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ABSTRACT

This modeling study focuses on the area near Waterloo in the Upper Jefferson River Valley. Groundwater 
discharges to the Jefferson River in this area, and is important during late summer, low-flow conditions. Willow 
Springs and Parson’s Slough also rely on groundwater discharge; these streams provide late summer flows of 40 
to 60 cubic feet per second (cfs) of cool water to the Jefferson River. 

Leakage from the Parrot, Creeklyn, and Jefferson Canals contributes groundwater recharge to the alluvial 
aquifer. Excess water applied to irrigated fields also provides substantial groundwater recharge. This irrigation-
related recharge eventually discharges to the Jefferson River, Willow Springs, and Parson’s Slough. There 
are concerns that changes in irrigation management practices, such as lining canals or changing from flood to 
center-pivot irrigation, may alter the volume and timing of groundwater discharge to this river and streams. 

We developed a numerical groundwater flow model to evaluate the effects of changing irrigation practices 
on surface waters during low-flow periods. The model design was based on a conceptual model derived from 
the analysis of groundwater and surface-water monitoring data, aquifer tests, well logs, and GIS analysis of soil, 
climate, vegetation, land-use, and water-rights data. 

A steady-state version of the model replicated the long-term average groundwater and surface-water flow 
conditions in the study area. This model was most sensitive to aquifer transmissivity and the streambed con-
ductance assigned to Parson’s Slough and Willow Springs. A transient version of the groundwater model was 
calibrated to conditions observed from 2013 to 2015, using time-dependent stresses (seasonal irrigation activi-
ties and changes in Jefferson River flow). 

Following calibration, the transient model simulation time was extended from 2005 to 2025 to (a) verify 
model-simulated groundwater heads compared to data collected in 2005, and (b) run predictive scenarios. The 
scenarios included lining irrigation canals, converting fields from flood to pivot irrigation, and split season irri-
gation techniques (apply flood irrigation recharge through the middle of the irrigation season followed by pivot 
irrigation). The estimated reduction in groundwater discharge to Willow Springs and Parson’s Slough in late 
summer ranged from 6 to 12 cfs (12% to 24% percent of the 50 cfs of average baseflow). More severe effects 
are expected in drought years. Model results demonstrate that split season irrigation would augment aqui-
fer storage for later release to surface water; however, the timing of this additional groundwater discharge to 
streams is influenced by the proximity of fields to surface waters, hydraulic gradient, and aquifer transmissivity.

INTRODUCTION

The Jefferson River, located in southwest Mon-
tana, regularly experiences low-flow conditions 
(JRWC, 2013; MTFWP, 2012). The lowest flows 
and highest temperatures occur during the irrigation 
season, triggering irrigation water shortages and trout 
population declines—especially in drought years. 
Evaluating the water resources in the Upper Jefferson 
River Valley can inform decisions about future devel-
opment and conservation efforts in the valley. This 
involves understanding and quantifying the complex 
interactions between surface water and groundwater. 
One of the objectives of the Upper Jefferson Ground-
water Investigation (Bobst and Gebril, 2021) is to 
evaluate the effects of changes in irrigation practices 
in the area near Waterloo on groundwater discharge 

to surface water, particularly Parson’s Slough, Wil-
low Springs, and the Jefferson River. The Waterloo 
groundwater flow model, documented in this report, 
directly addresses this objective. 

Background
The Jefferson River begins at the confluence of 

the Beaverhead, Big Hole, and Ruby Rivers near Twin 
Bridges, Montana. The largest use of surface water in 
the Upper Jefferson River Valley is irrigated agricul-
ture; residents of the valley rely on groundwater from 
the alluvial aquifer for potable water. The river is also 
important for the sport fishing industry. This modeling 
effort focuses on the area near Waterloo, a region that 
is critical to providing groundwater baseflow to the 
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Upper Jefferson River. The Waterloo model area, also 
referred to in this report as the Waterloo area, begins 
approximately 3.2 mi north of Silver Star, and extends 
to approximately 2.7 mi downstream from Parson’s 
Bridge (fig. 1). 

