during a typical growing season.
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This example illustrates sev- Hypothetical well - operates 1 year only 
+ ale Kennedy Avenue 

eral important characteristics of 0 my a 

steady-state versus transient flow $01 i 

simulations for this region. First, for $ 

typical irrigation wells that pump é” 

only during the growing season, the -03 

steady-state model might not repre- — __Eisenhower Avenue 

sent a worst case (maximum impact) \ an 
with respect to streamflow. Note 2 tl ay, 

that the steady-state 2013 results 5 02 gy 

(tables 14. and 15) showa flowchange ° i 

of 3.3 to 3.5 percent at the Hoover . Hoover Avenue 

gage, but the transient 2014 simu- ° AI A Te 

lations show a change of 3.1 to 3.9 S 04 \ TL 

percent there at the end of August. $ 43 7 
ge & -0. e 

Second, for typical irrigation wells, G Charigewiate pumping 

the transient simulation represents 03 ——-—- Change with irrigation return 

a worst case (maximum drawdown) zo ——— _ Drawdown at well 200 

at the well itself; the steady-state 3 2 Monthly pumping 160 4 _ 

model underestimates maximum 3 4 Wb BS 
drawdown because the pumping rate 3 ; io fo 

is averaged over the entire model = 1 0 é 
a T 

year. Third, the transient simulation 0 1 5 3 4 5 

provides useful information about 

the time lag between pumping Hypothetical well - operates 5 years 
periods and expected impacts on 0 ; Kennedy Avenue 

the stream. Depending on distance = N _ ea, ee. eee. eee 

between the well and the stream, 2 = 

the effects of pumping on stream- a 02 

flow might not occur until several = re 

months have passed since pumping FserhowerAvenue 

began—and typically continue—after 0 \ . a 

pumping has ceased. This example $ 44 \ ZF \ F\’ A V 7 
shows that because of the time lag, S 02 wy, 47 \ 7 \ iy \ i 

the cumulative impacts of pumping §~ 

might not be apparent for weeks or 03 

months after the onset of pumping. 0 Hoover Avenue 
) z 
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Figure 54. Simulated pumping schedule, drawdown, and streamflow change 

hydrographs for the hypothetical new well example. Top: Well operates for yarograp: YP Pp: IP P' 

1 year only. Bottom: Well operates for 5 successive years.
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Simulated present-day contributing area Example 2: Simulating 

+ ae a cumulative effect of 
Oe  ecacuacaianaa tied eal . | _ 5 

uacieaages 'E + ppbil A existing pumping 

“I rarer ween A. vy i | Pumping within the model domain 
Ie ine Ty VB <P i alters both the size of the area 

ZA, f th | contributing groundwater to the 

: - : Gs xy | river and average flow rates in the 

be | ae : by ip , D river. Simulated contributing areas, 
Sa, 3 fs tp te if A. or capture zones, for the Little Plover 

Us Z X v4 Li cp vp ~ | River show the area of the landscape 

hee i A a Sa contributing groundwater to the 

\ a ie 4 y a river. Using the USGS MODPATH 
(\ a sS y.; | particle tracking code (Pollock, 

Sai us Bs 2012), mathematical particles were 

on | : placed at the water table and tracked 

EAA. are iJ, forward in the steady-state model 

es =! 2 , a until they exited the model at a well 

~ ofl ay t we Ao model boundary. The population 
ye ‘| ae | ie faim cimmaie ones | st of particles reaching the river makes 

up the contributing area for the river. 
Figure 55. Simulated present-day contributing area for the Little Plover River. The present-day (calibrated model) 

contributing area (fig. 55) forms an arc 

. ae extending outside the topographic 
Simulated predevelopment contributing area watershed boundaries and extending 

7 . ; <7 ss nearly 7 miles north of the river. The 
| [> ~~ sada waertaie change, foe | 2 a Poe a * irregular shape of the contributing 

A) cecearrrerre rooney oxo fons A area arises from the presence of wells 
5 ——_ Ute Power Fiver Zz Pa pe in the area, which capture flow at spe- 

Oe aaa ag ‘| cific locations. The area of capture is 

1 ‘ ° 8 Ss 13.9 square miles. Groundwater inside 

pe 4 chls \ aes this region eventually discharges to 

i = , cs 7 the Little Plover River and ground- 

Sem ey tl pee ne @ water outside this region discharges 
See : Xo -., elsewhere. 
Sy i's ‘ *y, 
1 * ol 4 A steady-state simulation approxi- 

een PF z, j*e mating predevelopment conditions 

c\ ee (fig. 56) shows that the predevelop- 

Ce TX ment contributing area was likely sig- 

Ni G4 Ne nificantly larger than the present-day 

ae / le Lae ts y ax ‘contributing area and streamflows 
ea Si Be IS - 2 were greater in the past. This simula- 
a 4a eben ee oA ee + tion removes all wells from the model 

Seah RS on Sas BewasaanSenes i? and replaces the calibrated recharge 

' rates for irrigated land with calibrated 
Figure 56. Simulated predevelopment contribution area for the Little Plover River. values‘for he nearest nonirrigated 

Dashed contour lines show simulated water-level change between predevelopment 

and current conditions. 
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land, which is either broadleaf veg- duction) is about 1.7 cfs at Kennedy stream, due to changes in the flow 

etation, grass/prairie, or evergreen Avenue, 3.3 cfs at Eisenhower Avenue, _ field caused by a well. Induced infiltra- 

trees. This change in land use results and 4.5 cfs at Hoover Avenue. tion occurs when water flows out of 

in a reduction in annual recharge of the stream and into the groundwater 
5 The model shows that even wells 

about 1.9 inches averaged over the F Bical system due to well pumping. Induced 
. . . outside the contributing area (shaded _.. 

Little Plover River basin (table 16). The A . infiltration is the most extreme case 
. Lge so pe regions on figs. 55 and 56) can impact . 

resulting contributing area is similar in “ ‘es of a well affecting a nearby stream 
- the size and shape of the contributing 

length to the one shown in figure 55, : and represents a change from 
an ~ area and affect groundwater dis- Ses . : 

but is significantly broader, with an . gaining conditions to losing condi- 
. . charge to the river. The model can be - . . 

area of 19.1 square miles. River base- . ‘ tions. Increased pumping results in 
— : used to quantify the impacts of any = 

flow is directly proportional to the . . a decrease in stream flow, and the 
particular well using the concept of 

area of the capture zone. Although , : : - change in simulated baseflow when 
. . depletion potential described in the i 

recharge is lower in the absence of next example an additional well is added to the 

pumping, the simulated predevelop- pre. model shows the impact of that par- 

ment Little Plover River capture zone " $ ticular well. Depletion potential is the 

is larger in area, and consequently, Example 3: Mapping percentage of water pumped from 

baseflow in the river was greater than depletion potential the well that would have eventually 

under current conditions. Figure 56 reached the stream if the well was not 
: ‘ Background 5 

also shows the simulated change in — ; pumping. 

the water table due to the combined Depletion’ 's aterm used to describe From frst orinetales: depletion i 

presence of high-capacity wells in the the Intercepuon or diversion of controlled in Iie oe oseane Bytha 

area (dashed contours). Simulated groundwater discharge that would go roximity of ails io saifbteustaten 
steady-state drawdowns range from toa stream if no extraction wells were ponuee rareeanplewedianscranes 

0 to 6 feet, with about 2 feet in the present: Extraction Wells change ine 1968b) resented » vetyeamnflow ‘ 
vicinity of the main channel of the flow field and—in temperate regions pI 9 er, 
Little Plover River: such as central Wisconsin—derive the depletion factor” (SDF) which indi- 

water they extract at the expense of cates the timing of depletion: 
Comparing the simulated present-day —_ surface-water bodies. This process, EACH I) 
streamflows to streamflows simulated often called “capture,” is independent a 

in the absence of wells provides an of recharge (Bredehoeft, 2002). Other SDF = D 

estimate of the steady-state cumu- related terms include interception, - ; 
lative impacts of pumping on the diversion, and induced infiltration. where: SDFis the stream depletion 
Little Plover River at the three gaging —_ Interception occurs when water factor, dis the distance from a well to 

sites (see fig. 9 for locations).Table 16 that was previously flowing toward a surface water body, and D is hydrau- 

shows the results of this simulation. a stream is, instead, captured by a lic diffusivity (defined as hydraulic 

Under steady-state (2013) conditions, nearby well. Diversion occurs when conductivity (K) times aquifer 

the simulated change in streamflow water that was initially or historically thickness (b) divided by specific yield 
caused by land-use change (the com- —_ flowing toward a stream instead (S,)). Large values of SDF indicate 
bination of irrigation and crop intro- discharges to another surface-water long times required for depletion to 

feature or another location on the reach surface water, and small values 

Table 16. Comparison of 2013 calibrated simulation, with predevelopment simulation. Recharge, pumping, and streamflow 
values are given for the Little Plover River topographic basin. 

LL Ce oo rT PTT} PTT TTF 
SITET Kennedy (cfs) Eisenhower (cfs) Hoover (cfs) (cfs) (in/yr) (459) (in/yr) 

Present day 1.0 22 54 16.3 10.4 5.9) 3.8 

Predevelopment 27. 55 99 13.3 8.5 0.0 0.0 

Change =, 3.3) 4.5 3.0 1.9) 59) 3.8 

Percent change -63 -60 -45 23 22 

Abbreviations: cfd = cubic feet per day; cfs = cubic feet per second.
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indicate depletion occurring in short well is increased. The model then As expected from theory, wells that 

times. Note that distance between calculates decreases in streamflow are closest to the Little Plover River 

the well and the surface-water body at each constraint location that can generally show the highest values of 

is squared, so its influence is very be attributed to pumping at each depletion potential. The only excep- 

large. More recent work by Fienen specific well. Due to the conservation _ tion to this finding is in cases where 

and others (2016) shows that other of mass, changes in streamflow due wells are close to the Little Plover 

surface-water characteristics, such as to additional pumping represent River, but also close to the Wisconsin 

the spatial density of surface-water depletion by the pumping. Such River—in such cases, more water may 

features near a well, can also be simulations require N+1 model runs be diverted from the Wisconsin River 

important, although it is not consid- where N is the number of decision (or other surface-water features) than 

ered in the analytical solutions. variables. A decision variable refers from the Little Plover River. As illus- 

. to an adjustable quantity for optimi- trated in figures 57, 58, and 59, the 
A groundwater model provides a test 4 5 7 5 4 é 

zation. In this case, it is the flow at simulations show that wells outside 
bed to evaluate how groundwater F 5 i z 

__, . either a single well or a group of wells —_ of the contributing area for the river 
extraction impacts streamflow in . . . . 

. " managed together. The units of flow can impact discharge to the river. 
the Little Plover River. In addition to : 4 

_. in both the stream and the well are These impacts happen because even 
determining the SDF, a model can fi 5 5 . 

, consistent, so depletion potential (R) drawdown from wells that are outside 
be used to determine the source of , an 

. represents a ratio between 0 and 1.0 the contributing area can alter the 
water to wells. Various surface-water : 

. (or a percentage between 0 and 100) water table enough to divert ground- 
features compete to provide water to : 

il in | \ f of the amount of water pumped at a water that otherwise would discharge 

we’ s—once again, arge y as atunc- well that is derived (either through to the river to discharge elsewhere. 
tion of proximity. In this project, the : . 5 ‘ : 5 es 

. interception, diversion, or reversed As discussed earlier, in this temperate 
main surface water feature of concern i . 
. ; . flow) from each stream. Example 1 climate, wells derive all the water 
is the Little Plover River. The mod- - . 

| also illustrates this concept. they pump from surface-water fea- 
eling code GWM-VI (Groundwater ah ve 

, ; tures; the question is timing and the 
Management—Version Independent __ The following section presents . 

oe , . . amount of water derived from each 
(Banta and Ahlfeld, 2013)), is inte- depletion-potential calculations for 

A . . : surface-water feature. As a result, 
grated with MODFLOW, and performs __ wells in the Little Plover River basin. . : . 

. an ana it wells with low depletion potential 
systematic analyses of optimization We then explore several optimization . : . 

. ae . with respect to the Little Plover River 
scenarios. These optimization sce- and management options that make . . . 

a oe ae . 5 must have high depletion potential 
narios either maximize or minimize use of the depletion-potential values : 

. with respect to another surface-water 
a managed quantity (for example, to focus management on wells that . . 

. . . . : feature. Theoretically, the depletion 
pumping rate in a well) subject to have the greatest impact on the Little ’ ' 

: , - . . potential for a well with respect to all 
a constraint (for example, a public Plover River. Finally, in appendix 7, . : 

. . aa surface-water features in the region 
rights flow level in a stream). Aneces- we explore optimization options 

a Epa . , . adds up to 1.0. 
sary step in this process is to calculate | using GWM-VI to perform constrained 

a response matrix. This is made up of —_ optimization with various groupings —_ Qne-by-one well removal 
calculated changes in streamflow at of managed wells. Using the depletion-potential 

constralhit locations ;dueitora change Using the calculations of depletion calculations, it is possible to rank 
in pumping rate at a managed well; potential in equation 12, we can the depletion potential in each well 

(EQUATION 12) explore the relationship between relative to a specific gage. Appendix 8 

R= AQstream each existing well from 2013 to 2014 ~—_—reports the depletion-potential rank 

AQwell DNR-reported water use and each relative to the Hoover gage for the 

i i wells that were actively pumped in 
where Ris the response, also called of the four Little Plover River gage : uP . E 
‘depletion potential” AQ isthe locations at which a public rights flow 2013 and 2014, are in the Little Plover 

Pi . P ‘ stream ~~ value exists. Figures 57, 58, and 59 River area, and have depletion poten- 
change in flow at a stream constraint 5 . 
leeati d AQ iethe ch show maps of the depletion poten- tial greater than 0.25. The Hoover 

Oca team {well Bs a ow tial calculated for each well that was gage was selected for this analysis 

_ pumping olmmated a make actively pumping in 2013 relative to because it is the farthest downstream, 
these calculations, a base model oe . 

. public rights flow gage locations at and thus, most closely represents 
run is followed by a run for each . . . . 

ll in which th oo, h Kennedy Avenue, Eisenhower Avenue, Overall impact on the river. Depletion 

wen nwaren te pumping in ac and Hoover Avenue. potential ranges from 0.857 near
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Depletion at Kennedy Avenue the river to nearly 0.0 distant from 
@ Gage stations I Lakes and streams = é the river, consistent with the figures 

Depletion potential — Major highways o. 2 : discussed above. Using this rank, 

* 200 Township Boundaries 4 me os - however, it is possible to evaluate the 

© 0.1-0.2 1 little Plover River oi soe 5 é increase in streamflow that would 

© 02-03 watershed se otf result from eliminating pumping in 
© 03-04 1 Model domain BS 2 a - wells with high depletion potential. To 

Li 3&8 0 8 ‘ a 4 se Kennedy ‘ Son 8P I 88 é evaluate this response, two evalua- 
5-0. ive Gage 8, |°e- Oe 0 ° ‘a . 

@ s are Se Se of 3 tions were conducted: one for steady 

06-0.7 yn oe ° ©, ease state (2013) and one for transient 
8 op OF es? BS aeclt ‘ © 07-08 fags *e 95. e 8 7 (2014). The public rights flow (PRF) is 

r i, Foe, 08, Koo woe, a reported for all four gage locations, 

28s? hk, rere, en ° 7 along with the baseflow portion of 

os \ Me? | “ed -, %, 8 te . lesa the PRF (calculated as 80 percent of 

9 Sse jp ose Se? ,° - the public rights flow, representative 

Figure 57. Depletion analysis at Kennedy Avenue. ofthe baseflow separation analysis for 
this project). The baseflow portion— 

Depleéi t Eisenh mn referred to here as the public rights 

cPistion at risennower mvenue 3 baseflow—is considered because 

@ Gage stations 1 Lakes and streams s : changes in pumping only impact the 

Depletion potential — Major highways L 2 baseflow part of total streamflow and 

° <0.1 Township boundaries : 9 ‘8 have no impact on the stormflow 

@ 0.1-0.2 Little Plover River re ge we component. The public rights base- 
© 0.2-03 Oo watershed oe %°, . 
© 0204 del domei f° p20 flow and PRF are both depicted on 
: 0x04 0 Model domain PP : graphs for the analysis of well removal 

@ 05-06 Eitan Ng ‘Soa on OF See in this section. The MODFLOW model 
5 COTS ce only simulates baseflow, so compar- © 06-07 we oO e ¢.. .6-0.. Ps & Po oe) . | PRE 

@ 0708 nites | ID ° ing model results to the total PR 

— argt a SohemeS ° - would not be accurate. In each case, 2 fo QS ASeRLE 
+: $5 5089% Sep 3s PS 00 a Gia : wells were removed sequentially in 

of 02, 8 Bb ak 8 ; 
age ® Roelos aw cee : E order from highest to lowest deple- 

II t o° | ee YES 6° east tion potential, the model was run 
me — - with the selected wells removed, and 

Figure 58. Depletion analysis at Eisenhower Avenue. streamflow was evaluated at all four 

gage locations. This result assumes 

Depletion at Hoover Avenue that recharge and land use remain 

P : the same as the wells are removed. 
@ Gage stations 1) Lakes and streams » : In reality, recharge would likely 

Depletion potential — Major highways ff. decrease due to the reduction in 
° <0.1 Township boundaries a “26 “sos irrigation-return water, depending on 

° 0° 

© 0.1-0.2 [Little Plover River geo Beet land-use changes, and so the stream 
© 0.2-03 watershed *, " dicted 
@ 63.04 Fi moderators of e response might be less that predicte 

@ 04-05 J ») bse / by this simulation. 
a“ Hoover — ) ~~ a ° 

O 05-06 Ave Gage 6) - ‘ oo 

Oo 0.6-0.7 one SS e, Oy: 

ae Se 
doce soe 8 ro PF «© . 

8s 000)" /8% 00 a) 
og espe lea 

0 5 miles rm oma @ . 

Figure 59. Depletion analysis at Hoover Avenue.
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Steady-state results Table 17. Simulated baseflow under steady-state conditions for wells with highest 
After the removal of 16 wells, the pub- depletion potential. Baseflow was calculated using the indicated number of wells 

lic rights baseflow is met or exceeded _set to zero pumping rate. Shading indicates flow values at or above the public 

in the steady-state simulation at all rights baseflow (light blue) and flow (dark blue) rates. 

four gages. Table 17 presents the rn 

results for the steady-state analysis for Par an Treen ny 

the 35 wells with highest depletion 
potential; figure 60 shows the same Public rights baseflow, cfs 1.52 3.20 4.64 5.44 

wells evaluated, 
Transient results ] 0.97 2.13 3.72 5.26 
Transient well-removal analysis 2 0.99 2.17 3.76 9:31 

focused on July and August flow 3 1.00 2.19 3.78 5.33 

values for 2014. Simulated baseflow 4 1.02 2.26 3.87 5.43 

is low during this period, as well as 5 1.06 2.36 3.99 5.56 

in late winter. However, simulated B aan yr an Beal 

baseflow was below the public rights 

flow values in February and March, 7 a 251 4.16 5.75 

even with no pumping simulated in 8 1.14 2.52 4.18 5.77 
the model. This is attributed to the 9 1.15 2.55 4.22 5.81 

lack of gage measurements during 10 1.24 2.79 4.49 6.11 

winter due to river ice, and model 1 133 2.95 4.68 6.31 

results for these months in 2014 are D 133 306 469 PES 

not reliable. The July/August period is 

most directly impacted by irrigation I ar 3.22 5.00 G00) 

pumping that makes up a major com- 14 1.48 3.32 5.10 6.77 

ponent of the withdrawals in the area, 15 1.49 3.34 5.13 | 680 

so is also the most likely to respond to 16 162 3.59 541 7.10 

changes in water use. Appendix tables 

8e, 8f, 8g, and 8h report the transient 7 1.63 3.61 5.44 7.15 

streamflow values per month for 18 1.63 3.62 9.44 714 

simulations sequentially and cumu- 19 1.64 3.63 5.47 7.17 
latively, removing the wells with 20 171 3.87 581 7.60 

highest depletion potential. Results 21 174 3.94 5,90 770 

ieee wel’ are Pee cet 22 174 3.94 5.91 77 
up to the point where public rights 
flow values are aileed Hous 61 23 17s 403 6.03 785 

shows the hydrographs for the four 24 1.80 4.08 6.08 7.91 
gage locations, with the brown band 25 1.83 4.12 6.13 7.97 

26 1.83 4.14 6.16 8.01 

27 1.84 4.15 6.18 8.03 

28 1.83 4.14 6.16 8.01 

29 185 4.18 6.21 8.06 

30 1.86 4.19 6.22 8.08 

31 196 433 6.38 8.24 

32 2.09 4.55 6.63 8.53 

33 22 4.60 6.69 8.59 

34 218 4.70 6.79 8.70 

35 2.19 4.70 6.79 8.70 
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representing the hydrograph foreach _—_ depletion potential kept the July additional 359 wells, demonstrating 

simulation with (from bottom to top) streamflow above the public rights the diminishing effect of removing 

progressively more wells removed. baseflow at each of the four gages. many more wells. 

The blue line in figure 61 represents Note that the shaded area below the 

the annual hydrograph when 11 wells —_ gray line represents 10 wells, while 

were removed. In this simulation, the area above the line represents an 

removing 11 wells with the greatest 

Simulated steady-state well removal 

; ; Kennedy Avenue gage 
4 = Minima baseflow requirement 

met at all four locations 

$3 
3 

1 Ste wells 

2 Eisenhower Avenue gage 

— 7 
e 
2 

Bs 
a 

ON 8 wells 
3 13 wells 

2 Highway 51 ignway 21 gage 

10 

z 
LY 8 
2 
2 

20 wells 

4p Nii wells 

4 Hoover Avenue gage 

12 

g 
= 10 
3S 
i 
mg 7 

(P15 wells coceeee Public rights flow 
Rae cna snmnnncannannne teams none nanse naa in ana nenaneanataarnanna en thcrnennasnennanarasnenennd seeeeee Public rights baseflow 

6 | LL a a ae eee eee —— _ Simulated baseflow 

0 50 100 150 200 250 300 

Number of wells removed 

Figure 60. Steady-state flow results for one-by-one well removal. The vertical green bar (16 wells removed) 

marks the first time the river remains above public rights baseflow at all gage locations.
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Simulated transient well removal 

Kennedy Avenue gage 

3.5 

— — = Public rights flow 370 wells removed 
3.0 seeeeee Public rights baseflow 

———= 11 wells removed 
z 
= 25 Tl wells removed 

z° well removed 
= 

g 
20 eee 

isk ; - = : . oe 

1.0 — wor 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Eisenhower Avenue gage 

8 

7 370 wells removed 

$6 
= Tl wells removed 
z 1 well removed 
g 5 

s 
a 

4 

38 - 

Ee 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Hoover Avenue gage 

13 
~ 370 wells removed 

12 

an 
_ Tl wells removed 
2 10 1 well removed 
2 

Zz 9 
= 

2 8 
a 

7 

6 

5 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Figure 61. Transient simulation results for one-by-one well removal. The dark blue line (11 wells removed) 

marks the first time the river remains above public rights baseflow at all gage locations during July.
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Conclusions and significant findings 
Ba as Soe 2 egg «= This project met the overall goalsand _ alternative land-use and climate 

: eos Sent objectives as stated in the purpose scenarios. Analysis of specific future or 

yy Bre eae and scope of this report: developing historic issues is beyond the scope of 
wee oT a nee ae 5 a groundwater flow model for the this report, but the model is an appro- 

i oe eS fe i ge z: Little Plover River basin in central priate tool for studying these issues. 

ee ae eae cs Wisconsin.ithe pittle PloverRiver Conclusions and significant findings 
eo 5 aes = model is an analytical tool that can be . - 

ae 3 siege a iigéel for daeigion supper for water from this work fall into two overlap- 
Ped uw 5 . PP ping categories. Some conclusions 
pee ee. eee management in the Little Plover % a Aa a ; | | . are directly related to water-resource 
eee 2 River basin. The model can simulate a . : 
= ee se . questions in the Little Plover River 

ut Si a variety of water-use and land-use . . 
= 3 a basin and surrounding model 
" : ; ee scenarios in both steady-state and : . 

Pe SE aes . - domain. Other conclusions are more 
Ps “eee = transient conditions. The final model Ecce 

PY ee ae ——- . i . general and relate to the application 
gh Sel is publicly available for use in exam- . . 
~~ Ea a: ot . . of these simulation approaches to 

Zz, ae: pad ~ ining the interactions of ground- ‘ HD 
Say SS - other and larger parts of Wisconsin's 
cei ee water and surface water in the model : 

a ~~. i ' . . | Central Sands region. 
domain and for simulating various 

Findings directly related to the Little Plover River and surrounding basin 

l Irrigation is the dominant water domestic use returns to the system started in 2005. Gaps in the data from 

use in the model domain, with through septic tank return flow. The all sources are related to the presence 

about 350 wells pumping 9,200 mil- groundwater model does not include _ of ice and/or equipment malfunction. 

lion gallons of water per year (mgy), or simulate these low-capacity wells. Groundwater recharge varies with 

or about 81 percent of the water . 4 ; A 
. aa . Reconstruction of streamflow time and location over the model 

used in the basin in 2013. During the 3 a oe i \ 
. records using a combination domain. During 2013, taken as a rep- 

three years simulated (2012, 2013, 5 
. of measurements from the U.S. resentative year, average steady-state 

and 2014) using the SWB model, the ; F . . 
, oo Geological Survey (USGS), Village of recharge varied spatially from zero to 

estimated amount of irrigation that . , , 
Plover, and UW-Stevens Point (UWSP) — 22 in/yr. Average soil-water-balance 

returned to recharge groundwater sae 7 
scientists has produced new hydro- (SWB)-estimated recharge over the 

ranged from 10 to 21 percent. Almost , ; 
Co graphs at stream gages at Kennedy model domain varies from year to 

all of this irrigation water use occurs . . , . * 
during the summer growing sea Avenue and Eisenhower Avenue. For year, with estimates of 7.0 inches ina 

eonlune aul y aduan this 2009 through 2014, streamflow at dry year (2012), 9.2 inches in a normal 

atiod thé tool irri ation ie in both these sites fell below long-term year (2013), and 12.5 inches in a wet 

p " 9 Pumping public rights flows established by year (2014). Calibration of the ground- 
in the model domain exceeds 100 : ss 
imillion gallons per day (mad) the DNR during parts of five out of water flow model to 2013 conditions 

9 P y tinge). six years. Flow measurements by the required an upward adjustment of 

4) Industrial water use in the model USGS at the Eisenhower gage agree SWB-estimated recharge by about 8 

& domain accounts for about 1,400 closely with measurements made percent; best-fit steady-state recharge 

mgy, or about 12 percent of total at the same location by UW-Stevens in the groundwater flow model was 

water use. Municipal water supply Point personnel. This agreement 9.9 inches for 2013. Recharge varies 

(650 mgy) is the third largest water during the period where the mea- significantly throughout the year, 

use, accounting for about 6 percent of surements overlap suggests that the with little or no recharge in the winter 

total use. Water use by low-capacity longer-term UWSP measurements months when the ground is frozen. 

domestic wells in the model domain at this and other sites are a reliable Maximum recharge occurs during 

is less than one percent of the use by representation of river flows during March and April following snow- 

high-capacity wells, and much of the the UWSP gaging program, which
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melt and prior to the major growing the cone of depression develops reductions at the end of August are 

season, but the relative timing of gradually during the pumping season, 3.9 to 6.6 percent with no recharge 

recharge varies from year to year. reaches a maximum comparable to adjustment and 3.1 to 5.5 percent 

or larger than the 2013 steady-state with adjustment for irrigation return. 
f— The calibrated groundwater flow 9 ys 4 9 
5 3 : cone in late August, and diminishes _. 5 

~/ model simulates hydraulic heads . The model, used in con- 
. . in the fall as water levels recover. Due . . . : 

and stream discharges in the model . . : |. 4 junction with a companion 
fb to variable pumping rates, transient F 5 5 

domain similar to the observed + particle-tracking code, can delineate 
: . simulations often produce more rep- apt 

values, and is a tool for understanding . , . the land area contributing ground- 
. resentative estimates of maximum . " 

groundwater flow in and around the . water to the Little Plover River under 
ss 5 ‘ drawdown than steady-state simu- : 4 

topographic basin of the Little Plover P vais different pumping and land-use 
. . . : lations for the recharge conditions . . : : 

River and for simulating the impacts . . . scenarios. Comparison of simulations 
4 . simulated in the transient model. : . . . 

of changes in land use and pumping. with and without pumping wells in 

The two model parameters with the O Transient simulations show the the basin shows that the present-day 

highest identifiability—and therefore / effects of a time lag between contributing area is substantially 

influence on the model—are the changes in pumping rates at the smaller than the predevelopment 

global recharge multiplier and the well and pumping impacts to water contributing area. Groundwater 

streambed hydraulic conductivity. levels and streamflows distant from discharge to the river is directly 

/- Model-simulated hydraulic head the well. This time lag is predicted proportional to the area contributing 

Dp Eh lt by theory and is related to aquifer groundwater, and this is consistent 
‘VU and water-table distributions in Oe ” . . "omen 

. A . acd hydraulic diffusivity. The lag is greater — with the observations of diminished 
the Little Plover River basin are similar . - 

oo at greater distances from the well. streamflow in recent years. A model 
to maps produced by previous inves- . oe . _. i, oo. 

2 The practical effect of this time lag simulation in which pumping is set 
tigators, such as Clancy and others . . . . . 

is that maximum impacts to the to zero and recharge is adjusted to 
(2009) and Kraft and others (2012). . 

5 groundwater-surface water system non-irrigated land use suggests that 
Greatest groundwater inflow to the . . , . . 

5 a: are not necessarily coincident with the cumulative effects of pumping 
river occurs in the reach between . , : . 

. times of maximum pumping, and in and land-use change have reduced 
Eisenhower and Hoover Avenues. The . . . : 

. fact, might lag by a month or more, baseflow in the Little Plover River by 
model-generated hydraulic heads . . 

s depending on location. Likewise, the up to 4.5 cfs at the Hoover Avenue 
and baseflow values serve as a basis 

. i recovery of the streamflow after the gage. 
of comparison to alternative manage- ; . i 

. cessation of pumping can require “ 5 5 
ment scenarios. 5 7 “) Depletion-potential modeling 

long times, often on the order of | / : 
4 a 14 shows that wells outside the 

7 The Little Plover River is con- months. . ae 
/ footprint of the area contributing 

/ nected to the groundwater . . . 
5 1 (\ Model simulations show that groundwater to the Little Plover River 

system, and as such, is vulnerable to { ) “ eo ; - 
§ 1 accounting for additional can impact streamflow. It is import- 
impacts from nearby pumping. The . | . 
. . recharge due to the return of irriga- ant to consider depletion poten- 
impact of any particular well depends . oe . ge 

: ‘ tion water (applied irrigation that tial—rather than area contributing 
mainly on two factors: pumping rate : 

; . does not evapotranspire or become groundwater (or “groundwatershed” 
of the well and distance from the river. . . a ” _ 

. a incorporated in plant biomass) or“capture area”)—when determining 
Hydrogeologic conditions that control . . 

2 . reduces, but does not eliminate, the which wells should be considered 
the impact are relatively constant . . . . oo 
, : effects of high-capacity wells on for changes in pumping to maintain 
in the area where wells are typically . 

installed water levels and streamflows. Under specific streamflow goals. 

steady-state (2013) conditions,asim- = 5 3 . 
. F ' 5 tia ad : - } Using depletion-potential map- 

Q Atypical high-capacity irrigation ulated hypothetical well 1 mile away 5... 
Pad " . . . . . 1. ping, the model suggests that 
© well in the Little Plover River basin from the river reduces river flows a. 

. removal of a minimum of 11 to 16 
creates a shallow (less than 5 feet by 3.5 to 6.0 percent (depending on 4 2 

; 2 ‘ of the wells with the highest deple- 
of drawdown near the well) cone of location), with no adjustment for irri- . . . 

: " . ee tion potential (also nearest the river) 
depression, with a radius of approx- gation return. When irrigation return oe 
. . . i, would substantially increase baseflow 
imately 1/2 mile under steady-state is added to the model, the simulated ina typical year. 

conditions. The transient simulations river flows are reduced by 3.3 to 5.1 ype 

(using 2014 data) completed for this percent at the same locations. Under 

project show that for the same well, transient (2014) conditions, the flow
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Findings relevant to simulation models and water management in the larger Central Sands region 

l The findings of this study are gen- _ potential as a guide, targeted reduc- central Wisconsin should treat stream- 

erally consistent with the findings tions in pumping can achieve the bed conductance as an important 

of earlier researchers (Clancy and desired stream flows with the fewest parameter, prioritizing field observa- 

others, 2009; Kraft and others, 2012; number of wells adjusted. tions of streambed conductivity or 

Weeks and others, 1965; Weeks and ia . simulating spatially variable stream- 
In addition to pumping rate and 

Stangland, 1971) who documented 4 . . bed parameters. 
| pumping schedule, in the Central 

or calculated the impacts of pump- 5 . Ka Bicrmart 
. Sands hydrogeologic setting, the Where model objectives include 
ing on streamflow. The current study ; . 7 . , . 

oo . | most important control on impacts simulation of streamflow, obtain- 
uses numerical simulation methods oe ce . soe ot 

7 , from an individual well, or group of ing field data on current and historical 
not available to all these previous ; 5 . o 
investigators wells, on surface-water features isthe stream flows is essential. In addition, 

9 . lateral distance between the well and _—_ accurate field measurements of 

2 The soil-water-balance (SWB) the surface-water feature. stream water-surface elevations, and 

recharge estimation method used streambed elevations taken in the 
edie The water-management solu- 

in this report produces results that, 5 . . stream channel are needed for proper 
- . tions demonstrated here provide . : 

when spatially averaged, are consis- 5 - 2 model construction. We discov- 
" . a starting point for evaluation of a 

tent with recharge estimates done by < Bis il ered that existing data sets, such as 
. | specific scenarios informed by other | ; 

other methods. The SWB simulations ae . 7.5-minute topographic maps or avail- 
| conditions, such as land ownership . 

appear to slightly underestimate able digital-elevation models, do not 
. or water transfer from one part of the « 

steady and transient recharge needed a‘ report stream elevations with enough 
’ basin to another. ae . 

to calibrate the groundwater flow precision for correct streamflow sim- 

model. The SWB approach provides 6 The model calibration indicated ulation, especially where the stream 

insight into the range of variation of that streambed conductance is channel or drainage ditch is narrow 

recharge across the landscape and an important calibration parameter and incised. This problem occurs 

through time. In particular, the SWB for the Central Sands. This finding because the low-relief topography 

results demonstrate the seasonal differs from the authors’ experience in —_ in the Central Sands causes stream 

nature of recharge and the value of simulating groundwater flowin other gradients to be small. Consequently, 

transient simulations. regions of Wisconsin, where stream- small errors in elevation can have 

“ bed conductance was not a sensitive large impacts on predicted stream- 
The concept of depletion poten- rn 

a ; parameter. The sensitivity in central flow and groundwater-surface water 
tial, in which the model calculates . re | - 

. . Wisconsin likely occurs because the interaction. 
the relative depletion of nearby F 

sandy aquifer and the sandy stream- . . 
surface-water features caused by each a . The model grid spacing of 100 feet 

ran bed have similar properties and the ts 
individual well, shows promise as a . , on aside is probably finer than 

. . low-relief landscape causes hydraulic _ . 
method for balancing water use with : needed for models of this region. 

; . . gradients near the stream to be small. | P . 
environmental needs. Using depletion . The fine grid adds detail that is not 

Future simulations of other parts of an 
needed for the model objectives, 

resulting in larger model files and 

i I VEY, ep . pt PS = longer run times than necessary for ioe ete My ” Pte 7 i b 
da Pa / we i os (Zs “ve Ne bs } the numerical simulations. However, 

y | pee = ‘ . oa . ms “ . the fine grid allows very accurate 

s &o- Be Ree any. me. 17 uy S&S location of individual wells and other 
: - babe \ ’ hae " o 

he rer ¥ een r ¥ model features, which may contribute 

y <2” v a ma a Tes . . = to better acceptance of model results 
3 5 " far ee . by stakeholders. 

‘ “4 Aig S re ) 9 Stakeholder input, including crop 
e : . data, pumping and irrigation 

j SS ee information, water-level data, stream- 

c : Bo ge ~~ — flow, and numerous personal insight: se Nea ik my ee S > i iS : Ow, an ous per: ° signts 

een, 4 oe See eae a about area geology and history, was 
We eS ae a Ee critical to the success of this project.
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Model uses and limitations 

Every effort to make a model of a /\ The groundwater-flow model ( The depletion-potential simu- 

natural system is an approximation of |“ calibration was limited to two O lations were limited to remov- 

that true system. In this section, we years (2013 and 2014) based on the ing wells from the model domain. 

highlight the limitations of the mod- current availability of land-use and Accompanying land-use changes— 

eling and analysis that we are aware water-pumping data. Additional for example, the change of an 

of, and the uses of the model that are _—_ calibration, which was outside the irrigated field to grassland, forest, or 

within these limitations. scope of this project, would enhance anon-irrigated equivalent crop— 

The MODFLOW model and opti- the ability of the model to represent wouldialso influence the results. Both 

] oe . a future unusually dry or wet years. limitations in the method to calculate 
mization work described in this . . 

. i However, the model framework can depletion and the lack of data associ- 
report are specific to the Little Plover a ; . i ’ 

. . accommodate more detailed infor- ating specific wells with specific fields 
River watershed. The techniques . . i 

. : mation on recharge (climate) and precluded including such land-use 
established can be applied to other . . 

5 . groundwater pumping, and land use changes in the analyses presented 
areas, but would require construction . | . 

to simulate particular years going here, but land-use change should be 
of models focused on these areas. . . : 

forward. included more specifically in future 

“) The model was designed to sim- = i ip 3 simulations. This is an active area of 
} . . P f= The calibration process results in 

4 ulate the Little Plover River basin 5) : research and software development 
. . ~ parameters estimated to be spe- . 

and is considered an accurate repre- i : going forward. 
sentation of that system. The remain- cific not only to the area of the Little 

-_ Plover River basin, but also specific 7 The MODFLOW model simulates 
der of the model domain serves as a , . \ / _ 

A to the calibration process. Single / stream baseflow. The public rights 
buffer for the focused area of interest, . 

; values were used to represent storage _ flow is a total streamflow value that 
and results there are approximate 5g i z = 

: parameters, and distributed fields of includes both groundwater supplied 
and not of sufficient accuracy for J 

ws . parameters represented the hydraulic — baseflow and surface runoff (storm- 
decision-making. _ i . 

conductivity parameters in the sands. _ flow) not simulated by the model. As 

> Determining input parameters Anderson and others (2015) point a result, the baseflow component of 

J forthe soil-water-balance (SWB) out the challenge of nonuniqueness the public rights flow was used as the 

model is challenging, given the large when modeling physical systems. In formal constraint for optimization and 

number of land-use/land-cover other words, there are many combi- was presented in the well-removal 

types and the parameters possible nations of parameter values that can scenarios. Other constraints could be 

for each land-use type. Numerous provide the same level of agreement used to prove the concept of using 

parameters related to crop prop- between the model and measured groundwater management to explore 

erties, soil properties, climate, and values. The calibration strategy water-use scenarios that result in 

irrigation in SWB offset each other, adopted here is one that strives for desirable streamflows. 

and the SWB model can produce the least complicated set of param- 

non-unique solutions. Accordingly, eters that can adequately represent 

the water-budget components should _ the system. Comparison with other 

be analyzed with discretion. Further models of the same area may identify 

analyses with specific focus on actual —s minor differences among the esti- 

ET field investigations over different mated parameters, but in general, 

land-use types would improve this the model design, parameters, and 

modeling technique. Investigating outcomes are in line with other work. 

the sensitivity and uncertainty of SWB 

input parameters, as was conducted 

by Smith and Westenbroek (2015), 

may be a good first step in identifying 

where and how to focus future field 

investigations.



A Groundwater Flow Model for the Little Plover River Basin in Wisconsin’s Central Sands 

Suggestions for future work 
l The simulation approaches 4 Measurements of ground- 

described here, use of MODFLOW water discharge and water-level 

combined with the soil-water-bal- fluctuations are critical for success- 

ance (SWB) recharge code, are ful and robust model calibration. 

readily transferrable to model Stakeholders should encourage 

construction in the remainder additional collection of water levels 

of Wisconsin's Central Sands. in monitoring wells and baseflows in 

2 The recharge estimates arrived Wate Oe eee 

at with SWB and the MODFLOW 
. include the development of nested 

model are reasonable, noting that the . . . 
. . piezometers, particularly in the south- 

transient recharge was higher than 
5 i ern Central Sands where the New 

previous studies because 2014 was a "1 q 
Rome Formation potentially forms 

relatively wet year. However, there are . 
an aquitard (Hart and others, 2016). 

few field measurements of recharge 
Water levels must be referenced 

in the Central Sands. Research on field 
to acommon datum and collected 

measurements of recharge of the type thioughoUrthe year preferably at 

being undertaken by Hart and others least 0 oth year, P y 

(2016) and others should continue. y 

Future transient-model calibra- 5 if oroundwater-model devel- 
3 ‘ . opment moves to the southern 

tions should address a variety . 
ae ee Central Sands, there is a major data 

of climatic conditions. The choice 
. . 5 gap in western Waushara County, 

of a single year for transient calibra- 
. where no modern Quaternary maps 

tion was largely governed by data . . : 
ae ; a currently exist. Wisconsin Geological 

availability at the time the calibration . . 
. . and Natural History Survey geologists 

was being conducted. At that time, have agua mapping thiearea 

2014 was the only year for which 9 Pping . 

we had reliable transient-pumping 

data, transient-streamflow data, and 

transient-water-level data, and 2014 ay, wf Vay RANA 
was a wetter-than-average year.Going jj.) ay pie j See \ OS AR tee Pe M2 | SRN 2 mi j pee! a ees 5 
forward, as more data become avail- AA nn lay ae) (Sia, ens et . Po Ass TG Ah eee ee Z 
able, the model could be improved pay VW Rh a le | nein Et ly Sy 
by additional transient calibration. on Hh Be if hn eee es . 
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Appendix 1. Geographic Data for Download 

This appendix can be downloaded at https://wgnhs.uwex.edu/pubs/b111/.
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Appendix 2. Supplemental recharge data 

This appendix contains supplemental data and results from the Soil Water Balance (SWB) model. 