The model area, at about 2.5 mi wide by 5 mi 
long, covers a total area of 12.4 mi2. The Highland and 
Tobacco Root Mountains bound the valley on the west 
and east, respectively. The Creeklyn and Parrot Canals 
bound the model area on the west and east, respec-
tively. The Jefferson River runs through the middle of 
the model area, and water is diverted from the Jeffer-
son River into the Jefferson Canal, between Parson’s 
Bridge and the mouth of Parson’s Slough (fig. 2).

Purpose and Scope
The Montana Bureau of Mines and Geology 

(MBMG) developed a numerical groundwater model 
to understand and quantify interactions between 
surface water and groundwater in the Waterloo area. 
This model is a field-validated tool that will allow 
managers and planners to simulate various water 
management practices and examine the effects on 
the area water resources, such as the Jefferson River. 
Hydrogeologic conditions during critical low flow pe-
riods—late summer months or drought years—are of 
particular interest. This report complements the Upper 
Jefferson Interpretive Report, which presents addition-
al detail on the hydrogeology and geological settings 
of the study area (Bobst and Gebril, 2021). 

Previous Studies
Water and Environmental Technologies (WET) 

characterized groundwater/surface-water interactions 
in the Waterloo area (WET, 2006). WET collected 
water levels monthly from 13 private wells and 22 
piezometers from December 2004 through November 
2005. Stage and discharge measurements were collect-
ed from 11 surface-water sites located on the Jefferson 
River, Parrot Canal, Parson’s Slough, and Willow 
Springs. Periodic discharge measurements were made 
on several ephemeral tributaries (Dry Boulder Creek, 
Beall Creek, Spring Creek, and Mill Creek) in the 
Tobacco Root Mountains. A surface-water budget was 
developed from these data. Analysis of aquifer test 
data conducted in alluvial deposits yielded a hydraulic 
conductivity of 634 ft/d. Groundwater and surface-wa-
ter monitoring networks were sampled for water qual-
ity and temperature. WET concluded that changes in 

irrigation practices in the Waterloo area may adversely 
affect late summer flows in Willow Springs. Flood 
irrigation recharges the aquifer, which in turn provides 
delayed recharge to the Jefferson River during critical 
low-flow periods. 

A Montana Tech Master’s thesis (Brancheau, 
2015) prepared in association with this GWIP investi-
gation evaluated the relationships among surface-wa-
ter, groundwater, and irrigation practices in the study 
area. The GWIP investigation included surface-water 
and groundwater monitoring (water levels, river stage, 
discharge, and water-quality measurements) using a 
network of wells and surface-water sites (fig. 3). A 
groundwater budget was developed to evaluate the 
components of the flow system, and to estimate the 
net groundwater discharge to the Jefferson River (table 
A22, appendix A). Results from the Brancheau work 
showed that: 

• groundwater flow from the aquifer discharges to 
several groundwater-fed streams and directly to 
the Jefferson River;

• changing flood irrigation to other types of 
irrigation applications may lower the water 
table and reduce groundwater discharge to those 
streams; 

• leakage from the irrigation canals and irrigation 
recharge increase aquifer recharge; and

• lining the irrigation canals would reduce leakage 
and therefore reduce recharge to the aquifer.

Study Area Overview
Physiography

The Waterloo model area is within the relatively 
flat alluvial valley of the Jefferson River, with the 
Tobacco Root Mountains to the east and the Highland 
Mountains to the west. Surface elevations range from 
4,452 ft (amsl) near the northern boundary where the 
Jefferson River flows out of the model area to 4,525 
ft (amsl) along the Creeklyn irrigation canal on the 
western boundary (fig. 2). 

The United States Geological Survey (USGS) 
maintains gaging stations on the Jefferson near Twin 
Bridges, approximately 15 mi south of the study area 
(station 06026500, period of record 1941–2014) and 
at Parson’s Bridge (station 06027600, period of record 



3

Montana Bureau of Mines and Geology Report of Investigation 29

"

"

"

"

"

Hi
gh

la
nd

M
ou

nt
ai

ns

To
ba

cc
o 

Ro
ot

 M
ou

nt
ai

nsJef
fer

son
 Rive

r

Bull
Mountain

Waterloo

Silver Star

Renova

Whitehall

Cardwell

§̈¦I90

¬«2

¬«2

¬«41

¬«55

¬«41

¬«69

¬«359

Parrot Canal

Fish Creek

So
ut

h B
ou

ld
er

Bo
ul

de
rW

hitetail

Pipestone

Cree
kly

n C
an

al

Je
ffe

rs
on

 C
an

al

Par
so

n's
 Sl

ou
gh

Willo
w Sp

rin
gs

Parson’s
Bridge

Funston
Station

112.2

3W4W5W6W

2N
1N

1S
2S

3S
45

.8
o

o 112.0o
45

.6
o

90

94

15

15

90

Kalispell

Missoula
Helena

Great Falls

Billings
Bozeman

Butte

Study 
Area

±
0 63 MilesUpper Jefferson Project Area 

Waterloo Model Area
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2006–2020, typically from July to September). The 
average flow of the Jefferson River near Twin Bridges 
for the period of record was 1,107 cubic feet per sec-
ond (cfs), with an average annual peak flow of 9,467 
cfs. Low flows occur in August, which has a mean 
flow of 770 cfs. The lowest mean monthly flow at the 
Parson’s Bridge station, located downstream of the 
Jefferson Canal diversion and above Parson’s Slough 
(fig. 3), was 40.5 cfs in August 2016; the lowest re-
ported daily mean flow at Parson’s Bridge was also in 
August 2016, at 19.9 cfs. 

Climate

Modeled 30-yr normal precipitation values 
(PRISM, 2014; Daly and others, 2008) show that 
the average annual precipitation within the Waterloo 
study area is about 10 in. The PRISM model indicates 
that precipitation in this area increases with eleva-
tion; the Highland Mountains to the west receive as 

much as 32 in per year while the Tobacco Root Moun-
tains to the east receive as much as 42 in per year. 
Approximately 15 mi south of the study area, in Twin 
Bridges, the average annual precipitation is 9.55 in 
(NWS Cooperative Network Station 248430-2; period 
of record 1950–2016); June is the wettest month in 
Twin Bridges (1.9 in), and February is the driest (0.2 
in).

Vegetation

Vegetation within the Waterloo area varies based 
on water availability. Within the alluvial floodplain 
and along some tributaries, riparian vegetation in-
cludes willows, cottonwoods, and wetland grasses. 
These phreatophyte vegetation types grow where roots 
can access shallow groundwater. Grass and sagebrush 
cover non-irrigated areas of the valley bottom and 
adjacent benches. Forests in the adjacent mountains 
include ponderosa pine, Douglas fir, lodgepole pine, 

Jefferson River

Parson's Slough

Willow Springs

Creeklyn Canal

Jefferson Canal

Parrot Canal

Dive
rsio

n

± 0 31.5 Miles

Pars
on

's 
Brid

ge

Figure 2. In the Waterloo model area, the main surface-water features include the Jefferson River, Parson’s Slough, and Willow 
Springs (groundwater-fed streams), and the three irrigation canals: Parrot, Creeklyn, and Jefferson.
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Engleman spruce, and whitebark pine. Irrigated ag-
ricultural areas support mainly alfalfa and grass hay. 
Information from the LANDFIRE Existing Vegeta-
tion Type database (USGS, 2010a), the National Land 
Cover database (USGS, 2011), air photographs, field 
visits, and landowner interviews were used to develop 
a simplified map of vegetation for the study area 
(Brancheau, 2015).