A. Land use inputs 

B. Irrigation inputs 

C. Parameter references 

D. SWB results (2012—2014)— annual precipitation, recharge, actual evapotranspiration, 

and irrigation spatially averaged over the model domain 

E. SWB results (2012—2014)— annual recharge, actual evapotranspiration, and 

irrigation, spatially averaged over irrigated and nonirrigated areas 

F. SWB results, no irrigation (2012—2014)— annual recharge and actual 

evapotranspiration spatially averaged over areas originally designated as irrigated and 

nonirrigated in the model domain 

G. SWB results—annual land use (2012-2014) 

H. SWB results—monthly recharge (2012, 2014) 

|. SWB results—monthly outputs (2012-2014) 

References 

This information is provided on the condition that neither the U.S. Geological Survey nor the U.S. 

government shall be held liable for any damages resulting from the authorized or unauthorized use of the 

information.



Appendix 2A. Supplemental recharge data: LAND-USE INPUTS 
eo 
Ps National Resource Conservation Maximum infiltration rates (in/day) Interception storage Depth ofroot zone (ft) 

Assumed Not 

Land use impervious Soil Soil Soil Soil (Soil | Soil Soil Soil Soil Soil (Soil | Soil Growing growing Soil Soil Soil Soil Soil (Soil 

code Description area A B C D (A/D B/D Null A B C D A/D B/D Null Season season A B C D A/D B/D Null 

F141 Deciduous Forest. ==, 80.«SS.—70:«*77':«30':«77:'100:«S «0G 2 O1 4 O1 01  —:0.05-~S——03.12. 2.50 2.50 2.00 3.12 2.00 0 
| tFieldcorn —ssst=<“‘«é‘“‘*‘*éstSCSSTS CBB CGS «BG 100 4 OG 2 :O1 4:01:01 + +0 ~—~—«0.2.00 2.00 2.00 2.00 2.00 2.000 
| 36 Afaifa = si(“(‘é!#(«* «C8 CSB 1 78 C0 78 100 4 06 02 01 4 O1 O1 0  02.252.252.252.252.252.25 0 
| 121 Developed/Open s—(itsti«iSAs«G—79—«BH «AD BH 100 4 06 0.2 01 4 O1 01 0 0 250250250250250250 0 
| 176Grass/ Pasture —=SS*Ci8,«GS7H_— «BO 39-80 100 4 0G 02 01 4 01 01 0 0250250313 250250250 0 
| 12 Sweetcom = s(sssS*C«i«i CSSD GS 86 100 4 06 02 01 4 01 01 | 0 0188188188188188188 0 
| a3 Potatoes = sss*=«éisC*i SCBCD «CGT «89100 4 :0G 02 O11 4:01:01 + (0 ~~ -:01.001.00100100100100 0 
| 122 Developed/iow —=ss—=—=i=iéiSSCGT”—«7B8«—«BS«BY «G7 89 100 4 06 0.2 01 4 01 01 0  0150150150150150150 0 
| a2 Snapbeans = iitstst*=<i«éi:*C*TSC7BCOBSCBD «CGT «89100 4 06 02 01 4 O1 01 | (0 0150150150150150150 0 
| 190 Woody wetlands ssi. AB_—CGS_73—«30:«-73:'100 4 :0G O02 O1 4 01 01 0 0.3.38 3.38 3.38 3.38 3.38 3.38 0 
| 1a evergeen = sst*=<i«é‘iSSCSSS T8077 100: 0.6 (0.2 :O.1 4 O1 O1 | 01 0.1 156125125100156100 0 
|S Soybeans = (stsstCt*<“‘«é‘iSC*CT«CTB;CBSCBD «CGT «89 :100 4 06 0.2 01 4 01 01 0 0188188188188188188 0 
| 87 Norvalfaifahay -=Ss=(i‘“‘«éi*C* CSB] 7B: 100 4 06 0.2 O1 4 01 01 0 0250250313 250250250 0 
| 53Peas—(itsss*i“‘é‘éC‘*O#CSTCOB CBS BT G7 89 :100 4 06 02 01 4 01 01 0 0150150150150150150 0 
| 111 Open water ——=not applicable 100 100 100 100 100 100 100 4 06 0.2 01 4 01 01 | 0 0 :0,000.000.000.000.00000 0 
| 123 Development- sss. 77 «BS.—«9:«92_-77-:«92'100 4:06 0.2 O1 4 01 01 0 0150150150150150150 0 
| 143 Mixed forest. = sSsSC=*=<i«éi SSCS 100: 0:6 0.2 0.1 4 0.1 01 006 + —«0.03 3.12 2.50 2.50 2.00 3.12 2.00 0 
| 195 Herbaceous wetlands, (805871783078 100 4 06 02 01 4 01 01 00 3.38 3.38 3.38 3.38 3.383.380



Appendix 2B. Supplemental recharge data: IRRIGATION INPUTS 
po 
Po 

crop development stage Length of growth stages growth Readily available water (inches) 

(‘Day of Year' - 

Land DOY - or 

use Maximum crop Developmen ‘Growing 

code Description height (ft) initial mid late min Planting date Initial (days) t (days) Mid (days) Late (days) Degree Days'- SoilA Soil B Soil C Soil D SoilA/D  SoilB/D Null 

/ ipeiduousforst = 528045 25 03 04S aera ste 0285 0s mre cass os oar 
| 1Fieldcom = ss=<“‘«é‘z;SC GODS My i stiCi«“SC“‘é‘i |: COY | (G ~0.295 0.393 OKTD_««0.9G6.—=S—.AT. OT 
| 36 Alfalfa SiG 9S 0.9 041A =S1s—“(‘éz; CSCO CYSSCGSC.9HS.-~—39. ©—.TA. 0:16. 472._——O.AT. 

Developed / Open 

| 176Grass/Pasture ZS 08S 085 03 ——«15-Apr=Ss—“(itéitiSSSSSSBS CY sSCG:SCL9S-—393.-—.BTZ. «0.196. AT.-—O.AT. 
| 12Sweetcon = ssiGSCD HG -OG OD SMay =——i2s—(itiC(‘ié‘ SSCSC*«CO CYC (GSC. 393. BTA. 0:16.47. OLA 
| a3 Potatoes i968 29:11:05.2 10-May, ~=—S—i20ss—i(iSsC“‘«‘ CNY SC*C*«iGCSC9HSB9B. ©——.HT. 0:16. 47Z.-—0.AT. 

Developed/Low 

| a2Snapbeans ss SS«i.S1.SS 1.05 0.95 05S 20-May, = 20s—(itisC(tiSC“‘éi YG S95 0393 0.872016. 472._——0.AT 
| 190 Woody wetlands 3.280312 :«03:«203=2=S May =—siss—“(tstisCiti«SSC“‘ik YG S95 393.-—.BT2. «0196.4. OLA 
| 1zevergeen = 82.8045 «115 (0.9 045 = -30Mar = 20s SsC“‘é( t+ YG 95-0393 0.872-« 0.196. 472._—0.A72. 
| SSoybeans Ss. '1.05 «0.30.2 20-May, = 20s—(itis(ti«SSC(‘é‘i SY CGSSCL9S~—393. TZ. 0:16. 4TZ.-—OLAT. 
| 37 Non-alfalfahay —S=ss=si.968. O09 085 04 = May ~=—Ss10s—“(tstiSsStCiSSSSC«C OY SCGSCL9S-—39B. ©——.HTZ. 0.196. 4TZ.-—0.AT 
| 111 Openwater SSS 1.05 105 015 30Mar=—20ssiSsC“‘é t+ YS 0393-—0.BT2. «0.196. 472._—«0.AT. 

Development - 

123 medium intensity 5 0.3 1 0.15 30-Mar 20 70 30 DOY 0.196 0.295 0.393 0.472 0.196 0.472 0.472 

| 143 Mixedforest. «26.24 «OG =S1(0.9 06 ~SS30Mar = 20s SsC“‘é ~~ 0393. BTA. 0.196. 472._——0.AT. 
[tswetons, 32803 420303 —stMey tame ss 058s care ass can oan 195 wetlands 3.28 0.35 1.2) 0.3 0.3 1-May 10 30 20 DOY 0.196 0.295 0.393 0.472 0.196 0.472 0.472



Pt 
Pp 
Po 

Plant Growing Growing Irrigation Fractionof (Fractional Fractional 

Stress degree day degree day Maximum amount per irrigation irrigation irrigation 

Depletion temperatur temperature allowable Irrigation Irrigation application from efficiency efficiency 

Soil A Soil B Soil C Soil D SoilA/D (SoilB/D Null Fraction e(F)-base (F)- max depletion start date enddate (inches) groundwater (GW) (SW) 

| 0354 0669 0506 106s 03s 063 106055052 ashn Sepa 
| 0.354 0.669 0.906. ~—«1.063, «0.354 «1.063. -S«1.063.=S'siGCititi«SSC“‘ié‘i SSCS AD SCSep SD 
| 0354 069 0506 06s 03s 1063 106) 505th Sepa 

| 0.354 0.669 0.906 «1.063 «0.354 «1.063. 1.063. SSS SsSsCiSSsC(tisStSun Sep Ci 

| 0354 069 0806 063035 1063 10605552 ash tS) 
| 0354 0.669 0.906. «1.063, ~=—0.354 1.063, -s1.063=S'siGsCittCSSCiéia|SSSCi‘iSCSASunSsdSep Ci aD 
| 0354 0.669 0.906 «1.063, —0.354 1.063, -S1.063.=SisiSs=Cia|SSCiaLSCsASuSsDSep— si aD 

/ 0354 0.669 0.906 «1.063, | «0.354 1.063 1063.=(i99stitisC(tiSsCi‘iaSSUN SSeS tC 

| so! ose! mel ool eas| soal ool cl ul wl cl wml uw od a alg: 

| 0354 0.669 0.906 «1.063. ~=—0.354 1.063, -Ss1.063=S'siGsCitCSSCitia|SSCtiaStS Sep Ci 
| 0354 06680506 1.065054 toss 108s satan ee at



Appendix 2C. Supplemental recharge data: PARAMETER REFERENCES 

USDA, NRCS, 2004, 1986; 

and others, 2016 

Bussan, 2015; DeByle, 1957; 

h of Thornthwaite and Mather, 1957; Allen 

Deptn of root zone and others, 1998; Jackson and others, 

1996; Crow, 2005 

Wullschleger and others, 1998 

Crop coefficient (Kcb) 
1955 
Allen and others, 1998; Bussan, 2015; 

Wisconsin Potato and Vegetable 

Planting dates, crop growth stages Grower Association - Water Task 

Force, 2014-2015, personal 

ommunication 

Readily evaporable water (REW), total evaporable Allen and others, 1998; USDA SCS, 

Allen and others, 1998; USDA SCS, 

Co , 1955, Wisconsin Potato and Vegetable 
Maximum allowable depletion, irrigation start/end a 

Force, 2014-2015, personal 

communication



Results spatially averaged over the modeldomain, 
es 

 _t—( CE ncalibrated SWB Results| Calibrated SWB Results _ 

Standard 

Min Mean |Median |Max Deviation 

Var Year |/year) |/ year) |year) year) year) Mean (inches/year) 

Precipitation | 2012] 27.92] 27.92] 27.92] 27.92] 0} 
Recharge | 2012] 0.0] 7.0] 5] tPF 
ActualET | 2012} 0.0] 21.8) 213] 33.2) EO 
Irrigation | 2012] 0] 28} of} 5 C- 
Precipitation | 2013] 31.5] 31.5] 31.5[ 31.5] 
Recharge | 2013] 0.0], .2] 5] a] 
ActualET | 2013] 0.0] 23.7] 24.0] 44] 7T 
Irrigation | 2013] 0.0] 2.2] o] 6.3] OPC 
Precipitation | 2014] 36.5] 36.5] 36.5| 36.5]. 
Recharge | 2014] 0.0] 12.5] 126] 4.7] 45] 
ActualET | 2014] 0.0] 25.2] 25.7] 44] 8B} 
Irrigation | 2074] of 1.8] ofS 80-0] 88} 
po 
Po 
Po 
Po 
Po 
Po 
Po 
Po 
Po 
Po 
Po 
Po 
eo



Appendix 2E. Supplemental recharge data: SWB RESULTS FOR IRRIGATED AND 

NONIRRIGATED AREAS (2012-2014) 

es ey nd 
ee 

Var Year 
Recharge | 2012 

Irrigation =f si it 

Irrigation =} i 

Irrigation =f iA 
Sf ee 
Se 
Se 
Se 
Se 
Se 
Se 
Se 
Se 
Se 
Se 
Se 
es ey nd



Appendix 2F. Supplemental recharge data: SWB RESULTS FOR NONIRRIGATED AREAS 

(2012—2014)— annual recharge and actual evapotranspiration for comparison 

This table shows the results from running SWB without irrigation and all other parameters held constant. 

Comparing this simulation to the original simulation gives the amount of recharge due to irrigation alone 

(compare to Appendix 2e). No irrigation was applied for the model simulation with summarized results below. 

a 
Var | year Passes aea”_1_Noniigated area”_ 
Var Year 

Recharge | 0038 

a es ee 
a es 
a



Appendix 2G. Supplemental recharge data: SWB ANNUAL RESULTS, UNCALIBRATED (2012-2014)—recharge, 
irrigation, actual evapotranspiration by top vegetation types inmodeldomain 
oo Anat Recharge-2012SSSSCAnualirigation-2012, 

Min Mean Median Max Min Mean Median Max 

| 181 Deciduousforest. == si BC (tS SCT 
| 1Gm t—i(i‘“‘éSCO;!#*#éCOCT CSCC SSC 
| 36a = == i ttsi(‘“‘écOO!!} UG! UC CTC SCT 
| 176 Grass/pasture = —(“‘éiww! OT S88 OCS 
| 991 trrigatedcon = sttitstiGSC“‘«‘ CS! 
| 9943 Irrigated potatoes = a13 1072528 T 
| 121 Developed open space (isis 
| 9912 Irrigated sweetcorn ss sa2SC«TSsOS25DS si 
| 190 Woody wetlands = sCiGSC“(ié‘i 28GB 
| 122 Developed low intensity Sst“ SHC 
| 9942 Irrigated snapbeans = 2G SBS 1025S SST 
| 102 Evergreen forest == (sii S258 
| 9936 Irrigatedalfafa == (tC 
| 37 Nonalfafahay ists SCiaCSsCSSO 
| 195 Herbaceous wetlands = (iS 25SBCCSsCSSO SC. 
| Soybeans (tC SHSCisCiGSCtC«i SS 
| @2Snapbeans iti(“‘é‘iad s**t 
| 12Sweetcom = si‘ GSS 
| 995 Irrigated soybeans = 20iGSCS.CiSiSSCCOCSASSSS OB 
| 111 Openwate = i(“(‘éiw!} OCB CSCC 
| 123 Developed medium intensity —=Sss00s8S—siB2SDSsCiCi SSCS 
| 9953 irrigatedpeas = iG OSCTS2SiaBSSCSCBSCSC.SSSSS 
| 143 Mixedforest 5 =e 8



| 

tne) te) trav sty ve) trv) rv) Ui) st) (in/yr) (in/yr) (in/yr) (in/yr) std (in/yr) (in/yr) (in/yr) (in/yr) (in/yr) std (in/yr) 

| 00) 6G 8D BSB 
| 00 = 92st? 832s std (BS 
| 00 = 9887828 
| 00 =a 83Q_—a2sis—i Os (HBC 
| 00) 7232s 

| 00 = 94st a3 HSC 

| 00 =e 32—8 ssi (HSC 
| 00 = aS 2B BS 

| 00 2208822 8B 

| 00 = asst iH BBB 
| 00S:si96 i 0Hs—(8D—i OS 
| 00 = 90st 83Q_—sa2Bs—isitsidCiS 

| 00 = 25 sD—s7B—CsCiaCiB(C 8 
| 00 = a3 tt? BB 
p00) 20322995 S28



| 

ine) te) eve) steve) Ure) rv) Gn) sti) (in/yr) (in/yr) (in/yr) (in/yr) std (in/yr) (in/yr) (in/yr) (in/yr) (in/yr) std (in/yr) 

| 00 = 00sisiH C(t 88 
| 00 «60S si SC“‘<té‘éa C8 
| 00 «=k iH SC“(ité‘ia CGT 8 
| 00 «=k si SC“(itiaC 8 
| 00 286750751“ tT 
| 00 «= 0.3,''ss—iaSC“( (tS BT 
| 00 «6002s SC“(ité‘ia Msi 8 
| 00 «6 72S*:*i«<‘'Ss i SC“(ti‘ia BST 
| 00 «= 00sissitS si 
| 00 «=k si SC“(tikS C88 
| 00020 8S isi SC“(ité‘i SCH 33. 
| 00 «4200 «= sis—“(itiéi Ct HSCS (8 
| 00 = 5951S“ (tT 888s 
| 00 «80d SC“‘<iéiSC GSC (88 
| 00 «=k isi SC“(itéiKSCtisiT 88 
| 00 «60S si SC“(<ité‘ia KOC 
| 00 «16 Sissi“ (MS 206358 
| 00 «= 18s ( HS. 
| 000 59S 18S 90ST (DS 
| 00 00 O08 105 03 00 28 00 333 80 
| 00 «#200 «= sti MH 8 
| 00080 02s Cts HS 
P00 SHAD



| 

ine) te) vv Ce) sty) Une) ov) Gv) sti) (in/yr) (in/yr) (in/yr) (in/yr) std (in/yr) (in/yr) (in/yr) (in/yr) (in/yr) std (in/yr) 

p00 = 89 9039.88 
| 00 «35 7s—si3938——a2BCsi (ssi 
| 000 22sias—“(it89B,—iasisi SSC 
| 00 «= 34 kss398,—— 3st si 
| 00 «= 53—Bs39.B———ii BC (CC 
| 384 178 185 39.38 86 8912 
| 000347398 32—isiss i 
| 41 166 = 176—Ss 398 29st SSCS 
| 00 «= 86 i898 sisi iWsi 
| 00046 tS 89B,——— a Ssi SSC 
| 42 16417339328 
| 00 «87507898, —3—is—iDsi SSCS 
| 31 140230 37Hs—“(iéia Siti (BCC 
| 000337398 (si ST 
| 00 «= tds 398 SA (isi SCG 
| 00 «36S ks39B,—asCisistiC 
| 30 «153,160,398 3.0—itia sia 
| 38 15455 398sa2BCs—i‘iS 
| 43 15014039832 (8G 
| 00 «= 14 sisi8938,'—iS—(isisitisiSSCi 
| 00 «= 147s5.0—i39.8,— a 2sis—istiti iC 
| 39 «148s 398 32—isisiiS 
POO D898 100 “=e



a ee ee 

tne) te) vv) se) (in/yr) (in/yr) (in/yr) (in/yr) std (in/yr) 

| 0074276 BAA. 
) 0026 BL. 
| 002422843. 
| 0023.02.22 
| 00642723 

) 008429 BT 

/ 00265 683A 
/ 0026S 

| 00286 9.2 B33 

| 0002s B26 
| 00240 26.4 B73 
| 00S 8G 

0002S 30s—is BBG 
| 0002248 
P00 2700276 88D



Appendix 2H: Soil Water Balance Results — Annual Recharge, Irrigation, Actual Evapotranspiration for Most Prevalent Vegetation Types in Model Domain (2012-2014) 

Monthly Recharge 2012 Monthly Recharge 2014 
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Appendix 2|. Supplemental recharge data: SWB MONTHLY RESULTS, UNCALIBRATED (2012—2014)— 

precipitation, recharge, irrigation, actual evapotranspiration 

amar February 
Standard Standard 

Median deviation Median deviation 

Min (in/ {Mean (in/ |(in/ Max (in/  |{(in/ Min (in/ {Mean (in/ |(in/ Max (in/  |{(in/ 

YEAR VAR month) month) month) month) month) month) month) month) month) month) 

| -2012/Precipitatiq 1.0] 2.0] 0] f atte]. 
| -2013/Precipitatiq 1.6] 26] 6] 6] 8] te] te] |G] 0. 
| -2014/Precipitatiq, 1.3] 2.3] 3] PO 2t te] 0.0 

| -2012/Recharge | 0.0] tft? 3} 0] of] 
| -2013/Recharge | 0.0] 0.2] 2] i] Of} 
| 2014/Recharge | 0.0] 0.0] }—— tt 0] off] o}— 00 
| 2012IIrrigation | .0f, 0.0], co] fo] ofS}, o]_— oo] 

| 2013 /Irrigation | .0f o.oo} of,— of, o] Si} 
| 2014/irrigation | 0]. co} fo] of}, co}—s oo] 00 
| 2012/ActualET| 0.0], S| tof} 3] 02 
| 2013[ActuaLET] 0], at tcf es] 3] 02 
| 2014factualeT] 0]. 2} ft fff}



Standard Standard 

Median |Max deviation Median deviation 

Min (inf |Mean (in/ |(in (in/month |(in/ Min (in/ {Mean (in/ |(in/ Max (in/  |{(in/ 

month) month) |/month) |) month) month) month) month) month) month) 

pst] gt} oP] 
pate] 
pt apt ta oT] 
poof co} of tat fs} 
poof os} ttf] 12.3] 1.0 
poof] as} 5} at | Tt] 
| oof off} sco} fe]. 
| oof off} sco} of} 
| oof off} sc} fos of] 
poof tata] fo] Of 8.7] OS 
poof os} st tft 
poof cof} sf fe]



Max |Standard Standard 

Mean |Median |(in/ {deviation Median deviation 

Min (in/ |(in/ (in/ month |(in/ Min (in/ {Mean (in/ |(in/ Max (in/  |{(in/ 

month) |month) |month) |) month) —|month) month) month) month) month) 

past 4s] 45} asf OO} 22f 22} 2] 2.2] 0.0 
4st 4s] 45s} 45} 0} atta]. 

p42t 42] 42] 42p oo} att] 
| oo} te] te] 5.5] Yt co} 08 
| oof os} af 7] oe] co] 2] 8. 
poof 2] 2} asf os} of} |] 08 
| oo} oo] of ef to] co} 2.0 
| oo} oo] of] osf co} o} 3} co] 88 
| oo} oo] of 2} oo} to} 8S] 
| oo} 34] 84} 62] oY 86} 82] 78] 
| oof 35s] 8a} fs} OY 53S] 
| oof 3.9] 8.9] 6} co} of PSP



Standard Standard 

Median deviation Median deviation 

Min (in/ {Mean (in/ |(in/ Max (in/  |{(in/ Min (in/ {Mean (in/ |(in/ Max (in/  |{(in/ 

month) month) month) month) month) month) month) month) month) month) 

pom] to} cot 8888] 
patty] STS] 
pass} as} as} ott] 
| oof offs} co} ff 
poof tf of} tft fs] 
poof off tco}eat ftt} 68] 
poof tat fs} ats} OS 
| oof os} fot] 9] 
| oof] } oft] Ts} OD 
poof] tte} 5] 8S] TO] 
poof of 82F 88 T8028] 
poof 83 5} 8} Po} 8A 8S



Standard Standard 

Median deviation Median deviation 

Min (in/ {Mean (in/ |(in/ Max (in/  |{(in/ Min (inf {Mean (in |(in/ Max (in/  |{(in/ 

month) month) month) month) month) month) |/month) |{month) month) month) 

papa 5 
pst] gt} fF 828.282] 
pf] T2888 8a 80 
poof off} co} fo} 
poof off} co} sf} tO 
poof os} ef sf fe] 83] OS, 
poof of ft} at fo} } 
poof tf ffs} fo} 
poof off} sc} of 
poof fe} te] feta 2] 
poof] as} te] ote] te] 83] OS, 
poof 82} POY fs} a} 8]



Standard Standard 

Median deviation Median deviation 

Min (in/ {Mean (in/ |(in/ Max (in/  |{(in/ Min (in/ {Mean (in/ |(in/ Max (in/  |{(in/ 

month) month) month) month) month) month) month) month) month) month) 

psf ff 3} offs] 8] 8] 
Pp 23f 23 3f28]ofattatat4] 
pat coftaata] 
| oof] re} 3} ates] at]. 
poof cof} 8S] at co} } i] 
poof] et 3} sf fs] a] 
poof off} sc} of 
poof off} sc} of 
poof off} sc} of 
| oof sf gf 3} tft at 2] 
poof] te} at fs] 3] 
| oof os} re} te} tft a2]



Appendix 2. Supplemental recharge data: REFERENCES 
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Appendix 3. Parameter-estimation algorithm 
he parameter-estimation important roles both in enforcing are inherently subjective. However, 

process was achieved through an appropriate level of fit (corre- it is an important way for an under- 

history matching, using obser- spondence between observed and standing of the groundwater-flow 

vations of both steady-state and modeled results) and in balancing system to play a role in the process 

transient conditions, as described in ® such that observations of var- beyond blind trust in the algorithm, 

the Parameter Estimation and Model ious types all contribute to the leading to more meaningful results 

Calibration section of the report, objective function. Assignment (Fienen, 2013, for example). 

nd using the Gauss-L berg- d adjustment of weights ar . . 
Sg Baie ele “even =t9 a ae ae 2 weld . ears The penalty to the objective function 

Marquardt algorithm implemented discussed in more detail in the . ‘ . 
. . . . is assigned as a form of Tikhonov 
in the PEST software suite (Doherty, Parameter Estimation and Model a | 

. . ; . . regularization (Tikhonov 1963a, b) 
2014) and SVD-assist (Tonkin and Calibration section of the report. a . 

. . through an additional term in the 
Doherty, 2005). In this section we : . 4 . 7 , 

‘ ; . The use of variable observation objective function that penalizes devi- 
briefly summarize the technique , ; ss . 

whoa . . F weights acknowledges that a ation from a preferred condition—in 
which is described in greater detail . A 
. perfect match between modeled this case, preferred homogeneity of 
in Doherty (2014), Doherty and Hunt < = “ ga 

i and observed values is unattainable spatially distributed parameters. 
(2010), and references therein. din fact: undesirable. A th 7m 

and, in fact, un esira le. mong e © = (y—g(p))' 0 (y— g(p)) + Bp"Zp 

The Gauss-Levenberg-Marquardt many reasons for this are error in the 

method is a gradient-based search observations, the necessary fact that where: 

algorithm that adjusts parameters the model is a simplification of the - / ; 

in pursuit of the minimum value of true physical system, the smoothing Bis a weight-balancing regularization 

an objective function. The objective of time signals by the model, and with fit as a function of Daum; 

function is the weighted sum of a host of others. The flexibility that ®mmis the user-adjusted variable that 

squared errors comparing field obser- _ this imparts, however, means that controls the strength of regulariza- 

vations with forecasts at the same many (in fact, infinite) arrangements tion by calculating B (Doherty 2003, 
time and place made by the model. of parameters can result in the same Fienen and others, 2009); and 

The objective function is referredtoas value of ®. This non-uniqueness moti- ; ; . ; 

o=(y-g(p)) @" (y-g(p)) vates the need to incorporate expert. 2 'S. a matrix of kriging weights 
=(y-g(p. y-g\p (“soft”) knowledge to arrive at a set relating parameters toone another 

where: of parameters that satisfies both the based on an exponential! Vallor 

© is the objective function; desired level of fit and conforms to gram and the distances between 
‘ expert understanding of reasonable them. The kriging weights are set 

y is a vector of observations; values for the parameters. at the beginning of the process 
, and remain constant. However, the 

g(p)isa vector of modeled values col- The introduction of qualitative strength with which the regulariza- 
located in time and space with the expert prior information is made tion is enforced changes through- 

observations, evaluated at parame- _ through several avenues, including out the iterations of PEST. 
ter values p; (1) enforcing the level of fit desired . 

through the assignment of weights The’Variable Diaw Was setto a.value 
Qis a matrix of observation weights . . " the same order of magnitude as the 

wa A . . (2) normalizing observation group 4 
(in this work, Q is a diagonal matrix . rae " number of observations, as suggested 
5 te att 3 weight contributions through weight . 
indicating no correlation among adjustment as discussed in the by Fienen and others (2009) to bal- 

observation errors is assumed). The } ance the level of fit with the impor- 

units of Q are 1/(units of y); Parameter Estimation and Model tance of the prior information 
' Calibration section, (3) addition of a P . 

("indicates a vector transpose; and penalty to the objective function for Singular value decomposition (SVD) 

("1 indicates a matrix inversion. parameters deviating from a preferred _ was also used to enhance solution 

condition through regularization, and _ stability and provide a secondary 

The term (y-g(p)) is the vector of (4) the singular value decomposition _level of regularization. In SVD, the 
residuals, also called errors, com- algorithm. Decisions made regarding sensitivity of observations to param- 

paring measured and modeled all these aspects of priorinformation —_ eters is transformed to align with 
results. The observation weights play
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B. Head groups 

C. Flow 

D. Transient heads 

E. Transient flows 
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4a. heads 

Appendix 4A. Calibration targets: HEADS 

WISA_1 1090.59 WISA_H 

WISA_2 1087.51 WISA_H 

WISA_3 1088.16 WISA_H 

WISA_4 1089.32 WISA_H 

WISA_5 1090.30 WISA_H 
WISA_6 1089.11 WISA_H 

DM_7 1077.68 DM_H 
DM_8 1077.24 DM_H 
DM_9 1077.00 DM_H 

DM_10 1079.80 DM_H 

DM_11 1079.59 DM_H 

DM_12 1079.40 DM_H 
DM_13 1080.95 DM_H 
DM_14 1076.48 DM_H 
DM_15 1080.99 DM_H 
DM_16 1077.74 DM_H 
DM_17 1077.56 DM_H 
DM_18 1077.47 DM_H 
PRF_19 1129.37 PRF_H 
PRF_20 1128.13 PRF_H 
PRF_21 1128.13 PRF_H 
PRF_22 1138.51 PRF_H 
PRF_23 1140.49 PRF_H 
PRF_24 1143.61 PRF_H 
PRF_25 1137.35 PRF_H 
PRF_ 26 1084.91 PRF_H 