Land Use

About 60% of the land in the Waterloo area sup-
ports irrigated agriculture. Of the irrigated area, ap-
proximately 44% is flood irrigated, and 56% is pivot 
or sprinkler irrigated. Most irrigated fields use surface 
water diverted from the Jefferson River (via the irriga-
tion canals). The major crops are alfalfa and grass hay. 
A large portion of the non-irrigated land is used for 
cattle grazing.

Water Infrastructure

Within the Waterloo model area, water infrastruc-
ture includes irrigation canals (fig. 2), irrigation wells, 
domestic and stock wells, and septic systems. There 
are no public water supply or wastewater systems 
within the model area. The Jefferson River provides 
water for irrigation canals, and most irrigated fields. 

Three major irrigation canals run through the 
model area (fig. 2). All of these canals receive water di-
verted from the Jefferson River. Diversions to the Par-
rot and Creeklyn Canals are approximately 2.8 and 4.4 
mi upstream (south) of Silver Star, respectively (fig. 1). 
The Jefferson Canal, which runs through the north-cen-
tral portion of the model area, receives diverted water 
immediately downstream of Parson’s Bridge. Irriga-
tion is an important source of groundwater recharge, 
particularly during low-flow periods (summer months 

"

"

"

"

"

"
"

""
"

"

""""

"

"

"

"

#

#
#

#

#

#

#
#

#

#

#

#

#

#

#

#

!

$

6

4

1

5
8

2

7

9

13

11

12

310

4732

8374
8936

8949 9117 9132

10183

10872
11190

11385

13457
13571

15097
15534

16864

18499

20029

7933

5982

Parro
t C

anal

Cree
kly

n Can
al

Je
ffe

rs
on

 C
an

al

Willow Springs

Pa
rs

on
's 

Sl
ou

gh

Je
ffe

rso
n R

ive
r

Di
ve
rsi
on

14

Model Area
$ Funston Station

! Hunt Aquifer Test
# Corbett Station

# Active USGS Site (06027600)

# Surface-Water Sites 
" Groundwater Monitoring Wells

13457

0 31.5 Miles±

Surface-Water Sites
1 - Jefferson River below WIllow Springs 
2 - Willow Springs
3 - Parrot at Willow Springs
4 - Kernow Blowout
5 - Willow Springs West Fork at Bridge 
6 - East Fork Willow Springs at Loomont 
7 - Parrot Canal at Hunt's
8 - Parson's Slough
9 - Creeklyn Ditch at Div
10 - MBMG Site 8
11 - MBMG Site11
12 - MBMG Site13
13 - Creeklyn at Cutoff Road 
14 - Parrot at Gornick Lane

GWIC Well ID

Figure 3. Groundwater and surface-water monitoring network within the model area.



6

Gebril and Bobst, 2021

from July to September; WET, 2006). Canal leakage 
recharges the underlying alluvial aquifer; in addition, 
irrigated fields provide infiltration recharge when water 
is applied in excess of crop demand.

There are 61 domestic wells in the study area. In 
general, wells extract (pump) groundwater and septic 
systems return domestic wastewater to the ground-
water system. For this study, we estimated domestic 
well pumping rates based on their net consumptive 
use rates; that is, the pumping rate less the amount of 
water returned to the groundwater system via septic 
systems. In addition to these domestic wells, there are 
15 stock wells and 3 irrigation wells completed in the 
alluvial aquifer. 

CONCEPTUAL MODEL

The conceptual model for the study area describes 
the characteristics and dynamics of the physical pro-
cess within the groundwater and surface-water flow 
system, based on available hydrogeologic information. 
The conceptual model includes the system’s geologic 
framework, aquifer properties, groundwater flow di-
rections, locations and rates of recharge and discharge, 
and the locations and hydraulic characteristics of natu-
ral boundaries (ASTM, 1995; Mandle, 2002). 

Geologic Framework
The Upper Jefferson Valley is an intermontane ba-

sin, filled with sediment transported from surrounding 
mountains and from the Jefferson River drainage area 
to the south. Tertiary and Quaternary pediment gravels 
occur at the base of the mountains, and Quaternary 
alluvium underlies the modern floodplain (Vuke and 
others, 2004; fig. 4). Estimates of the thickness of 
unconsolidated basin-fill material in the valley bot-
tom range from about 2,000 to 10,000 ft (Brancheau, 
2015). The depth to bedrock changes dramatically 
over short distances due to vertical offsets where faults 
cross the valley. These valley-crossing faults, such as 
the Waterloo Fault, generally trend northwest (fig. 4).

Hydrogeologic Setting
Literature review, geologic maps, and well logs 

contributed to our understanding of the hydrogeo-
logic setting. Eighty-seven well logs were reviewed 
from the MBMG’s Ground Water Information Center 
(GWIC) and can be accessed through the Groundwater 
Investigation Program (GWIP) project page, available 
at http://mbmg.mtech.edu. Detailed information on the 
methods and hydrogeologic interpretation are included 
in Bobst and Gebril (2021).

The surficial geologic units are classified into the 
Quaternary alluvium in modern channels and flood-
plains (Qal), Quaternary alluvial terrace (Qat), and the 
Quaternary bench sediments (Qaf; fig. 4; table 1). Un-
consolidated to poorly consolidated Tertiary sediments 
(Ts) underlie these units (fig. 4). Bedrock does not crop 
out within the model area. There are no geographically 
extensive confining units in the area, and the Quater-
nary and Tertiary sediments constitute hydrogeologic 
units with distinct hydrologic properties within a 
single alluvial aquifer. 

Groundwater Flow System
A potentiometric surface map was developed from 

groundwater levels measured in April 2015 (fig. 5). 
The map shows that on the eastern side of the study 
area some contours are perpendicular to the model’s 
boundaries, generally following topography. Ground-
water flows from the topographic highs—where there 
is relatively high groundwater recharge (mountain 
front recharge)—toward the center of the floodplain. 
The Jefferson River is slightly losing in the upstream 
portion of the model area, and strongly gaining in the 
downstream area (Bobst and Gebril,2021). Ground-
water discharges to the Jefferson River if the river is 
gaining, or flows approximately parallel to the river 
through the alluvial aquifer where the river is losing. 
In the floodplain, groundwater in the alluvial aquifer 
flows from the southwest (southern boundary) to the 
northeast (northern boundary). To the northeast, the 

Table 1. General stratigraphy, hydrostratigraphy, and model layers. 

Stratigraphy Hydrostratigraphy  Model Layers 

Quaternary bench 
sediments (Qaf) 

Modern floodplain Quaternary alluvial 
terrace (Qat)  Alluvial aquifer Layer 1 Quaternary alluvium 

(Qal) 

Tertiary sediment Tertiary sediment Tertiary sediment Base of alluvial 
aquifer Not simulated 

Bedrock formations Bedrock formations Bedrock formations Bedrock aquifer Not simulated 
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course-grained alluvium (Qal on fig. 4) narrows (fig. 
4), and the potentiometric contours become more 
closely spaced as the hydraulic gradient increases due 
to decreased cross-sectional transmissivity.

Hydrologic Boundaries
Hydrologic boundaries are features that convey 

water into or out of the hydrologic system, in this case, 
the alluvial aquifer (fig. 6). These boundaries include 
the Jefferson River, with an average flow of about 
1,100 cfs from the southwest to the northeast. The 
river loses water to the aquifer along a reach upstream 
from the Jefferson Diversion (fig. 2), while it gains 
groundwater downstream of the Jefferson Diversion 
(Bobst and Gebril, 2021). 

The Parrot and Creeklyn irrigation canals form 
hydrologic boundaries along the east and west sides 
of the valley, respectively. Leakage from both canals 

provides water to the aquifer. Lateral groundwater 
inflow (influx) and irrigation recharge from irrigated 
lands upgradient of the canals also contribute water to 
the model area along these boundaries. 