PRF_ 27 1084.93 PRF_H 

PRF_28 1125.82 PRF_H 
PRF_29 1122.67 PRF_H 
PRF_ 30 1124.66 PRF_H 

PRF_31 1120.04 PRF_H 
PRF_32 1120.35 PRF_H 
PRF_ 33 1115.91 PRF_H 

PRF_ 34 1126.38 PRF_H 

PRF_ 35 1137.86 PRF_H 

RI_ 36 1015.09 RI_H 
RI 37 1133.68 RI_H 

RI 38 1134.83 RI_H 

RI_39 1048.70 RI_H 
RI 40 1165.42 RI_H 

RI_41 1118.02 RI_H 
RI_42 1057.01 RI_H 
RI 43 1092.00 RI_H 

RI_44 1117.97 RI_H 
RI_45 1080.44 RI_H 

RI 46 1103.51 RI_H 

RI_47 1054.97 RI_H 

RI_48 1066.96 RI_H 
RI. 49 1056.46 RI_H 

RI_50 1104.27 RI_H 
RI_51 1127.26 RI_H 
RI_52 1097.21 RI_H 
RI 53 1156.02 RI_H 

RI_ 54 1042.56 RI_H 

RI_55 1142.32 RI_H 
RI 56 1119.35 RI_H 

RI_57 1053.93 RI_H 
RI 58 1105.05 RI_H 

RI_ 59 1081.15 RI_H 

RI 60 1086.92 RI_H 

USGS 61 1087.79 USGS _H 

USGS 62 1081.27 USGS _H 

USGS 63 1094.80 USGS _H 

VP_64 1076.14 VP_H 

VP_65 1076.79 VP_H 

VP_66 1089.80 VP_H 

VP_67 1089.37 VP_H 

VP_68 1070.93 VP_H 
VP_69 1073.03 VP_H 
WGNHS_70 1073.73 WGNHS_H 

WGNHS _71 1085.18 WGNHS_H 

WGNHS_72 1085.07 WGNHS_H 

WGNHS_73 1090.55 WGNHS_H 

WGNHS_74 1090.70 WGNHS_H 

WGNHS_75 1102.65 WGNHS_H 

WGNHS_76 1103.24 WGNHS_H 

WGNHS_77 1097.92 WGNHS_H 

WGNHS_78 1097.92 WGNHS_H 

WGNHS_79 1082.37 WGNHS_H 

WGNHS_80 1068.20 WGNHS_H 

WGNHS _ 81 1107.95 WGNHS_H 

LAKE 82 1106.75 LAKE_H 

LAKE 83 1088.70 LAKE_H 

LAKE_84 1025.20 LAKE_H 
LAKE 85 1074.20 LAKE_H 

LAKE 86 1072.50 LAKE_H 

LAKE 87 1066.60 LAKE_H 

LAKE 88 1076.10 LAKE_H 

LAKE_89 1114.60 LAKE_H



4b. head_groups 

Appendix 4B. Calibration targets: HEAD GROUPS 

Adjusted 

Initial standard _ Initial Adjusted Standard Target PHI - Target PHI - 

Head Group deviation Weight Weight Deviation Steady State Transient 

WISA_H 1.00 1.00 0 0 0.0% 0.0% 

DM_H 0.50 2.00 0.65 1.55 4.0% 12.3% 

PRF_H 2.00 0.50 0.30 3.32 2.0% 7.7% 

RI_H 3.00 0.33 0.25 4.04 2.0% -na- 

USGS_H 0.25 4.00 1.37 0.73 2.0% 7.7% 

VP_H 1.00 1.00 0.72 1.39 4.0% 12.3% 

WGNHS_H 0.25 4.00 0.65 1.54 4.0% 6.2% 

LAKE_H 2.00 0.50 0.35 2.88 2.0% -na-



Ac. flow 

Appendix 4C. Calibration targets: FLOWS 

Flow 

Flow (cubic feet (cubic feet Initial Adjusted 

Name Decription per day) per second) Group Weight Weight 

lorken LPR at Kenedy 78519.13 0.91 flux_Ipr 11.00 27.74 

lpri39 LPR at I-39 345770.06 4.00 flux_lpr 2.50 6.30 

lprhoov LPR at Hoover 450914.10 5.22 flux_lpr 1.92 4.83 

lpreis LPR at Eisenhower 168245.23 1.95 flux_lpr 5.14 12.95 

bearq Bear Creek at Q 738365.37 8.55 flux 1.17 1.66 

springg Spring Creek 316717.77 3.67 flux 2.73 3.88 

ditch2 Isherwood Ditch 417935.93 4.84 flux 2.07 2.94 

noname No name 105001.14 1.22 flux 8.23 11.69 

swcan3 Southwest Canal 3 1375512.43 15.92 flux 0.63 0.89 

swcan2 Southwest Canal 2 1059151.72 12.26 flux 0.82 1.16 

swcan1 Southwest Canal 1 649281.48 7.51 flux 1.33 1.89



4d. heads_transient 

Appendix 4D. Calibration targets: TRANSIENT HEADS 

Name Head Value (feet MSL) Group 

dm_10 4 1078.85 dm_h 

dm_10 6 1080.25 dm_h 

dm_i1 4 1078.2 dm_h 

dm_i1 6 1080.2 dm_h 

dm_12 4 1077.93 dm_h 

dm 12 6 1080.03 dm_h 

dm_13 4 1079.34 dm_h 

dm_13 6 1081.54 dm_h 

dm_14 4 1074.56 dm_h 

dm_14 6 1076.76 dm_h 

dm_15 4 1078.94 dm_h 

dm_15 6 1081.24 dm_h 

dm_16 4 1075.61 dm_h 

dm_16 6 1077.91 dm_h 

dm_17 4 1075.32 dm_h 

dm_17 6 1077.72 dm_h 

dm_18 4 1075.22 dm_h 

dm_ 18 6 1077.62 dm_h 

dm _7 4 1075.78 dm_h 

dm _7 6 1077.98 dm_h 

dm 8 4 1076.27 dm_h 

dm 8 6 1077.47 dm_h 

dm 9 4 1075.92 dm_h 

dm 9 6 1077.62 dm_h 

orf 19 4 1129.92 prf_h 

orf 20 4 1128.49 prf_h 

orf 21 4 1128.49 prf_h 

orf 22 4 1137.92 prf_h 

orf 23 4 1139.94 prf_h 

orf 24 4 1142.85 prf_h 

orf 25 4 1138.47 prf_h 

orf 26 4 1084.1 prf_h 

orf 27 4 1083.43 prf_h 

orf 28 4 1126.16 prf_h 

orf 29 4 1123.32 prf_h 

orf 30 4 1125.01 prf_h 

orf 31 4 1119.72 prf_h 

orf 32 4 1120.35 prf_h 

orf 33 4 1115.91 prf_h 

orf 34 4 1126.17 prf_h 

orf 35 4 1139.46 prf_h 

usgs 61 1 1086.6 usgs h 

usgs 61 4 1088.38 usgs h 

usgs 61 7 1089.38 usgs h 

usgs 61 9 1089.49 usgs h 

usgs 61 10 1089.59 usgs h 

usgs 62 2 1079.01 usgs h 

usgs 62 4 1079.72 usgs h 

usgs 62 5 1080.8 usgs h 

usgs 62 7 1081.93 usgs h 

usgs 62 9 1081.77 usgs h 

usgs 63 7 1094.99 usgs h 

vp 64 1 1073.54 vp_h 

vp_ 64 4 1074.66 vp_h 

vp 64 5 1075.49 vp_h 

vp 64 6 1075.91 vp_h 

vp 65 1 1074.56 vp_h 

vp 65 4 1075.43 vp_h 

vp_65_5 1076.11 vp_h 

vp_ 65 6 1076.81 vp_h 

vp 66 1 1088.42 vp_h 

vp 66 3 1088.38 vp_h 

vp 66 4 1089.4 vp_h 

vp_66_5 1090.15 vp_h 

vp 66 6 1090.27 vp_h



4d. heads_transient 

Name Head Value (feet MSL) Group 

vp_67.1 1088.07 vp_h 

vp_67_ 3 1087.97 vp_h 

vp_67 4 1089.17 vp_h 

vp_67_5 1089.85 vp_h 

vp_67_ 6 1089.8 vp_h 

vp_68 1 1070.58 vp_h 

vp_68 3 1070.43 vp_h 

vp 68 4 1071.15 vp_h 

vp_68 5 1071.96 vp_h 

vp_68 6 1072.53 vp_h 

vp_69 1 1072.35 vp_h 

vp_69 3 1072.53 vp_h 

vp_69 4 1073.45 vp_h 

vp_69_ 5 1072.97 vp_h 

vp_69 6 1072.9 vp_h 

wgenhs 72 8 1085.81 wgnhs_h 

wegnhs_72_9 1085.46 wgenhs_h 

wenhs_72_10 1084.85 wgnhs_h 

wenhs_ 72 11 1084.62 wgnhs_h 

wenhs_ 72 12 1084.99 wgenhs_h 

wenhs_ 73 8 1090.8 wgnhs_h 

wenhs_ 73 9 1090.7 wgenhs_h 

wenhs_73_10 1090.52 wgnhs_h 

wenhs_73_ 11 1090.43 wegnhs_h 

wenhs_73_ 12 1090.63 wegnhs_h 

wenhs_ 74 8 1090.94 wegnhs_h 

wenhs_ 74 9 1090.91 wgnhs_h 

wenhs_ 74 10 1090.72 wgnhs_h 

wenhs_ 74 11 1090.56 wgnhs_h 

wenhs_ 74 12 1090.77 wgnhs_h 

wenhs 75 8 1102.7 wgnhs_h 

wenhs_ 75 9 1104.15 wgnhs_h 

wenhs_75_10 1103.93 wgnhs_h 

wenhs_ 75 11 1103.83 wgnhs_h 

wenhs_75_ 12 1104 wgnhs_h 

wenhs_ 76 8 1102.65 wgnhs_h 

wenhs_ 76 9 1103.75 wgnhs_h 

wenhs_76_10 1104.25 wgnhs_h 

wenhs_ 76 11 1103.92 wgnhs_h 

wenhs_ 76 12 1103.97 wgnhs_h 

wenhs_ 77 8 1098.27 wgenhs_h 

wenhs_77_9 1099.08 wgnhs_h 

wenhs_77_10 1098.88 wegnhs_h 

wenhs_77_ 11 1098.66 wgnhs_h 

wenhs_77_ 12 1098.85 wegnhs_h 

wenhs_ 78 8 1098.17 wgnhs_h 

wenhs_ 78 9 1098.98 wgenhs_h 

wenhs_78 10 1098.78 wgenhs_h 

wenhs_ 78 11 1098.55 wegnhs_h 

wenhs_ 78 12 1098.8 wegnhs_h 

wenhs_ 81 8 1107.5 wgnhs_h 

wenhs_ 81 9 1108.32 wgnhs_h 

wenhs_ 81 10 1109.01 wgnhs_h 

wenhs 81 11 1107.85 wgnhs_h 

wenhs 81 12 1108.67 wgnhs_h 

wisa 2 1 1087.6 wisa_h 

wisa 2 2 1087.45 wisa_h 

wisa 2 3 1087.38 wisa_h 

wisa 2.5 1088.02 wisa_h 

wisa 2 6 1087.99 wisa_h 

wisa_ 2 7 1087.53 wisa_h 

wisa 2 8 1087.55 wisa_h 

wisa 2 9 1088.04 wisa_h 

wisa_2 10 1088.02 wisa_h 

wisa 2 11 1087.97 wisa_h 

wisa 3. 1 1088.47 wisa_h 

wisa 3 2 1088.19 wisa_h



4d. heads_transient 

Name Head Value (feet MSL) Group 

wisa 3 3 1088.09 wisa_h 

wisa 3 4 1088.62 wisa_h 

wisa 3 5 1088.54 wisa_h 

wisa 3 6 1088.46 wisa_h 

wisa 3 7 1088.15 wisa_h 

wisa 3 8 1088.18 wisa_h 

wisa 3 9 1088.4 wisa_h 

wisa 3 10 1088.57 wisa_h 

wisa 3 11 1088.51 wisa_h 

wisa 4 1 1089.22 wisa_h 

wisa 4 4 1090.46 wisa_h 

wisa 4 5 1090.85 wisa_h 

wisa 4 6 1090.81 wisa_h 

wisa 4 7 1090.07 wisa_h 

wisa 4 8 1089.71 wisa_h 

wisa 4 9 1091.14 wisa_h 

wisa_4 10 1090.87 wisa_h 

wisa 4 11 1090.84 wisa_h 

wisa_ 5 1 1090.19 wisa_h 

wisa_5 2 1090.07 wisa_h 

wisa_ 5 3 1090.45 wisa_h 

wisa_5 4 1090.89 wisa_h 

wisa 5 5 1091.03 wisa_h 

wisa_5 6 1090.93 wisa_h 

wisa_ 5 7 1090.45 wisa_h 

wisa_ 5 8 1090.56 wisa_h 

wisa_5 9 1091.02 wisa_h 

wisa_5 10 1091.12 wisa_h 

wisa_5 11 1091.13 wisa_h 

wisa 6 1 1089.06 wisa_h 

wisa 6 5 1089.52 wisa_h 

wisa 6 6 1089.47 wisa_h 

wisa 6 7 1089.16 wisa_h 

wisa 6 8 1089.1 wisa_h 

wisa 6 9 1089.55 wisa_h 

wisa_ 6 10 1089.65 wisa_h 

wisa 6 11 1089.66 wisa_h



4e. flow_transient 

4E. Calibration targets: TRANSIENT FLOWS 

Flow 

(cubic feet Initial Adjusted 

Name Decription per second) Group Weight Weight 

bearq_10 Bear Creek: October 12.70 q_other 0.79 0.00 

ditch2_ 1 Isherwood Ditch 2: January 6.28 q_other 1.59 0.00 

ditch2_ 2 Isherwood Ditch 2: February 5.86 q_other 1.71 0.00 

ditch2_ 3 Isherwood Ditch 2: March 6.49 q_other 1.54 0.00 

ditch2_4 Isherwood Ditch 2: April 6.91 q_other 1.45 0.00 

ditch2_5 Isherwood Ditch 2: May 8.40 q_other 1.19 0.00 

ditch2 6 Isherwood Ditch 2: June 8.16 q_other 1.23 0.00 

ditch2_7 Isherwood Ditch 2: July 5.82 g_other 1.72 0.00 

ditch2 8 Isherwood Ditch 2: August 5.28 q_other 1.89 0.00 

ditch2_9 Isherwood Ditch 2: September 6.53 q_other 1.53 0.00 

ditch2_10 Isherwood Ditch 2: October 6.81 q_other 1.47 0.00 

ditch2_11 Isherwood Ditch 2: November 6.51 q_other 1.54 0.00 

ditch2_12 Isherwood Ditch 2: December 6.48 q_other 1.54 0.00 

lpreis 4 Little Plover at Eisenhower: April 5.16 q_lpr 1.94 2.81 

lpreis 5 Little Plover at Eisenhower: May 5.35 q_Ipr 1.87 2.71 

lpreis 6 Little Plover at Eisenhower: June 3.94 q lpr 2.54 3.68 

lpreis 7 Little Plover at Eisenhower: July 2.23 q_lIpr 4.48 6.50 

lpreis 8 Little Plover at Eisenhower: August 2.70 q_Ipr 3.70 5.36 

lpreis 9 Little Plover at Eisenhower: September 4.33 q_lpr 2.31 3.35 

lpreis 10 Little Plover at Eisenhower: October 4.44 q_lpr 2.25 3.27 

lpreis 11 Little Plover at Eisenhower: November 4.61 q_Ipr 2.17 3.15 

lpreis 12 Little Plover at Eisenhower: December 4.61 q_lpr 2.17 3.15 

lprhoov_1 ___Little Plover at Hoover: January 5.01 q_lIpr 2.00 2.89 

lprhoov_2 _ Little Plover at Hoover: February 4.36 q_lpr 2.29 3.33 

lprhoov_3 Little Plover at Hoover: March 4.17 q_|pr 2.40 3.48 

lprhoov_4 __ Little Plover at Hoover: April 8.69 q_lpr 1.15 1.67 

lprhoov_5 _ Little Plover at Hoover: May 10.30 q_Ipr 0.97 1.41 

lprhoov_6 —_ Little Plover at Hoover: June 7.59 q_Ipr 1.32 1.91 

lprhoov_7 _ Little Plover at Hoover: July 6.41 q_Ipr 1.56 2.26 

lprhoov_8 Little Plover at Hoover: August 6.16 q_Ipr 1.62 2.35 

lprhoov_9 _ Little Plover at Hoover: September 9.76 q_lpr 1.02 1.49 

lprhoov_10 Little Plover at Hoover: October 9.34 q lpr 1.07 1.55 

lprhoov_11 Little Plover at Hoover: November 9.02 q_lIpr 1.11 1.61 

lprhoov_12 Little Plover at Hoover: December 8.58 q_lIpr 1.17 1.69 

lprken_1 Little Plover at Kennedy: January 1.64 q_lpr 6.10 8.85 

lprken_2 Little Plover at Kennedy: February 1.61 q_lpr 6.21 8.99 

lprken_ 3 Little Plover at Kennedy: March 1.55 q_Ipr 6.45 9.38 

lorken_4 Little Plover at Kennedy: April 3.21 q_Ipr 3.12 4.52 

lprken_5 Little Plover at Kennedy: May 3.32 q_Ipr 3.01 4.37 

lorken_6 Little Plover at Kennedy: June 2.45 q_Ipr 4.08 5.93 

lorken_7 Little Plover at Kennedy: July 1.50 q_Ipr 6.67 9.68 

lprken_ 8 Little Plover at Kennedy: August 1.54 q_Ipr 6.49 9.43 

lprken_9 Little Plover at Kennedy: September 2.80 q_Ipr 3.57 5.18 

lprken_10 __Little Plover at Kennedy: October 3.07 q_Ipr 3.26 4.72 

lprken_11 _Little Plover at Kennedy: November 3.21 q_Ipr 3.12 4.52 

lprken_12 _—_Little Plover at Kennedy: December 3.71 q_Ipr 2.70 3.91 

springq_1 Spring Creek: January 20.00 q_other 0.50 0.00 

springgq 3 Spring Creek: March 18.00 q_other 0.56 0.00 

springgq 4 Spring Creek: April 15.10 q_other 0.66 0.00 

springgq_5 Spring Creek: May 13.50 q_other 0.74 0.00 

springq 6 Spring Creek: June 9.94 q_other 1.01 0.00 

springq 7 Spring Creek: July 12.70 q_other 0.79 0.00 

springgq 8 Spring Creek: August 12.10 q_other 0.83 0.00 

springq 9 Spring Creek: September 15.80 q_other 0.63 0.00 

springgq_10 Spring Creek: October 13.60 q_other 0.74 0.00 

springgq_11 Spring Creek: November 13.50 q_other 0.74 0.00 

springgq 12 Spring Creek: December 14.90 q_other 0.67 0.00
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Appendix 5. Calibration tables 

A. Steady-state heads 

B. Steady-state flows 

C. Transient heads 

D. Transient flows 

E. Transient recharge multipliers 

F. Steady-state statistics 

G. Transient statistics 

H. K zones 
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5a. Steady_State_Heads 

Appendix 5A. Calibration tables: STEADY-STATE HEADS 

Modeled Head Relative Modeled Head Value 

Observed Value from percent Following Minor Model 

Head Value Calibration (feet Difference difference Revisions After Review 

Name (feet MSL) _ MSL) (feet) (%) (feet MSL) 

wisa_1 1090.59 1086.00 4.589 0.4% 1086.01 

wisa_2 1087.51 1088.21 -0.699 0.1% 1088.23 

wisa_3 1088.163 1088.22 -0.057 0.0% 1088.24 

wisa_4 1089.317 1086.00 3.317 0.3% 1086.01 Explanation: 

wisa_5 1090.299 1090.14 0.156 0.0% 1090.16 Name = target name assigned by PEST 

wisa_6 1089.105 1090.15 -1.045 0.1% 1090.17 Observed head value = measured value at target 

dm_7 1077.68 1075.62 2.065 0.2% 1075.65 Modeled head value = simulated value at target 

dm 8 1077.243 1075.37 1.878 0.2% 1075.41 Difference = observed value — calibration value 

dm_9 1076.995 1075.32 1.671 0.2% 1075.37 Relative percent difference = (difference/observed value) *100 

dm_10 1079.795 1079.02 0.78 0.1% 1079.05 

dm_11 1079.592 1077.04 2.551 0.2% 1077.08 

dm_12 1079.397 1077.05 2.35 0.2% 1077.08 

dm_13 1080.948 1079.10 1.847 0.2% 1079.13 

dm_14 1076.477 1075.62 0.853 0.1% 1075.66 

dm_15 1080.99 1079.14 1.846 0.2% 1079.17 

dm_16 1077.735 1075.42 2.311 0.2% 1075.46 

dm_17 1077.562 1075.16 2.398 0.2% 1075.19 

dm_18 1077.47 1075.11 2.364 0.2% 1075.13 

prf_19 1129.37 1128.33 0.042 0.0% 1129.20 

prf_20 1128.128 1127.20 0.927 0.1% 1127.10 

prf_21 1128.128 1131.16 -3.029 0.3% 1131.04 

prf_22 1138.507 1138.44 0.071 0.0% 1138.28 

prf_23 1140.487 1141.55 -1.058 0.1% 1141.41 

prf_24 1143.613 1145.11 -1.493 0.1% 1144.94 

prf_25 1137.345 1137.46 -0.114 0.0% 1137.37 

prf_26 1084.912 1094.78 -9.872 0.9% 1094.77 

prf_27 1084.93 1095.46 -10.528 1.0% 1095.44 

prf_28 1125.823 1124.09 1.737 0.2% 1124.00 

prf_29 1122.67 1123.06 -0.388 0.0% 1122.98 

prf_30 1124.656 1123.19 1.468 0.1% 1123.10 

prf_31 1120.036 1121.26 -1.228 0.1% 1121.19 

prf_32 1120.35 1120.11 0.241 0.0% 1120.04 

prf_33 1115.914 1114.48 1.434 0.1% 1114.46 

prf_34 1126.384 1125.71 0.679 0.1% 1125.61 

prf_35 1137.864 1140.13 -2.265 0.2% 1140.03 

Preliminary Information - Subject to Revision. Not for Citation or Distribution.



5a. Steady_State_Heads 

Modeled Head Relative Modeled Head Value 

Observed Value from percent Following Minor Model 

Head Value Calibration (feet Difference difference Revisions After Review 

Name (feet MSL) MSL) (feet) (%) (feet MSL) 

ri_36 1015.09 1014.73 0.358 0.0% 1013.82 

ri_37 1133.68 1133.42 0.258 0.0% 1133.28 

ri_38 1134.83 1130.62 4.213 0.4% 1130.37 

ri_39 1048.7 1047.49 1.21 0.1% 1046.73 

ri_40 1165.42 1176.41 -10.986 0.9% 1176.33 

ri_41 1118.02 1120.34 -2.317 0.2% 1120.16 

ri_42 1057.01 1059.48 -2.471 0.2% 1059.51 

ri_43 1092 1092.45 -0.452 0.0% 1092.42 

ri_44 1117.97 1112.98 4.995 0.4% 1112.60 

ri_45 1080.44 1078.76 1.677 0.2% 1077.92 

ri_46 1103.51 1106.93 -3.423 0.3% 1106.93 

ri_47 1054.97 1047.44 7.534 0.7% 1047.45 

ri_48 1066.96 1057.26 9.699 0.9% 1057.31 

ri_49 1056.46 1054.15 2.31 0.2% 1054.16 

ri_50 1104.27 1098.74 5.53 0.5% 1098.98 

ri_51 1127.26 1127.02 0.244 0.0% 1126.90 

ri_52 1097.21 1099.91 -2.698 0.2% 1099.83 

ri_53 1156.02 1149.93 6.095 0.5% 1149.47 

ri_54 1042.56 1047.45 -4.888 0.5% 1047.45 

ri_55 1142.32 1148.40 -6.083 0.5% 1148.29 

ri_56 1119.35 1114.83 4.522 0.4% 1114.47 

ri_57 1053.93 1051.13 2.8 0.3% 1051.25 

ri_58 1105.05 1106.23 -1.179 0.1% 1105.86 

ri_59 1081.15 1086.68 -5.527 0.5% 1086.66 

ri_60 1086.92 1088.22 -1.3 0.1% 1088.21 

usgs_61 1087.79 1085.98 1.806 0.2% 1085.45 

usgs_ 62 1081.27 1078.91 2.358 0.2% 1078.93 

usgs_ 63 1094.8 1094.74 0.06 0.0% 1094.66 

vp_64 1076.14 1070.79 5.352 0.5% 1070.81 

vp_65 1076.787 1074.67 2.116 0.2% 1074.70 

vp_66 1089.803 1085.84 3.963 0.4% 1085.85 

vp_67 1089.368 1085.14 4.227 0.4% 1085.16 

vp_68 1070.934 1071.45 -0.515 0.0% 1072.45 

vp_69 1073.028 1073.87 -0.842 0.1% 1073.94 

Preliminary Information - Subject to Revision. Not for Citation or Distribution.



5a. Steady_State_Heads 

Modeled Head Relative Modeled Head Value 

Observed Value from percent Following Minor Model 

Head Value Calibration (feet Difference difference Revisions After Review 

Name (feet MSL) MSL) (feet) (%) (feet MSL) 

wgnhs_70 1073.73 1072.54 1.19 0.1% 1072.60 

wgnhs_71 1085.18 1082.56 2.624 0.2% 1082.58 

wgnhs_72 1085.07 1082.56 2.51 0.2% 1082.59 

wgnhs_73 1090.55 1086.19 4.356 0.4% 1086.21 

wgnhs_74 1090.7 1086.20 4.503 0.4% 1086.21 

wegnhs_75 1102.65 1101.22 1.43 0.1% 1101.26 

wgnhs_76 1103.24 1101.25 1.993 0.2% 1101.29 

wgnhs_77 1097.92 1093.44 4.478 0.4% 1093.53 

wgnhs_78 1097.92 1093.44 4.484 0.4% 1093.53 

wgnhs_79 1082.37 1083.61 -1.242 0.1% 1083.93 

wgnhs_80 1068.2 1066.73 1.474 0.1% 1067.13 

wgnhs_81 1107.95 1110.01 -2.056 0.2% 1109.97 

lake_82 1106.75 1114.40 -7.649 0.7% 1114.26 

lake_83 1088.7 1093.99 -5.288 0.5% 1093.94 

lake_84 1025.2 1024.71 0.489 0.0% 1024.71 

lake_85 1074.2 1074.49 -0.287 0.0% 1074.52 

lake_86 1072.5 1072.76 -0.263 0.0% 1072.81 

lake_87 1066.6 1060.24 6.358 0.6% 1060.46 

lake_88 1076.1 1079.87 -3.773 0.4% 1080.27 

lake_89 1114.6 1115.98 -1.381 0.1% 1115.99 

Preliminary Information - Subject to Revision. Not for Citation or Distribution.



5b. Steady_State_Flow 

Appendix 5B. Calibration tables: STEADY-STATE FLOWS 

Relative 

Observed Modeled percent Modeled Baseflow Value 

Baseflow Baseflow Difference difference Following Minor Model Revisions 

Name Value (CFS) Value (CFS) (CFS) (%) After Review (feet MSL) 

Ipri39 4.00 3.69 0.31 8.0% 3.96 

Iprhoov 5.22 5.24 -0.02 0.4% 5.42 

lpreis 1.95 2:11, -0.16 7.9% 2.19 

bearq 8.55 7.70 0.84 10.4% n/a 

springq 3.67 5.29 -1.62 36.2% n/a 

ditch2 4.84 4.74 0.10 2.0% n/a 

noname 1.22 1.38 -0.17 12.7% n/a 

swcan3 15.92 18.40 -2.48 14.4% n/a 

swcean2 12.26 13.62 -1.36 10.5% n/a 

swean1 7Th1 3.18 4.34 81.1% n/a 

lprken 0.91 0.96 -0.05 5.9% 0.99 

Explanation: 

Name = target name assigned by PEST 

Observed base flow value = measured value at target 

Modeled base flow value = simulated value at target 

Difference = observed value — calibration value 

Relative percent difference = (difference/observed value) *100 

Preliminary Information - Subject to Revision. Not for Citation or Distribution.



5c. Transient_Heads 

Appendix 5C. Calibration tables: TRANSIENT HEADS 

Relative Modeled Head Value 

Observed Modeled percent Following Minor Model 

Head Value Head Value Difference difference Revisions After Review 

Name (feet MSL) (feet MSL) (feet) (%) (feet MSL) 

dm_10_4 1078.85 1080.02 -1.173 0.1% 1080.02 Explanation: 

dm_10_6 1080.25 1080.78 -0.533 0.0% 1080.78 Name = target name assigned by PEST 

dm 114 1078.2 1078.74 -0.536 0.0% 1078.74 Observed head value = measured value at target 

mais 10802 107B68 087 10s ne re 
dm_12_4 1077.93 1078.74 70.811 0.1% 1078.74 Relative percent difference = (difference/observed value) *100 
dm_12_6 1080.03 1079.64 0.395 0.0% 1079.64 

dm_13_4 1079.34 1080.48 -1.141 0.1% 1080.48 

dm_13_6 1081.54 1081.48 0.059 0.0% 1081.48 

dm_14_4 1074.56 1077.02 -2.462 0.2% 1077.02 

dm_14_6 1076.76 1078.06 -1.297 0.1% 1078.06 

dm_15_4 1078.94 1080.56 -1.62 0.2% 1080.56 

dm_15_6 1081.24 1081.67 -0.431 0.0% 1081.67 

dm_16_4 1075.61 1076.82 -1.207 0.1% 1076.82 

dm_16_6 1077.91 1077.86 0.053 0.0% 1077.86 

dm_17_4 1075.32 1076.58 -1.26 0.1% 1076.58 

dm_17_6 1077.72 1077.56 0.157 0.0% 1077.56 

dm_18_4 1075.22 1076.53 -1.305 0.1% 1076.53 

dm_18_6 1077.62 1077.50 0.122 0.0% 1077.50 

dm_7_4 1075.78 1077.01 -1.231 0.1% 1077.01 

dm_7_6 1077.98 1078.05 -0.068 0.0% 1078.05 

dm_8_4 1076.27 1076.43 -0.156 0.0% 1076.43 

dm_8_6 1077.47 1077.19 0.284 0.0% 1077.19 

dm_9_4 1075.92 1076.78 -0.864 0.1% 1076.78 

dm_9_6 1077.62 1077.59 0.028 0.0% 1077.59 

prf_19_4 1129.92 1129.78 0.142 0.0% 1129.90 

prf_20_4 1128.49 1127.58 0.914 0.1% 1127.62 

prf_21_4 1128.49 1131.51 -3.015 0.3% 1131.58 

prf_22_4 1137.92 1138.66 -0.738 0.1% 1138.79 

prf_23_4 1139.94 1141.50 -1.555 0.1% 1141.54 

prf_24_4 1142.85 1145.23 -2.383 0.2% 1145.29 

prf_25_4 1138.47 1137.40 1.074 0.1% 1137.40 

prf_26_4 1084.1 1094.73 -10.625 1.0% 1094.72 

prf_27_4 1083.43 1095.01 -11.581 1.1% 1095.01 

prf_28 4 1126.16 1124.46 1.702 0.2% 1124.48 

prf_29 4 1123.32 1123.30 0.025 0.0% 1123.31 

Preliminary Information - Subject to Revision. Not for Citation or Distribution.



5c. Transient_Heads 

Relative Modeled Head Value 

Observed Modeled percent Following Minor Model 

Head Value Head Value Difference difference Revisions After Review 

Name (feet MSL) (feet MSL) (feet) (%) (feet MSL) 

prf_30_4 1125.01 1123.82 1.194 0.1% 1123.84 

prf_31_4 1119.72 1121.55 -1.83 0.2% 1121.57 

prf_32_4 1120.35 1120.16 0.189 0.0% 1120.17 

prf_33_4 1115.91 1114.45 1.464 0.1% 1114.45 

prf_34_4 1126.17 1125.98 0.19 0.0% 1126.02 

prf_35_4 1139.46 1140.28 -0.816 0.1% 1140.29 

usgs_ 61_1 1086.6 1086.59 0.015 0.0% 1086.58 

usgs 61 4 1088.38 1086.30 2.084 0.2% 1086.30 

usgs_ 61_7 1089.38 1086.98 2.397 0.2% 1086.98 

usgs_61_9 1089.49 1087.19 2.296 0.2% 1087.12 

usgs_61_10 1089.59 1087.38 2.209 0.2% 1087.35 

usgs 62_2 1079.01 1080.05 -1.035 0.1% 1080.05 

usgs_62_4 1079.72 1080.31 -0.585 0.1% 1080.31 

usgs_62_5 1080.8 1081.83 -1.027 0.1% 1081.83 

usgs 62_7 1081.93 1080.94 0.992 0.1% 1080.94 

usgs 62.9 1081.77 1082.53 -0.763 0.1% 1082.23 

usgs_63_7 1094.99 1096.01 -1.023 0.1% 1096.04 

vp_64_1 1073.54 1072.71 0.828 0.1% 1072.72 

vp_64_ 4 1074.66 1072.11 2.554 0.2% 1072.11 

vp_64_5 1075.49 1072.90 2.594 0.2% 1072.90 

vp_64_6 1075.91 1072.33 3.582 0.3% 1072.33 

vp_65_1 1074.56 1076.07 -1.507 0.1% 1076.07 

vp_65_ 4 1075.43 1076.08 -0.646 0.1% 1076.08 

vp_65_5 1076.11 1077.40 -1.292 0.1% 1077.40 

vp_65_6 1076.81 1077.02 -0.211 0.0% 1077.02 

vp_66_1 1088.42 1087.08 1.342 0.1% 1087.08 

vp_66_3 1088.38 1086.92 1.461 0.1% 1086.92 

vp_66_4 1089.4 1087.18 2.219 0.2% 1087.18 

vp_66_5 1090.15 1088.61 1.541 0.1% 1088.61 

vp_66_6 1090.27 1086.81 3.457 0.3% 1086.81 

vp_67_1 1088.07 1086.28 1.786 0.2% 1086.28 

vp_67_3 1087.97 1086.08 1.889 0.2% 1086.08 

vp_67_4 1089.17 1086.38 2.795 0.3% 1086.38 

vp_67_5 1089.85 1087.83 2.023 0.2% 1087.83 

vp_67_6 1089.8 1086.28 3.525 0.3% 1086.28 

vp_68_1 1070.58 1071.91 -1.325 0.1% 1071.91 

vp_68_ 3 1070.43 1071.22 -0.79 0.1% 1071.28 

Preliminary Information - Subject to Revision. Not for Citation or Distribution.