Groundwater also flows into the alluvium on the 
upgradient (south) side of the model area, and dis-
charges through the alluvium on the downgradient 
(north) side. These boundaries are perpendicular to 
the Parrot and Creeklyn Canals (fig. 3) but are limited 
to the floodplain. Therefore, a no-flow boundary ex-
ists perpendicular to potentiometric lines between the 
floodplain and the canals (along portions of the north-
east edge of the model area; fig. 5 and appendix A). 
Since this is a single-layer model (table 1), the bottom 
of the alluvial aquifer is also modeled as no-flow due 
to it being underlain by the less permeable Tertiary 
Renova Formation (fig. 6; Bobst and Gebril, 2021).
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Vuke, 2004).
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Sources and sinks for water are also located within 
the model domain. Irrigation recharge, and leakage 
from the Jefferson Canal, add water to the aquifer. Wa-
ter is lost from the aquifer via extraction wells, evapo-
transpiration by riparian phreatophytes and wetland 
grasses, and through discharge to the Jefferson River, 
Parson’s Slough, and Willow Springs.

Storage of water in the alluvial aquifer sustains 
baseflow to the Jefferson River, Parson’s Slough, and 
Willow Springs, especially during low-flow periods 
(e.g., late summer). A considerable amount of the 
water diverted from the Jefferson River to irrigation 
canals recharges the underlying aquifer via canal 
leakage and excess applied irrigation. This irrigation-
related recharge causes groundwater elevations in 
the alluvium to rise. In low-flow periods, the aquifer 
discharges more water to the Jefferson River and to 
the groundwater-fed streams than in other periods. The 
rate and timing of the groundwater’s release from stor-
age depends on the gradient between the aquifer and 
boundaries, the transmissivity of the aquifer, and the 
distance between recharge areas and discharge areas.

Aquifer Properties
Aquifer test analysis provides a range of aquifer 

properties such as transmissivity (T), hydraulic con-
ductivity (K), and storativity (S). We conducted one 
aquifer test in the alluvial aquifer within the floodplain 
at the Hunt Ranch, 1.6 mi southeast of Parson’s Bridge 
(Bobst and Gebril, 2020). The wells were screened 
in the gravel deposits within the floodplain alluvium 
(Qal; table 1; fig. 4). Data analysis indicated an un-
confined aquifer with a K of about 2,225 ft/d, and a 
specific yield Sy of 0.14 (appendix C). This hydraulic 
conductivity is representative of clean gravel in the 
floodplain alluvium (Qal). Variations in aquifer prop-
erties are expected within each hydrogeologic unit, 
and this value may be on the high end of the overall 
range for the alluvium since specific capacity data 
indicate these wells were more productive than other 
wells completed in the alluvium (GWIC, 2019). WET 
(2006) estimated a K of 634 ft/d for alluvium in this 
area. We used published values (Freeze and Cherry, 
1979; Heath, 1983; Driscoll, 1986; Fetter, 2001) and 
aquifer test results from outside the model domain 
(Bobst and Gebril, 2020) to estimate the aquifer prop-
erties of the bench sediments. These values were set as 
the model’s initial hydraulic conductivities.

Groundwater Budget
We developed a preliminary groundwater budget 

for the Waterloo area to constrain the steady-state 
model. We based this on modifications from previous 
work (WET, 2006; Brancheau, 2015; appendix A). 
The preliminary water budget has total inflows and 
outflows comparable to those calculated by Brancheau 
(2015). Our preliminary water budget assumed quasi-
steady-state conditions (no change in storage) based 
on groundwater-level monitoring from 2005 to 2015 
(Bobst and Gebril,2021). In addition, we calculated a 
monthly groundwater budget to compare it with the 
transient model’s monthly budget (appendix A). 

Inflows to the aquifer include groundwater influx 
from the alluvium in the south, groundwater influx 
from the adjacent mountain blocks, irrigation recharge, 
and canal leakage. Outflows are groundwater outflow 
through the alluvium in the north, evapotranspiration 
by riparian plants, well pumping, and net discharge to 
surface waters (Jefferson River, Parson’s Slough and 
Willow Springs; fig. 6). This budget can be expressed 
as:

GWin-al + GWin-lat + CL + IR = GWout-al + ETr + WEL + SWnet,

where GWin-al is alluvial groundwater influx; GWin-lat 
is lateral groundwater influx; CL is canal leakage; IR 
is irrigation recharge; GWout-al is alluvial groundwater 
outflux; ETr is riparian evapotranspiration; WEL is 
well pumping; and SWnet is net groundwater discharge 
to surface waters.

These budget components are summarized in table 
2, with details provided in appendix A. The “flux” 
term used in this study refers to the volumetric flux.

Some of the separate components in the water 
budget were lumped into a single boundary in the 
model. For instance, a single specified flux boundary 
that extends along the Parrot Canal represents lateral 
groundwater inflow, upgradient irrigation recharge, 
and canal leakage. 

MODEL DESIGN AND 
CONSTRUCTION
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Mathematical Framework (Governing Equation)
In saturated groundwater conditions, a combina-

tion of continuity (mass conservation) and Darcy’s 
Law leads to the following mathematical description 
of groundwater flow (Anderson and others, 2015):

     

(1)

In this equation the dependent variable is the hy-
draulic head, h, which is defined in the traditional (x, 
y, z) Cartesian coordinate system. The horizontal (Kx, 
Ky) and vertical hydraulic conductivities (Kz) and stor-
age coefficient (S) are specified. Boundary conditions 
(W*) and initial head conditions must also be specified 
to solve equation 1. The boundary conditions may be 
specified head (Dirichlet), specified flux (Neumann), 
or head-dependent flux (Cauchy). 

Numerical Model Approximation and  
Computer Codes

We used the USGS groundwater flow modeling 
software MODFLOW-2000 (Harbaugh and others, 
2000), which provides a means to solve equation 1 
and simulate the groundwater flow. MODFLOW ap-
plies the finite-difference method to approximate the 
solution. Groundwater Vistas (version 6.77, build 9; 
Environmental Simulations Incorporated, 2011) was 
used as the graphical-user interface (GUI) for MOD-
FLOW. We relied on PEST, a general-purpose param-

eter estimation utility (Doherty, 2010, 2013a,b), to aid 
in model calibration. 

Spatial Discretization
The model grid was overlain on a map of the Wa-

terloo area and was set to the North American Datum 
1983 Montana State Plane coordinate system, in units 
of International Feet. The rectangular grid frame en-
compassed the Jefferson River Valley study area near 
Waterloo, and cells outside of the model area were 
inactivated. The model consisted of a single layer rep-
resenting the unconfined Quaternary aquifer. In single 
layer, there is no vertical hydraulic gradient (∂h/∂z), 
therefore, the vertical flow term is not calculated. This 
approach provides simplicity and maintains reasonable 
solution stability, and reduces run times for PEST and 
model execution. The grid consisted of 150 rows and 
150 columns (22,500 cells) with uniform grid spacing 
of 178.18 ft x 188.66 ft (fig. 7). This refined cell size 
avoided placing multiple boundary conditions (such 
as a well located close to a stream) in a single cell. 
The model layer thickness ranged from 199 ft to 215 ft 
based on topography of the land surface. Additional de-
tails on the model grid are in appendix D and table D1.

Initially the top elevation of the grid was set us-
ing a Digital Elevation Model (DEM) derived from 
the USGS 1-arc second National Elevation Dataset 
(USGS, 2009). The DEM data point spacing was 
about 98 ft (30 m). Survey data from several wells in 

Table 2. Preliminary conceptual groundwater budget. 