5c. Transient_Heads 

Relative Modeled Head Value 

Observed Modeled percent Following Minor Model 

Head Value Head Value Difference difference Revisions After Review 

Name (feet MSL) (feet MSL) (feet) (%) (feet MSL) 

vp_68 4 1071.15 1071.40 -0.251 0.0% 1071.52 

vp_68_5 1071.96 1073.70 -1.737 0.2% 1073.87 

vp_68_6 1072.53 1073.32 -0.787 0.1% 1073.55 

vp_69_1 1072.35 1074.62 -2.273 0.2% 1074.62 

vp_69_3 1072.53 1074.08 -1.552 0.1% 1074.08 

vp_69_4 1073.45 1074.29 -0.844 0.1% 1074.30 

vp_69_5 1072.97 1075.61 -2.642 0.2% 1075.62 

vp_69_6 1072.9 1075.06 -2.162 0.2% 1075.07 

wgnhs_72_8 1085.81 1082.97 2.841 0.3% 1082.97 

wegnhs_72_9 1085.46 1083.96 1.497 0.1% 1083.81 

wgnhs_72_1( 1084.85 1084.10 0.747 0.1% 1084.04 

wenhs_72_1: 1084.62 1084.00 0.623 0.1% 1084.00 

wgnhs_72_1: 1084.99 1084.11 0.883 0.1% 1084.11 

wgnhs_73_8 1090.8 1086.57 4.233 0.4% 1086.57 

wegnhs_73_9 1090.7 1087.63 3.066 0.3% 1087.49 

wegnhs_73_1(¢ 1090.52 1087.87 2.649 0.2% 1087.80 

wegnhs_73_1: 1090.43 1087.82 2.606 0.2% 1087.83 

wgnhs_73_1: 1090.63 1087.99 2.639 0.2% 1087.99 

wenhs_74_8 1090.94 1086.58 4.365 0.4% 1086.58 

wgnhs_74_9 1090.91 1087.64 3.273 0.3% 1087.49 

wgnhs_74_1(¢ 1090.72 1087.88 2.836 0.3% 1087.82 

wgnhs_74_1: 1090.56 1087.84 2.719 0.2% 1087.84 

wenhs_74_1: 1090.77 1088.01 2.763 0.3% 1088.01 

wgnhs_75_8 1102.7 1102.09 0.611 0.1% 1102.09 

wgnhs_75_9 1104.15 1103.34 0.806 0.1% 1103.20 

wenhs_75_1(¢ 1103.93 1103.85 0.076 0.0% 1103.76 

wenhs_75_1° 1103.83 1103.97 -0.136 0.0% 1103.97 

wegnhs_75_1: 1104 1104.29 -0.294 0.0% 1104.30 

wgnhs_76_8 1102.65 1102.11 0.545 0.0% 1102.11 

wegnhs_76_9 1103.75 1103.36 0.395 0.0% 1103.21 

wegnhs_76_1( 1104.25 1103.86 0.387 0.0% 1103.78 

wgnhs_76_1° 1103.92 1103.98 -0.061 0.0% 1103.99 

wgnhs_76_1: 1103.97 1104.31 -0.341 0.0% 1104.32 

wegnhs_77_8 1098.27 1094.42 3.851 0.4% 1094.42 

wgnhs_77_9 1099.08 1096.51 2.575 0.2% 1096.20 

wgnhs_77_1( 1098.88 1096.94 1.938 0.2% 1096.79 

wenhs_77_1: 1098.66 1096.80 1.86 0.2% 1096.81 

Preliminary Information - Subject to Revision. Not for Citation or Distribution.



5c. Transient_Heads 

Relative Modeled Head Value 

Observed Modeled percent Following Minor Model 

Head Value Head Value Difference difference Revisions After Review 

Name (feet MSL) (feet MSL) (feet) (%) (feet MSL) 

wegnhs_77_1: 1098.85 1096.97 1.877 0.2% 1096.99 

wgnhs_78_8 1098.17 1094.40 3.769 0.3% 1094.40 

wgnhs_78_9 1098.98 1096.48 2.501 0.2% 1096.18 

wgnhs_78_1( 1098.78 1096.93 1.852 0.2% 1096.78 

wegnhs_78_1: 1098.55 1096.79 1.757 0.2% 1096.80 

wgnhs_78_1: 1098.8 1096.97 1.834 0.2% 1096.98 

wgnhs_81_8 1107.5 1110.04 -2.538 0.2% 1110.04 

wegnhs_81_9 1108.32 1111.22 -2.896 0.3% 1111.12 

wgnhs_81_1( 1109.01 1111.78 -2.765 0.2% 1111.68 

wenhs_81_1: 1107.85 1111.98 -4,134 0.4% 1111.99 

wgnhs_81_1: 1108.67 1112.43 -3.761 0.3% 1112.44 

wisa_2_1 1087.6 1088.57 -0.973 0.1% 1088.57 

wisa_2_2 1087.45 1088.40 -0.945 0.1% 1088.40 

wisa_2_3 1087.38 1088.36 -0.982 0.1% 1088.36 

wisa_2_5 1088.02 1089.36 -1.335 0.1% 1089.36 

wisa_2_6 1087.99 1088.81 -0.817 0.1% 1088.81 

wisa_2_7 1087.53 1088.33 -0.802 0.1% 1088.33 

wisa_2_8 1087.55 1088.50 -0.951 0.1% 1088.50 

wisa_2_9 1088.04 1089.35 -1.308 0.1% 1089.20 

wisa_2_10 1088.02 1089.34 -1.32 0.1% 1089.29 

wisa_2_11 1087.97 1089.23 -1.262 0.1% 1089.24 

wisa_3_1 1088.47 1088.58 -0.114 0.0% 1088.58 

wisa_3_2 1088.19 1088.41 -0.216 0.0% 1088.41 

wisa_3_3 1088.09 1088.37 -0.284 0.0% 1088.37 

wisa_3_4 1088.62 1088.53 0.093 0.0% 1088.53 

wisa_3_5 1088.54 1089.37 -0.827 0.1% 1089.37 

wisa_3_6 1088.46 1088.82 -0.359 0.0% 1088.82 

wisa_3_7 1088.15 1088.34 -0.193 0.0% 1088.34 

wisa_3_8 1088.18 1088.51 -0.332 0.0% 1088.51 

wisa_3_9 1088.4 1089.36 -0.959 0.1% 1089.21 

wisa_3_10 1088.57 1089.35 -0.781 0.1% 1089.30 

wisa_3_11 1088.51 1089.24 -0.733 0.1% 1089.25 

wisa_4_1 1089.22 1087.00 2.22 0.2% 1087.00 

wisa_4 4 1090.46 1087.05 3.411 0.3% 1087.05 

wisa_4_5 1090.85 1088.46 2.387 0.2% 1088.46 

wisa_4_6 1090.81 1087.09 3.724 0.3% 1087.09 

wisa_4_7 1090.07 1085.62 4.452 0.4% 1085.62 

Preliminary Information - Subject to Revision. Not for Citation or Distribution.



5c. Transient_Heads 

Relative Modeled Head Value 

Observed Modeled percent Following Minor Model 

Head Value Head Value Difference difference Revisions After Review 

Name (feet MSL) (feet MSL) (feet) (%) (feet MSL) 

wisa_4_ 8 1089.71 1086.63 3.079 0.3% 1086.63 

wisa_4_9 1091.14 1088.24 2.905 0.3% 1088.00 

wisa_4_10 1090.87 1088.51 2.362 0.2% 1088.42 

wisa_4_11 1090.84 1088.46 2.38 0.2% 1088.46 

wisa_5_1 1090.19 1090.62 -0.431 0.0% 1090.62 

wisa_5_2 1090.07 1090.42 -0.351 0.0% 1090.42 

wisa_5_3 1090.45 1090.37 0.079 0.0% 1090.37 

wisa_5_4 1090.89 1090.56 0.333 0.0% 1090.56 

wisa_5_5 1091.03 1091.56 -0.526 0.0% 1091.56 

wisa_5_6 1090.93 1090.98 -0.048 0.0% 1090.98 

wisa_5_7 1090.45 1090.48 -0.026 0.0% 1090.48 

wisa_5_8 1090.56 1090.45 0.112 0.0% 1090.45 

wisa_5_9 1091.02 1091.12 -0.099 0.0% 1091.01 

wisa_5_10 1091.12 1091.22 -0.101 0.0% 1091.19 

wisa_5_11 1091.13 1091.20 -0.069 0.0% 1091.20 

wisa_6_1 1089.06 1090.63 -1.568 0.1% 1090.63 

wisa_6_5 1089.52 1091.56 -2.043 0.2% 1091.56 

wisa_6_6 1089.47 1090.99 -1.516 0.1% 1090.99 

wisa_6_7 1089.16 1090.48 -1.324 0.1% 1090.49 

wisa_6_8 1089.1 1090.46 -1.356 0.1% 1090.46 

wisa_6_9 1089.55 1091.13 -1.577 0.1% 1091.02 

wisa_6_10 1089.65 1091.23 -1.579 0.1% 1091.20 

wisa_6_11 1089.66 1091.21 -1.547 0.1% 1091.21 

Preliminary Information - Subject to Revision. Not for Citation or Distribution.
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Appendix 5D. Calibration tables: TRANSIENT FLOWS 

Relative Modeled Baseflow 

Observed Modeled percent Value Following Minor 

Baseflow Baseflow Value Difference difference Model Revisions After 

Name Value (CFS) (CFS) (CFS) (%) Review (CFS) 

lpreis_4 5.16 3.01 2.15 52.7% 3.03 

Ipreis_5 5.35 5.24 0.11 2.0% 5.27 

lpreis_6 3.94 3.76 0.18 4.7% 3.78 Explanation: 

lpreis_7 2.23 2.52 -0.29 12.3% 2.54 Name = target name assigned by PEST 

Ipreis_8 2.7 2.87 -0.17 5.9% 2.89 Observed base flow value = measured value at target 

lpreis_9 4.33 4.36 -0.53 11.6% 4.87 Modeled base flow value = simulated value at target 

Ipreis_10 4.44 a -0.66 1:8 9.13 eke peer ference: Gitsenefbeed value) *100 
Ipreis_11 4.61 4.94 -0.33 6.9% 4.97 

Ipreis_12 4.61 5.25 -0.64 13.1% 5.28 

lprhoov_1 5.01 7.03 -2.02 33.6% 5.37 

Iprhoov_2 4.36 6.09 -1.73 33.1% 4.62 

Iprhoov_3 4.17 5.83 -1.66 33.2% 4.43 

Iprhoov_4 8.69 6.41 2.28 30.2% 4.94 

lprhoov_5 10.3 9.96 0.34 3.4% 7.82 

Iprhoov_6 7.59 7.92 -0.33 4.3% 6.05 

Iprhoov_7 6.41 6.19 0.22 3.6% 4.56 

Iprhoov_8 6.16 6.72 -0.56 8.6% 4.99 

lprhoov_9 9.76 10.10 -0.34 3.4% 7.68 

lprhoov_10 9.34 9.95 -0.61 6.3% 7.78 

Iprhoov_11 9.02 9.59 -0.57 6.1% 7.55 

lprhoov_12 8.58 10.01 -1.43 15.4% 7.92 

lprken_1 1.64 1.43 0.21 13.6% 1.45 

lprken_2 1.61 1.23 0.38 26.7% 1.25 

lprken_3 1.55 1.19 0.36 26.4% 1.20 

lprken_4 3.21 1.37 1.84 80.2% 1.39 

lprken_5 3.32 2.44 0.88 30.6% 2.48 

lprken_6 2.45 1.77 0.68 32.2% 1.79 

lprken_7 Ls 1.15 0.35 26.6% 1.16 

lprken_8 1.54 1.28 0.27 18.8% 1.29 

lprken_9 2.8 217 0.63 25.4% 2.20 

lprken_10 3.07 2.27 0.80 30.2% 2.30 

lprken_11 3.21 2.20 1.01 37.5% 2.23 

lprken_12 3.71 2.38 1.33 43.7% 2.42 

springq_1 20 6.92 13.08 97.2% n/a 

springgq_3 18 5.99 12.01 100.1% n/a 

Preliminary Information - Subject to Revision. Not for Citation or Distribution.
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Relative Modeled Baseflow 

Observed Modeled percent Value Following Minor 

Baseflow Baseflow Value Difference difference | Model Revisions After 

Name Value (CFS) (CFS) (CFS) (%) Review (CFS) 

springq_4 15.1 5.99 9.171 86.4% n/a 

springg_5 13.5 6.90 6.60 64.7% n/a 

springq_6 9.94 6.43 3.51 43.0% n/a 

springq_7 12.7 6.03 6.67 71.2% n/a 

springq_8 12:1 5.82 6.28 70.1% n/a 

springq_9 15.8 6.43 9.37 84.3% n/a 

springq_10 13.6 6.39 7.21 72.1% n/a 

springq_11 13.5 6.30 7.20 72.8% n/a 

springq_12 14.9 6.40 8.50 79.8% n/a 

bearq_10 12.7 9.55 3.151968 28.3% n/a 

ditch2_1 6.28 6.65 -0.371968 5.8% n/a 

ditch2_2 5.86 5.95  -0.092778 1.6% n/a 

ditch2_3 6.49 5.67 0.817778 13.4% n/a 

ditch2_4 6.91 5.75 1.162894 18.4% n/a 

ditch2_5 8.4 6.96 1.436343 18.7% n/a 

ditch2_6 8.16 6.33 1.832454 25.3% n/a 

ditch2_7 5.82 5.76 0.058889 1.0% n/a 

ditch2_8 5.28 5.60 -0.320231 5.9% n/a 

ditch2_9 6.53 6.43 0.104074 1.6% n/a 

ditch2_10 6.81 6.54 0.265324 4.0% n/a 

ditch2_11 6.51 6.40 0.105486 1.6% n/a 

ditch2_12 6.48 6.60 -0.122662 1.9% n/a 

Preliminary Information - Subject to Revision. Not for Citation or Distribution.



5e.TransientRechargeMultipliers 

Appendix 5E. Calibration tables: TRANSIENT RECHARGE MULTIPLIERS 

SWB Mean Recharge Estimated Recharge Adjusted Mean Recharge 

Stress Period (inches) Multiplier (unitless) (inches) 

3 1.47 0.25 0.37 

4 4.43 0.25 1.11 

5 1.21 3.61 4.35 

6 0.73 0.59 0.43 

7 0.01 145 0.02 

8 0.43 2.36 1.01 

9 1.45 2.44 3.53 

10 0.63 2.26 1.42 

11 0.58 1.43 0.83 

12 1.44 1.04 1.50 

Annual Total 12.38 1.18 14.55 

Explanation: 

Stress period = model stress period (no recharge in stress periods 1 and 2) 

SWB mean recharge = mean recharge over model domain predicted by SWB model for indicated 

stress period 

Estimated recharge multiplier = model-wide multiplier for stress period 

Adjusted mean recharge = final mean recharge over model domain for indicated stress period 

Preliminary Information - Subject to Revision. Not for Citation or Distribution.
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n the history-matching process, measure of parameter importance. ity and stream parameters constant 

the change of observation values Correlation is evaluated in pairs of in the transient calibration. Figure 

in response to changes in param- parameters so with hundreds or thou- _1 presents the identifiability of all 

eters, known as the sensitivity of sands of parameters it is impractical parameters with values greater than 

observations to parameters, is used to to deconvolve sensitivity from cor- 0.5. In the figure, the overall height 

define the magnitude and directions relation. Identifiability addresses this of each bar indicates its identifiability 

of changes in candidate parameter issue because it is based on singular ona normalized scale of 0.0, where 

values from iteration to iteration. value decomposition (SVD) (described _ the parameter is not informed by 

The Jacobian matrix is a matrix of in appendix 3), which splits infor- the observations, to 1.0, where the 

these sensitivity values relating each mation content among correlated parameter is fully informed by the 

observation to each parameter. The parameters. For this reason, we focus observations. 

Jacobian matrix is defined as: on identifiability here. By definition, if all singular values are 

Oy; g(P; P Ap) _ g(P;) By virtue of using SVD for parameter considered, all identifiability values 

ap, = Ap estimation, it is also possible to calcu- _ will be equal to 1.0. The identifiability 

j late identifiability (Doherty and Hunt, _ value quantifies the projection of 

where 2009). This is a qualitative metric that observation information onto the 

, ; indicates how much information from solution space of the parameters as 

y isan observation the observations (taken as a whole defined by an SVD cutoff. As more 

pis a parameter value set) is projected onto the parame- singular values are considered to be 

; ters in the history-matching process. part of the solution space, fewer are in 

g(x) is the model outcome corre- Based ona singular value cutoff, the the null space, and the amount of pro- 

sponding to observation time and identifiability value calculates the pro- jection onto solution space increases. 

location y jection of information from observa- The SVD cutoff for the parameters 

iis a dummy variable in tions onto the calibration space. The shown in figure 1 is 80, which is the 

[1,...,NOBS]; remaining information is projected number of SVD-Assist (SVDA) super 
. | . onto the null space, meaning param- _ parameters used in this model. In 

jisa dummy variable in [1,....NPAR]; eter values can change, potentially by — addition to the 80 singular-value 

NOBS is the number of large amounts, without impacting the cutoff, a stability criterion was used to 

observations; model outputs of interest. enforce a threshold on how many of 

. sciee se cDult those super parameters were con- 
i . Parameters with high identifiabilit NPAR is the number of parameters; , 9g , y sidered part of the solution space. 

and are interpreted to be well-informed . 
5 5 For each parameter, higher bars on 

i Il (10%) i i by the observations, while parameters figure 1 indicate the most identifiable 
Apitsia:small (10%) incrementin with low identifiability are interpreted s smmeters On each bar: however 

parameter value. to be ill-informed by the observa- P a oe ane 
. . . . 5 the contribution to identifiability due 

The result of evaluating this equation _ tions and are generally held relatively . sci 
oe . . : to each singular value is displayed 

for all combinations of parameters constant in the history-matching : an 
wal op Lee which helps to distinguish parameters 

and observations is the NOBS* NPAR _ process. Identifiability values are ib ccinn 449 Ae a iT 
. . . | : : with similar total identifiability. Hotter 

Jacobian matrix X. Beyond its use in normalized to a maximum value of 
. . , | : colors (reds, oranges, and yellows) 

the history-matching algorithm, sensi- 1.0. In this report, we explore the a en esa : 
ae Bg ees 3 : oe pects indicate identifiability attributable 

tivity can provide insight into which identifiability of parameters for the . se 
. to most-informative singular values 

parameters have the greatest impact steady-state model. The reason for 
. . (1, 2, and so on), whereas cooler 

on forecasts made by the model. In this is that the transient model has _ 
6 . colors (greens and blues) indicate 

fact, sensitivity can be considered as few parameters whereas the steady 4 enh ay 3 
| . identifiability attributable to the 

one metric of parameter importance. _ state represents the tradeoffs among . oo 
. : a least-informative singular values 

A challenge is encountered in that hydraulic conductivity, recharge, and . oo. 
(78, 79, 80). This spectrum is dis- 

parameters are often correlated with stream parameters. The lower number nav 5 
“ae A s played to highlight that no particular 

one another, so sensitivity can be of parameters in the transient model . . 

isleading if thought of as the onl is due to holding hydraulic conductiv- singulat-value:cutoft is the perfect 
mis 9 9 y definition of separating the solution
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space from the null space, but bars qualitative sense, parameters with lows that the parameters controlling 

that are made up almost entirely of high identifiability can be interpreted — water exchange with the stream and 

hot colors can be qualitatively inter- as important controls on model overall water available in the model 

preted to have overall higher identi- behavior. The two parameters with should be the most important. The 

fiability than those containing cooler — the highest identifiability arerm1 and remaining parameters with identifi- 

colors. To avoid plotting bars for all sfrc, which are the recharge multiplier —_ ability > 0.5 are horizontal hydraulic 

parameters, only those with identifi- and streambed hydraulic conductiv- conductivity parameters—a mixture 

ability (at 80 singular values) greater ity, respectively. These two parame- of homogeneous zones and pilot 

than 0.5 are displayed on figure 1. ters are the main controls on overall points. This highlights the importance 

ae) | 3 op gs . water balance into the model and of lateral distribution of groundwater 
Identifiability is a qualitative metric : 

. the connection to streams. The Little to supply the streams and also to 
and should not be over-interpreted; . : an . 
. a Plover River flow observations arethe — maintain a head surface honoring 
it can, however, provide insight . ; 5 x ' s 

a q most important and highly weighted head observations. Vertical hydraulic 
into important model behavior. In a apc ‘ iL . ‘ 

observations in the model, so it fol- conductivity values are less identifi- 

Identifiability 
S = = S = = 
oOo Ny > a oo Oo 
a 

rm] 

sfre 

kx15 

kx5 

kx14| l 

kpkp174 

kx13 | 

kpkp195| 

kpkp182 

kpkp17] 

kpkp129 | 

kpkp23} || 

kpkp188 

kpkp82)fff 

kpkp242 

kpkp898} | 

kpkp184 | 

kpkp163} 

kpkp59 | 
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i” 
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Number of singular values considered 

Figure 1. Identifiability of parameters. Set includes only those with identifiability 

(at 80 singular values) greater than 0.5. The color scale indicates identifiability for 

each singular value.
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onstrained optimization is an flow value is 4.0 cubic feet per i Create groups based on clustering 

approach to management of second (cfs) with a corresponding analysis (discussed below) and 

water use by using a ground- baseflow value of 80 percent or 3.2 apply the same reduction to each 

water flow model. In this context, cfs. In 2013, the measured baseflow well within a group. 

groundwater pumping rates are at Eisenhower was 1.95 cfs and the 5 3 
. . . . I For each clustering scenario, we 

adjusted to meet an optimal condi- optimal modeled value was 2.09 cfs, ; 7 ae 
. . . can either limit the reduction in 

tion, subject to a set of constraints. below the public rights baseflow . : 
, . pumping (for example, no single 

For example, the optimal condition value. To achieve flow at or above 
. . . group or well can reduce its pump- 

may be to maximize pumping subject _ the public rights baseflow value, one : 
. ge . . ing rate more than 35 percent) or 

to the constraint of maintaining a management option to explore is to 
. . . a . i we can allow groups to be reduced 

specified flow rate in a stream. Or, if minimize the reduction of existing ‘ 
. . . . by 100 percent (in other words, be 

streamflow is already lower than a pumping required to achieve the 
. oo. a . completely shut off). 

constraint value, we can minimize the _ public rights baseflow. The deficit 

reduction in pumping necessary to in flow is 1.11 cfs or 498 gpm. Based Table 1 outlines the names of the sce- 

achieve streamflow at or above the on the depletion-potential calcu- narios evaluated and shows the total 

constraint value. lations described in the Example 3: amount of pumping reported for the 

Depletion-Potential Mapping section — managed wells in each scenario and 
This approach uses the mathematical P ‘ Pping ‘ e 5 ‘ 

: . F of the main report, only wells with the amount of reduction required to 
technique of linear programming to . . . _ 

, ee depletion potential (relative to the meet the public rights baseflow con- 
solve the constrained minimization/ . . : . 

5a : Eisenhower gage) greater than 0.25 straint. The following sections further 
maximization problem. Details of the ‘ 
é i were included as managed wells. define and present the results of each 
implementation in MODFLOW and of . . . 

_ , . Wells with depletion potential less of these approaches. 
the algorithm are available in Ahlfeld . 
and others (2005) and references than 0.25 obtain 75 percent of the . . . 

within water they extract from surface water Single-decision variable 

features other than the Eisenhower Applying the same reduction to all 

Setting a constraint gage on the Little Plover River. As wells in the management group is 
A potential management scenario a result, they are not considered in one concept of an equitable solu- 

Pi 9) : the management with respect tothe tion, spreading the change to water 

was set up to evaluate potential Little Plover. consumption equally among all wells 
uses of MODFLOW-GWM in the . : a , . 

Little Plover River area. This scenario 1c] 1 Intheatess However fils Goes net 
. . Decision variables account for the fact that not all wells 
is based on using the steady state 5 . : 

Baal To meet the constraint, pumping impact the stream equally. As a result, 
model for 2013 and the public rights . . : ae wae . 

. in wells is adjusted to minimize the it is expected that more reduction 
baseflow value at the Eisenhower _ . . . . . 

A reduction in pumping. Managing will be required in aggregate than 
gage as a constraint. The steady-state eS : : 

. . . each well individually is computa- more flexible approaches. The total 
model is conservative with respect i . . . . er 

; ; tionally expensive and also results in pumping without optimization for the 
to streamflow and is more efficient A ps a. 

a 4 numerical instability as the response 75 managed wells was 4,527 gpm. At 
to use for optimization. A similar “ 5 , 

due to a single well may be small. As this level of pumping, the flow rate 
approach can be extended to the ae . . 

. - a result, most optimization efforts at Eisenhower is 1.11 cfs lower than 
transient model explicitly, but at a . - . . . 

“ A group wells into “decision variables,’ the constraint value of 3.2 cfs. This is a 
higher computational cost beyond a 

A or groups of wells to manage as a deficit in flow of 498 gpm. The reduc- 
the scope of this proof-of-concept. - . oo . : . . 

. . . unit. Several approaches to grouping __ tion in pumping required (if applied 
While multiple constraints can be . . ee 3 oe 

: the pumping wells into decision vari- evenly across all wells) to maintain 
evaluated at once, Eisenhower was 4 . 5 

. wsantl ables were explored, including: streamflow at the constraint value of 
chosen for evaluation both to simplify . 
| | - | | | . | 3.2 cfs, however, is 1,356 gpm. Spread 
interpretation to a single constraint I Using a single decision variable A 

. , . —_ . . evenly across all managed wells, this 
and because the Eisenhower gage is with all wells in it. This applies the : 

. . . : represents a reduction of 30 percent 
the only location on the Little Plover same reduction to each well in the : 

. . applied to each well. When appor- 
River with continuous streamflow area equally, regardless of deple- ae . 

_ . é tioning the same reduction among 
measurements. The public rights tion potential. 

el
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Table 1. Percent reduction targets 

Max. reduction Baselinebase Reduction _ Percent 
NTT To a UT Clg pumping inpumping reduction 

AYE) ley CTC CL) (gpm) (gpm) ()) 

Single-decision variable 1 100 4,527 1,356 30 

35% max reduction 20 35 4,527 1,155 26 

100% max reduction 20 100 4,527 908 20 

35% max reduction, 20 35 4477 1,192 27 

non-irrigation separate 

100% max reduction, 20 100 4,477 883 20 

non-irrigation separate 

all wells, some wells that are far from K-means clustering (Ahlfeld and well was left out of the management 

the gage with relatively low depletion others, 2005; Hastie and others, 2009) _ scenario to limit the number of deci- 

potential must reduce by the same is a cluster-analysis technique where sion variables. Such a limitation was 

amount as wells that are much closer _ wells are grouped into k groups not used for the other scenarios as the 

with higher depletion potential. (determined by the user) such that wells with lower pumping rates were 

Clearly, while the burden of pumping the sum of their numerical attributes incorporated into groups. 

reduction throughout the basin is is minimized. If those numerical attri- in Sddition terauBING Welletnte 

borne equally in a sense, the overall butes are x-coordinate, y-coordinate, we . grouping we 
: — . : : 5 decision variables, a decision must be 

reduction of pumping in the basin and depletion potential, the result is rade recardinahow much wurns 

is high. By managing smaller groups groups of wells that are located near . i Z . F P 
| na _ . ing can be reduced in each decision 

and focusing on wells with higher each other and have similar depletion variable to meet the constraint. We 

depletion potential, the deficit in flow _ potential values. eysivared twereaceeone where thie 

can be made up with an overall lower . . . : 
reduction in pumping from the whole Using the depletion potential values maximum reduction was 35 percent, 

basin: Both . ove vaduction’in calculated for wells that were actively and another where the maximum 

‘iva sth thrsudhotitthe basin pumped in 2013 and with deple- reduction was 100 percent. 

pumping 9 tion potential greater than 0.25, a . . 
expected to be lower, and the burden ‘ Table 1 outlines the scenarios show- 
. set of clusters was generated with 5 ‘ ae 
is focused on fewer wells that have 90 clusters The rianiberoFclusters ing the various combinations of the 

the most impact rather than requiring oe i number of groups (including cases 
. was chosen as illustrative and other Ce 

all wells in the area to have reduced numbers could be implemented where non-irrigation wells were 

flow. Both approaches can be inter- : ca P ; managed separately) and the max- 
: , oe easily. Additionally, two variants of . . 

preted as fair by different criteria. . imum pumping reduction allowed. 
this group were generated—one . , 

. with all wells grouped into clusters In the following sections, the results 

Cluster analysis danatherwith irtiqati ‘ of these scenarios are presented and 
Dividing the entire set of wells into anganomnel. Wh Hom ge on . discussed. 
management groups can be done in wells managed as individual decision 

many ways. Of course, issues such as cee and ole be mace is a 20 clusters 

property ownership and crop value OL Wega tOn Wet: HIQUIE, LSnOws tne 5 

should be taken into consideration 20-clusterarrangement created with sian “aa 
when creating groups as decision k-means clustering. Figure 2 shows tering was used to define 20 groups 

variables. To illustrate the general the 20-cluster arrangements with io management ane te maximum 

chammcterietcs of the methods non-irrigation:wellsmanaged Indi- pumping reduction allowed in each 
available, however, we looked for a vidually (the non-irrigation wells are group was set at either 35 percent 

systematic way to make groupsand signed values 20 and greater). For fobuetned salagslaressiaibuaivoade 
settled on cluster analysis non-irrigation wells, if the reported the 35% Max Reduction scenario, no 

, pumping rate was less than 75 gpm in Pumping reduction for a group was 
the steady-state model for 2013, the allowed to drop by more than 35
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percent. In the 100% Max Reduction nario required an overall reduction of Fer : 

scenario, groups were allowed to be 908 gpm. This efficiency is realized by 20 clusters, nonirrigation 

completely turned off, thus simulating focusing the reduction on wells with wells separate 
a more binary response with wells the highest depletion potential. Wells — These two scenarios are the same as 

either on or off. Figures 3 and4show with lower depletion potential are the previous two with the exception 

the amount and locations of pumping _ obtaining water from sources other that non-irrigation wells were not 

that must be reduced to maintain than the Eisenhower gage, so reduc- considered as part of the k-means 

the constraint of the public rights ing their pumping is a less-efficient clustering process and individual 

baseflow at the Eisenhower gage. way to increase flow at the gage. non-irrigation wells with a pump- 

Table 1 highlights the overall per- Indeed, a similar difference is related ing rate less than 75 gpm were not 

cent reduction in pumping required to the maximum amount of reduced managed. Table 1 shows that overall 

over the entire set of managed wells. pumping allowed. For the 100% Max reduction in pumping required is 

Relative to the first scenario with all Reduction scenario, the constraint can similar to the 20 cluster scenarios. 

wells subject to the same level of be met by turning off wells that are Figures 5 and 6 graphically show the 

reduction (single-decision variable), closest to the gage (highest depletion — amount and locations of pumping 

the subdivided (grouped) scenarios potential). However, if the reduction that must be reduced to maintain the 
are more efficient, requiring about is limited to 35 percent, the constraint — constraint at the Eisenhower gage 

5-10 percent less reduction to can only be met by also reducing with maximum allowable reduction 

meet the constraint. The 35% Max pumping in wells with lower deple- at a single well of 35 percent and 

Reduction scenario requires an overall tion potential in addition to wells 100 percent, respectively. The results 

reduction in pumping of 1,155 gpm with highest depletion potential, thus — with non-irrigation wells managed 

while the 100% Max Reduction sce- the overall reduction in pumping is separately are similar to the previous 

higher (25.5 percent vs. 20.1 percent). cases—particularly for the maxi- 

mum reduction of 35 percent. The 

35% Max Reduction Non-lrrigation 

35% maximum reduction 48 100% maximum reduction 
20 clusters 20 clusters 80 

. 42 . 
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Figure 3. Optimal rates of pumping reduction Figure 4. Optimal rates of pumping reduction 

for 20 clusters, constrained to meeting the public for 20 clusters, constrained to meeting the public 

rights baseflow at Eisenhower, when maximum rights baseflow at Eisenhower, when maximum 

allowable flow reduction is 35 percent. allowable flow reduction is 100 percent. 
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Separate scenario and the 100% : results in many more wells being 

Max Reduction variant require total Conclusions reduced and a less efficient allocation 

reduction in pumping of 1,192 gom Constrained optimization is a pow- of that reduction than when smaller 

and 883 gpm, respectively. The erful tool to objectively adjust well groups are managed. However, at the 

patterns observed in figures 3 and pumping to meet a constraint of other extreme, if individual wells or 
5 and are similar, although in figure streamflow. Wells are managed such small groups of them are allowed to 

5, where non-irrigation wells are that the most impactful wells—those reduce by 100 percent, some wells 

separated out, greater reduction is with the highest depletion poten- will shoulder all of the burden while 
achieved in some individual wells, tial—are targeted for reduction so the others will not be affected at all. As 

which shifts the pattern of pumping streamflow constraint is maintained a basin, mechanisms to compensate 

reduction around. In the 100% Max with the least amount of reduction the most impacted users would need 

Reduction case, the patterns are more possible. The arrangement of decision to be developed which is beyond the 

distinct because the flexibility of variables, either grouping all wells scope of this work. 
more management groups (because into one or splitting into smaller 

some non-irrigation wells are pulled STOups using cluster analysis or other References 

out from groups south of the river) techniques, has profound ramifica- Ahlfeld, D. P, Barlow, P.M., and Mulligan, 
allows for focused reductions. The tions both on how much each well is A.E., 2005, GWM—A groundwater 

main difference here is that urban or _@ffected, and how much total reduc- management process for the U.S. 
industrial wells are not expected to tion in pumping is required. Geological Survey modular ground- 

be managed by the same entities as In managing a basin, stakeholders Setealerepene reno 
irrigation wells. Separating out the and decision makers must deter- 2005-1072, 124 p. 

groups allows decisions variables to mine a concept of fairness to apply. Hastie, T., Tibshirani, R., and Friedman, 

be composed of wells that are more Requiring each well to reduce by the J.H., 2009, The elements of statistical 
likely managed similarly with one same percent spreads the burden learning: Data mining, inference, 
another and by consistent managers. —_ throughout the managed wells, but and prediction: New York, Springer, 

Springer Series in Statistics, 745 p. 
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is 35 percent. Non-irrigation wells managed individually. is 100 percent. Non-irrigation wells managed individually. 
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Appendix 8. Depletion-potential mapping 

This appendix presents detailed results of depletion potential mapping, as discussed in the 

main report. Below, each sheet is listed with a brief description of its contents. 

Sheet Name Description 

A PercentReduction Summary of required pumping reduction to restore flow in the 

Little Plover at Eisenhower to the public rights baseflow, as 

determined by the steady state model and optimzition using 

MODFLOW-GWMVI 

B ReductionRankHoover Well locations ranked by depletion potential from highest to 

lowest, as calculated with respect to the Hoover gage using 

both the steady-state and transient models. Note that only 

wells with depletion potential greater than 0.25 are listed 

C ReductionRankHoover2014 Well locations ranked by depletion potential from highest to 

lowest, as calculated with respect to the Hoover gage using only 

the transient model. 

D SS OneOut Modeled recovery of baseflow in the Little Plover River as 

pumping wells are succesively set to a pumping rate of O, using 

the steady state model, starting with the highest depletion 

potential and moving down the ranks of depletion potential 

E Trans OneOut_Kennedy Modeled recovery of baseflow in the Little Plover River at the 

Kennedy gage as pumping wells are succesively set to a 

pumping rate of O, using the transient model, starting with the 

highest depletion potential and moving down the ranks of 

depletion potential 

F Trans OneOut_Eisenhower Modeled recovery of baseflow in the Little Plover River at the 

Eisenhower gage as pumping wells are succesively set to a 

pumping rate of O, using the transient model, starting with the 

highest depletion potential and moving down the ranks of 

depletion potential 

G Trans _OneOut_139 Modeled recovery of baseflow in the Little Plover River at the 

139 gage as pumping wells are succesively set to a pumping rate 

of 0, using the transient model, starting with the highest 

depletion potential and moving down the ranks of depletion 

potential



H Trans _OneOut_Hoover Modeled recovery of baseflow in the Little Plover River at the 

Hoover gage as pumping wells are succesively set to a pumping 

rate of 0, using the transient model, starting with the highest 

depletion potential and moving down the ranks of depletion 

potential



8a. PercentReduction 

Appendix 8a. Depletion-potential mapping: PERCENT REDUCTION 

Summary of required pumping reduction to restore flow in the Little Plover at Eisenhower to the public 

rights baseflow, as determined by the steady state model and optimzition using MODFLOW-GWMVI 

Maximum Baseline 

Number Reduction Base Reduction in 

of Permitted per Pumping Pumping Percent 

Scenario Clusters Group (%) (gpm) (gpm) Reduction 

LPR_Eisenhower20_ 35 _bnd.reduce 20 35 4,527 1,155 26% 

LPR_Eisenhower20_ 35 _irr.reduce 20 35 4,477 1,192 27% 

LPR_Eisenhower50_35_bnd.reduce 50 35 4,527 1,216 27% 

LPR _Eisenhower50_35_irr.reduce 50 35 4,477 1,209 27%
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Appendix 8b. Depletion-potential mapping: REDUCTION RANK HOOVER 

Well locations ranked by depletion potential from highest to lowest, as calculated with 

respect to the Hoover gage using both the steady-state and transient models. Note that 

only wells with depletion potential greater than 0.25 are listed 

2013 Steady State 2014 Transient 

Rank Row Column _ Depletion Potential Row Column Depletion Potential 

1} 588 429 0.857] 588 429 0.857 

21 550 452 0.846} 550 452 0.846 

3} 546 416 0.839] 546 416 0.839 

4i 589 403 0.813] 589 403 0.813 

5} 548 417 0.796] 548 417 0.796 

6} 535 452 0.762} 535 452 0.762 

7] 537 405 0.761} 537 405 0.761 

8} 520 416 0.731} 520 416 0.731 

9} 603 403 0.728] 603 403 0.728 

10] 613 428 0.725} 613 428 0.725 

11] 521 433 0.718] 521 433 0.718 

12} 590 372 0.715} 590 372 0.715 

13] 603 428 0.710} 603 428 0.710 

14] 619 435 0.694} 619 435 0.694 

15] 516 422 0.692] 516 422 0.692 

16] 608 454 0.639} 521 419 0.677 

17] 509 389 0.629] 608 454 0.639 

18] 518 475 0.625] 509 389 0.629 

19] 623 396 0.617} 518 475 0.625 

20] 620 369 0.607} 623 396 0.617 

21} 639 420 0.598] 620 369 0.607 

221 498 392 0.582] 639 420 0.598 

23] 504 396 0.581} 498 392 0.582 

241 486 445 0.578} 504 396 0.581 

251 644 459 0.567] 486 445 0.578 

261 610 357 0.545] 644 459 0.567 

27) 517 357 0.542] 642 403 0.554 

28] 631 354 0.530] 610 357 0.545 

29] 669 454 0.522} 517 357 0.542 

30] 534 503 0.520] 662 436 0.535 

31} 512 469 0.514] 649 396 0.532 

32] 482 428 0.510} 631 354 0.530 

33] 519 511 0.497} 631 354 0.530 

34] 569 517 0.494] 669 454 0.522 

35} 529 524 0.488] 534 503 0.520 

36] 556 534 0.468} 512 469 0.514 

37] 675 423 0.455] 482 428 0.510 

38] 632 511 0.450} 519 511 0.497 

39] 544 554 0.445] 569 517 0.494 

40} 489 536 0.444] 529 524 0.488 

41} 458 483 0.443] 484 402 0.486 

42} 635 537 0.441} 556 534 0.468 

43] 516 537 0.440] 675 423 0.455 

44) 471 405 0.437] 632 511 0.450 

45] 683 447 0.436] 544 554 0.445 

46] 617 538 0.435] 489 536 0.444 

47) 485 376 0.428] 458 483 0.443 

48] 638 512 0.428} 635 537 0.441 

49} 492 553 0.424] 516 537 0.440 

50} 672 499 0.422] 471 405 0.437 

51] 597 551 0.413] 683 447 0.436 

52] 661 538 0.410] 617 538 0.435 

53] 675 479 0.409} 485 376 0.428 

541 689 526 0.406] 638 512 0.428 

551 673 512 0.406} 492 553 0.424 

56] 455 454 0.402] 672 499 0.422 

57} 701 436 0.399] 597 551 0.413 

581 685 479 0.396] 661 538 0.410 

59] 479 477 0.389] 675 479 0.409 

60} 447 513 0.384] 689 526 0.406 

61} 681 361 0.384] 673 512 0.406 

621 665 567 0.384] 523 557 0.406 

63] 477 468 0.381} 455 454 0.402
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2013 Steady State 2014 Transient 

64] 616 566 0.379} 701 436 0.399 

65] 672 351 0.377} 685 479 0.396 

66] 713 468 0.376] 479 477 0.389 

67} 458 387 0.371] 447 513 0.384 

681 430 443 0.369] 681 361 0.384 

691 689 370 0.366] 665 567 0.384 

70} 728 410 0.359] 477 468 0.381 

71} 425 420 0.345] 616 566 0.379 

72) 703 357 0.344] 519 605 0.378 

73] 695 545 0.341] 672 351 0.377 

74) 714 468 0.341] 713 468 0.376 

75} 705 499 0.338] 458 387 0.371 

761 530 602 0.337] 430 443 0.369 

77| 417 449 0.336] 689 370 0.366 

78] 682 545 0.335] 728 410 0.359 

791 670 330 0.333] 425 420 0.345 

80} 727 437 0.332] 703 357 0.344 

81} 405 511 0.331} 695 545 0.341 

82} 508 610 0.331] 714 468 0.341 

83] 380 509 0.328} 705 499 0.338 

84] 432 483 0.328] 530 602 0.337 

85] 646 311 0.328] 417 449 0.336 

86} 416 518 0.323] 682 545 0.335 

87] 720 452 0.323] 670 330 0.333 

88} 406 483 0.322] 727 437 0.332 

89] 683 571 0.318} 405 511 0.331 

90} 659 611 0.314] 508 610 0.331 

91} 701 538 0.308] 380 509 0.328 

92} 650 609 0.306] 432 483 0.328 

93} 728 397 0.302] 646 311 0.328 

94) 647 610 0.299] 416 518 0.323 

95] 692 591 0.290} 720 452 0.323 

96} 752 454 0.285] 406 483 0.322 

97] 474 610 0.284] 683 571 0.318 

98} 723 351 0.283] 741 424 0.318 

99} 537 656 0.281} 659 611 0.314 

100} 703 565 0.273] 701 538 0.308 

101} 735 559 0.271} 650 609 0.306 

102} 736 572 0.268] 698 598 0.305 

103} 481 611 0.266] 728 397 0.302 

104} 397 440 0.265] 647 610 0.299 

105} 741 458 0.264] 506 605 0.299 

106} 741 398 0.262} 692 591 0.290 

107} 738 599 0.261} 752 454 0.285 

108} 713 519 0.261} 474 610 0.284 

109} 438 394 0.260] 723 351 0.283 

110} 531 650 0.260] 537 656 0.281 

111} 450 636 0.260} 703 565 0.273 

112] 415 414 0.258] 735 559 0.271 

113] 747 546 0.258] 736 572 0.268 

114] 7/14 486 0.256] 481 611 0.266 

115] 776 502 0.256] 397 440 0.265 

116] 7/76 502 0.256] 741 458 0.264 

117] 7/7/74 456 0.256] 741 398 0.262 

118] 774 456 0.256] 738 599 0.261 

119] 76/7 452 0.255] 713 519 0.261 

120] 786 546 0.255] 744 504 0.261 

121} 783 467 0.254] 438 394 0.260 

122} 798 532 0.253] 531 650 0.260 

123} 760 438 0.253] 450 636 0.260 

124] 376 472 0.253] 415 414 0.258 

125 147 546 0.258 

126 714 486 0.256 

127 776 502 0.256 

128 776 502 0.256 

129 714 456 0.256 

130 774 456 0.256 

131 767 452 0.255 

132 786 546 0.255
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2013 Steady State 2014 Transient 

133 748 559 0.255 

134 783 467 0.254 

135 798 532 0.253 

136 760 438 0.253 

137 376 472 0.253
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Appendix 8c. Depletion-potential mapping: 

REDUCTION RANK HOOVER 2014 

All well locations ranked by depletion potential from 

highest to lowest, as calculated with respect to the 

Hoover gage using only the transient model. 

Rank Row Column _ Depletion Potential 2014 

1 588 429 0.856962 

2 550 452 0.846206 

3 546 416 0.83895 

4 589 403 0.813303 

5 548 417 0.796153 

6 535 452 0.761944 

7 537 405 0.761178 

8 520 416 0.730675 

9 603 403 0.727866 

10 613 428 0.724566 

11 521 433 0.717947 

12 590 372 0.714972 

13 603 428 0.709666 

14 619 435 0.693541 

15 516 422 0.691794 

16 521 419 0.676631 

17 608 454 0.639119 

18 509 389 0.629181 

19 518 475 0.625253 

20 623 396 0.617272 

21 620 369 0.606938 

22 639 420 0.597759 

23 498 392 0.582053 

24 504 396 0.581269 

25 486 445 0.578403 

26 644 459 0.566709 

27 642 403 0.554069 

28 610 357 0.545325 

29 517 357 0.541619 

30 662 436 0.5352 

31 649 396 0.531644 

32 631 354 0.529625 

33 631 354 0.529625 

34 669 454 0.522006 

35 534 503 0.520084 

36 06512 469 0.513631 

37 482 428 0.510122 

38 519 511 0.496513 

39 569 517 0.493928 

40 529 524 0.488438 

41 484 402 0.485797 

42 556 534 0.46795 

43 675 423 0.455178 

44 632 511 0.450159 

45 544 554 0.444769 

46 489 536 0.444481 

47 458 483 0.443069 

48 635 537 0.440566 

49 516 537 0.439994 

50 471 405 0.436953 

51 683 447 0.436225 

52 617 538 0.434656 

53 485 376 0.428494 

54 638 512 0.427953 

55 492 553 0.424356 

56 672 499 0.422494 

57 597 551 0.413031 

58 661 538 0.410366 

59 675 479 0.408506 

60 689 526 0.406253 

61 673 512 0.405703
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62 523 557 0.405531 

63 455 454 0.402366 

64 701 436 0.398697 

65 685 479 0.396041 

66 479 477 0.389481 

67 447 513 0.384491 

68 681 361 0.384328 

69 665 567 0.383816 

70 477 468 0.38105 

71 616 566 0.378934 

72 519 605 0.378359 

73 ~=~672 351 0.376944 

74 713 468 0.376384 

75 458 387 0.37115 

76 = 430 443 0.3694 

77 ~=689 370 0.366428 

78 728 410 0.3592 

79 = =425 420 0.344706 

80 703 357 0.343616 

81 695 545 0.341334 

82 714 468 0.341209 

83 705 499 0.338294 

84 530 602 0.337334 

85 417 449 0.335637 

86 682 545 0.335181 

87 670 330 0.333044 

88 727 437 0.332081 

89 405 511 0.331003 

90 508 610 0.330594 

91 380 509 0.328197 

92 432 483 0.327738 

93 646 311 0.327663 

94 416 518 0.322822 

95 720 452 0.322809 

96 406 483 0.322156 

97 683 571 0.31765 

98 741 424 0.317634 

99 659 611 0.313831 

100 701 538 0.308188 

101 650 609 0.306381 

102 698 598 0.305337 

103 728 397 0.3023 

104 647 610 0.299178 

105 506 605 0.299059 

106 692 591 0.29 

107 752 454 0.28515 

108 474 610 0.283737 

109 723 351 0.283459 

110 537 656 0.280788 

111 703 565 0.273275 

112 735 559 0.271331 

113 736 572 0.267669 

114 481 611 0.265916 

115 397 440 0.265431 

116 741 458 0.264025 

117 741 398 0.261809 

118 738 599 0.261163 

119 713 519 0.2608 

120 744 504 0.260625 

121 438 394 0.260266 

122 531 650 0.259781 

123 450 636 0.259578 

124 415 414 0.2582 

125 747 546 0.257991 

126 714 486 0.256353 

127 776 502 0.256225 

128 776 502 0.256225
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129 774 456 0.255531 

130 774 456 0.255531 

131 767 452 0.255291 

132 786 546 0.254919 

133 748 559 0.254656 

134 783 467 0.254088 

135 798 532 0.253425 

136 760 438 0.252819 

137 376 472 0.252625 

138 578 694 0.248844 

139 755 371 0.247175 

140 710 312 0.246894 

141 797 513 0.246787 

142 733 618 0.245625 

143 673 611 0.244016 

144 775 379 0.242719 

145 775 379 0.242719 

146 723 325 0.238591 

147 757 520 0.237444 

148 756 592 0.234884 

149 813 559 0.232444 

150 355 512 0.229769 

151 839 559 0.228022 

152 777 432 0.227881 

153. 777 432 0.227881 

154 704 677 0.227803 

155 806 656 0.226603 

156 762 421 0.221191 

157. = 750 672 0.220234 

158 726 526 0.219688 

159 372 473 0.219372 

160 463 636 0.211556 

161 330 537 0.211194 

162 651 703 0.211006 

163 774 405 0.207784 

164 774 405 0.207784 

165 812 546 0.206225 

166 713 664 0.205644 

167 455 651 0.204569 

168 437 636 0.200784 

169 786 559 0.199887 

170 355 484 0.199591 

171 826 559 0.198109 

172 842 598 0.197781 

173 773 658 0.197341 

174 773 658 0.197341 

175 602 717 0.195378 

176 711 297 0.194513 

177 =878 546 0.19395 

178 685 258 0.191866 

179 §=852 559 0.190697 

180 815 585 0.184413 

181 828 505 0.183497 

182 828 505 0.183497 

183 807 452 0.182306 

184 357 536 0.182016 

185 423 407 0.181725 

186 836 512 0.181478 

187 850 519 0.180169 

188 645 704 0.1799 

189 859 651 0.179431 

190 339 571 0.179303 

191 495 730 0.1783 

192 336 449 0.175922 

193 751 659 0.175731 

194 801 379 0.173806 

195 794 399 0.173691
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196 864 533 0.172909 

197 896 526 0.17195 

198 711 272 0.171288 

199 825 546 0.170756 

200 837 668 0.170166 

201 498 312 0.169741 

202 896 527 0.167697 

203 731 277 0.166722 

204 868 599 0.164809 

205 652 704 0.164134 

206 652 704 0.164134 

207 865 644 0.163794 

208 841 474 0.162944 

209 806 438 0.155963 

210 897 526 0.155672 

211 897 526 0.155672 

212 777 299 0.152475 

213. 777 299 0.152475 

214 783 345 0.149812 

215 317 523 0.14965 

216 746 979 0.147291 

217 877 533 0.146497 

218 362 605 0.146481 

219 252 696 0.140959 

220 315 557 0.140209 

221 315 557 0.140209 

222 478 330 0.137372 

223 859 452 0.136466 

224 881 482 0.136444 

225 304 537 0.134488 

226 486 311 0.134341 

227 621 255 0.130137 

228 6/74 198 0.127881 

229 289 537 0.124463 

230 299 546 0.124156 

231 299 523 0.117731 

232 731 290 0.115297 

233 629 249 0.113956 

234 254 565 0.113309 

235 652 225 0.112078 

236 809 346 0.111772 

237 177 515 0.111753 

238 849 472 0.110947 

239 260 570 0.110816 

240 691 225 0.109472 

241 474 763 0.109437 

242 638 212 0.109009 

243 556 748 0.106909 

244 750 325 0.106297 

245 638 225 0.105234 

246 662 194 0.104963 

247 410 341 0.104663 

248 266 549 0.104547 

249 724 258 0.104469 

250 807 412 0.103519 

251 258 689 0.103487 

252 852 444 0.102516 

253 673 205 0.102222 

254 217 517 0.102119 

255 796 278 0.101306 

256 158 535 0.101247 

257 207 554 0.100822 

258 622 250 0.0992219 

259 757 172 0.0987906 

260 526 795 0.0979125 

261 180 575 0.0978906 

262 251 538 0.0968281
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263 251 695 0.0956313 

264 251 695 0.0956313 

265 6/72 186 0.0945 

266 189 552 0.0938313 

267 303 445 0.0928875 

268 472 768 0.0926687 

269 821 373 0.0914875 

270 293 563 0.0904219 

271 789 441 0.0902906 

272 679 172 0.0902312 

273 156 548 0.0890375 

274 316 419 0.0886375 

275 796 345 0.0886344 

276 478 768 0.0882813 

277 232 543 0.0868969 

278 763 325 0.0867219 

279 803 272 0.0864 

280 771 265 0.0853719 

281 771 265 0.0853719 

282 701 245 0.0844844 

283 474 835 0.0836 

284 652 172 0.0830594 

285 420 736 0.081925 

286 255 590 0.08135 

287 200 556 0.0805594 

288 296 425 0.0785656 

289 612 252 0.0777375 

290 221 645 0.0763937 

291 706 198 0.0735969 

292 828 350 0.0732031 

293 882 259 0.0720594 

294 512 782 0.0718031 

295 745 146 0.0711531 

296 117 676 0.0703844 

297 466 317 0.0685969 

298 666 127 0.0682875 

299 164 529 0.0681563 

300 686 192 0.0659656 

301 314 557 0.0643844 

302 665 146 0.06335 

303 618 257 0.0626156 

304 504 289 0.0617438 

305 829 299 0.061625 

306 692 8 0.0616125 

307 835 792 0.061475 

308 851 87 0.0609813 

309 820 412 0.0600781 

310 218 530 0.0580281 

311 384 327 0.058025 

312 196 512 0.05635 

313 512 801 0.0558813 

314 789 325 0.0553469 

315 665 159 0.0551688 

316 397 327 0.054575 

317 480 789 0.05385 

318 698 166 0.0531 

319 679 101 0.0505969 

320 383 323 0.0504531 

321 886 400 0.05025 

322 303 647 0.0486062 

323 678 212 0.0468969 

324 532 856 0.0448406 

325 731 238 0.0446563 

326 882 219 0.0440344 

327 250 410 0.0437188 

328 678 127 0.0436438 

329 829 191 0.0417469
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330 752 143 0.0407844 

331 228 576 0.0397187 

332 758 61 0.0385375 

333 =6©850 158 0.0370344 

334 758 8 0.0370062 

335 769 238 0.0363406 

336 809 292 0.0348437 

337 86533 857 0.0344469 

338 785 145 0.033525 

339 404 321 0.0325594 

340 757 225 0.0322281 

341 751 192 0.0313906 

342 750 245 0.0310188 

343 777 192 0.0309656 

344 777 192 0.0309656 

345 890 146 0.0299563 

346 724 219 0.0292281 

347 = 191 529 0.0273063 

348 764 1 0.0267781 

349 804 258 0.0261375 

350 880 377 0.0248969 

351 883 246 0.0229094 

352 732 146 0.0227875 

353 882 192 0.0227844 

354 270 415 0.0221156 

355 777 218 0.0219594 

356 777 218 0.0219594 

357 39 592 0.0218813 

358 796 198 0.0208469 

359 294 680 0.0192281 

360 698 206 0.0174531 

361 311 399 0.0167781 

362 821 386 0.0130594 

363 803 218 0.0128594 

364 249 776 0.0119344 

365 747 978 0.00723125 

366 758 159 0.00443437 

367 851 88 0.00349375 

368 856 245 0.00335937 

369 829 272 0.00200937 

370 471 830 0.00143438
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Appendix 8d. Depletion-potential mapping: STEADY STATE, ONE OUT—FOUR GAGES 

Modeled baseflow in the Little Plover River using the steady-state model at the four gages as an 

increasing number of wells are set to zero pumping, as ranked by depletion potential. The bold 

number indicates modeled flow recovering to above the public rights baseflow values, and the bold 

italic number indicates modeled flow recovering to above the public rights flow. 

Kennedy Eisenhower I-39 Hoover 

Public Rights Flow (cfs) 1.90 4.00 5.80 6.80 

Number of wells set to 0 pumping 

1 0.9675 2.1332 3.7181 5.264 

2 0.9949 2.1725 3.7604 5.3089 

3 1.0023 2.1924 3.7833 5.3332 

4 1.0165 2.2591 3.8681 5.4265 

5 1.0565 2.3623 3.9904 5.561 

6 1.1081 2.4356 4.0674 5.64 

7 1.1331 2.5075 4.1616 5.7493 

8 1.1396 2.5216 4.1792 5.7696 

9 1.1467 2.55 4.2159 5.8106 

10 1.2409 2.7852 4.4889 6.1071 

11 1.3322 2.9493 4.6782 6.3149 

12 1.3328 2.9554 4.6914 6.3321 

13 1.4374 3.2229 4.9954 6.6579 

14 1.4775 3.3152 5.1016 6.7729 

15 1.4882 3.3362 5.1271 6.8019 

16 1.6223 3.5883 5.405 7.0968 

17 1.6321 3.6146 5.4427 7.145 

18 1.6334 3.6152 5.4428 7.1448 

19 1.64 3.6328 5.4655 7.1707 

20 1.7078 3.866 5.8128 7.6028 

21 1.7374 3.9399 5.903 7.7037 

22 1.7396 3.9428 5.9061 7./068 

23 1.7765 4.0318 6.0263 7.8539 

24 1.8035 4.0755 6.0758 7.908 

25 1.8267 4.1226 6.1302 7.9675 

26 1.8324 4.1419 6.1605 8.0076 

27 1.8367 4.1519 6.1755 8.0284 

28 1.8328 4.1432 6.1642 8.0149 

29 1.8487 4.1765 6.205 8.0612
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30 1.859 4.1905 6.219 8.0752 

31 1.9589 4.3341 6.3753 8.2417 

32 2.0899 4.5543 6.6339 8.5321 

33 2.1221 4.6032 6.689 8.5924 

34 2.1834 4.695 6.7888 8.6983 

35 2.1887 4.7007 6.7941 8.7032



8e. Trans OneOut_Kennedy 

Modeled baseflow in the Little Plover River using the transient model at the Kennedy gage as an increasing number of wells are set to zero pumping, as ranked by 

depletion potential. The bold number indicates modeled flow recovering to above the public rights baseflow values, and the bold italic number indicates modeled flow 

recovering to above the public rights flow. 

Kennedy Gage 
Public Rights Flow (cfs) 90 
Public Rights Baseflow (cfs) 52 
Modeled flow in the Little Plover River at Kennedy (cfs) 

sa 2.232 2te9 1372 2.485 1951 14401544 235923872842. 
pasa 2.232 2.292 1375 2.498 1980 1479 «1589 ©2398-2419 = 2.310 2.467 
- za 2.232 2.292 1375 2.498 1980 1484 1598 = 2405242523152.



8f. Trans _OneOut_Eisenhower 

Modeled baseflow in the Little Plover River using the transient model at the Eisenhower gage as an increasing number of wells are set to zero pumping, as ranked by 

depletion potential. The bold number indicates modeled flow recovering to above the public rights baseflow values, and the bold italic number indicates modeled flow 

recovering to above the public rights flow. 

Eisenhower Gage 
Public Rights Flow (cfs) 4.00 
Public Rights Baseflow (cfs) 3.200 

Modeled flow in the Little Plover River at Eisenhower(cfs) 

8269 2.746 2.608 3.009 5.405 4299 3.199 3.383 5.258 5.315.112 5.372 
73.269 2.746 2.608 3.009 5.455 4405 «3.342 3.506 5.316 5.405 5.161 5.809 

82687462612 3.015. 5.462 4414 «3.350 3.516. 5.329 5.417 5.174.502 
82687462612 3.015. 5.462 4421 —«3.395=3.561.=—S'5.359 5.439 5.190.035,



8g. Trans_OneOut_1l39 

Appendix 8g. Depletion-potential mapping: TRANSIENT, ONE OUT—HWY 51/I-39 GAGE 

Modeled baseflow in the Little Plover River using the transient model at the Hwy 51/I-39 gage as an increasing number of wells are set to zero pumping, as ranked by 

depletion potential. The bold number indicates modeled flow recovering to above the public rights baseflow values, and the bold italic number indicates modeled flow 

recovering to above the public rights flow. 

Hwy 51/I-39 Gage 

Public Rights Flow (cfs) 5.80 

Public Rights Baseflow (cfs) 4.64 

Modeled flow in the Little Plover River at Hwy 51/I-39 (cfs) 

Number of wells set toO pumping January February March April May June — July August September October November December 

1 5.196 4.470 4.272 4.768 7.594 5.901 4.463 4.828 7.461 7.542 7.310 7.673 

2 5.196 4.470 4.272 4.768 7.594 5.921 4.532 4.895 7.507 7.571 7.329 7.686 

3 5.196 4470 4.272 4.768 7.623 5.993 4.595 4.943 7.541 7.594 7.347 7.700 

4 5.196 4.470 4.272 4.768 7.623 6.049 4.736 5.030 7.589 7.625 7.366 7.716 

5 5.196 4.470 4.272 4.768 7.772 6.417 5.047 5.255 7.749 7.734 7.450 7.783 

6 5.196 4.470 4.272 4.768 7.772 6.433 5.119 5.371 7.886 7.813 7.508 7.821 

7 5.196 4470 4.272 4.768 7.834 6.573 5.307 5.533 7.974 7.896 7.571 7.869 

8 5.195 4.470 4.278 4.776 7.844 6.583 5.317 5.546 7.991 7.912 7.587 7.888 

9 5.195 4.470 4.278 4.776 7.844 6.591 5.374 5.603 8.031 7.941 7.608 7.902 

10 5.222 4.509 4325 4.843 7.941 6.693 5.478 5.710 8.142 8.055 7.725 8.025 

11 5.222 4.509 4.325 4.843 7.937 6.712 5.538 5.814 8.269 8.165 7.814 8.096 

12 5.222 4.509 4.325 4.843 7.962 6.778 5.584 5.844 8.289 8.181 7.827 8.106 

13 5.267 4.612 4473 5.001 8.125 6.963 5.781 6.032 8.477 8.370 8.013 8.287 

14 5.267 4.612 4473 5.001 8.142 7.042, 5.964 6.254 8.673 8.525 8.136 8.389



8h. Trans_OneOut_Hoover 

depletion potential. The bold italic number indicates modeled flow recovering to above the public rights flow. 

Hoover Gage 
Public Rights Flow (cfs) 680 
Public Rights Baseflow (cfs) 4 
Po Modeled flow in the Little Plover River at Hoover (cfs) 

6.555 
[Fat ena sase-eatol unas ae? asa tie
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