INFLOW (acre-ft/yr) OUTFLOW (acre-ft/yr) 
Preliminary 

Budget 
Water-Budget Study 
(Brancheau, 2015) 

Preliminary 
Budget 

Water-Budget Study 
(Brancheau, 2015) 

Irrigation Recharge 
(IR) 11,096 11,595 Evapotranspiration 

(ET) 501 957 

Groundwater Influx1 45,947 23,371 Net discharge to 
surface waters* 38,556 38,323 

Canal Leakage (CL) 5,600 13,406 Groundwater 
Outflux 27,154 12,963 

Lateral Groundwater 
Influx2 3,702 3,869 Pumping Wells 

(PW) 134 0 

  Total: 66,345 52,241 Total: 66,345 52,243 

1Groundwater Influx is the Darcy flow through the southern model boundary. 
2Lateral Influx is groundwater inflow from the eastern and western model boundaries.  
*Net discharge to surface water is the difference between aquifer recharge from surface water and aquifer discharge
to surface water
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The transient model imposes monthly stress peri-
ods to simulate variations in seasonal stresses, such as 
irrigation recharge. Each stress period consists of six 
time steps to accommodate field observations, help nu-
merical stability, and minimize run times. The duration 
of each time step depends on the length of the month, 
and ranges from 4.7 to 5.2 days (table D2, appendix 
D). 

The transient calibration period included 31 
monthly stress periods (2 yr and 7 mo) from April 
1, 2013 to October 31, 2015. A one-day steady-state 
simulation was included as the first stress period of the 
transient simulation, resulting in 32 stress periods in 
the calibrated model. Thus, the heads from the one-
day steady-state model were used as initial heads for 
the transient model. 

the model area were not in agreement with the DEM. 
To correct the top elevations, the difference between 
the survey data and the DEM were defined and extrap-
olated by kriging with linear variogram (using Surfer 
9 software). The DEM-based cell-top elevations were 
adjusted using the extrapolated differences (fig. D1, 
appendix D). 

Temporal Discretization
Steady-state models generally reflect average con-

ditions and do not consider time-dependent parameters 
(storage coefficient, pumping schedules, seasonality 
of incoming boundary fluxes, irrigation rate changes, 
etc.). Transient simulations support time-dependent 
parameters that vary throughout the simulation period. 
Transient models can be used to verify past conditions 
and to simulate future predictive scenarios. Table 3 
summarizes the Waterloo model simulations.

Jefferson River 

Groundwater-Fed Streams 

Model Grid

Waterloo Model Area

0 31.5 Miles±
Figure 7. The model grid consisted of 150 rows and 150 columns (22,500 cells) with a cell size of about 178 ft x 188 ft.
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Hydraulic Parameters
Prior to steady-state model calibration, we divided 

the active grid cells into four aquifer property zones, 
representing the floodplain alluvium (Qal; zone 1), the 
alluvial terrace (Qat; zone 2), and the western (zone 
3) and eastern (zone 4) bench sediments (Qat, Qaf and Ts; 
figs. 4, 8). Anisotropy for this study is assumed equal 
to 1 (Kx = Ky) based on the aquifer test data; we used 
Kh to express horizontal hydraulic conductivity and Kv 
for vertical hydraulic conductivity instead of Kz. Initial 
values for Kh were assigned to these zones (fig. 8) as 
described in the Aquifer Properties section. We as-
sumed a vertical hydraulic conductivity (Kv) of 10% of 
the horizontal (Kh); however, since there is no vertical 
hydraulic gradient (∂h/∂z) within the model cells, the 
vertical flow term is zero (eq. 1). These initial parame-
ter values were modified during model calibration (see 
Calibration section). 

Boundary Conditions
Flow model boundary conditions control the ad-

dition or removal of water (mass) from the model. 
Boundary conditions are mathematical expressions of 
the state of the aquifer system that constrain the model 
equations; they are assigned to the edges of the model 
domain and to internal sources and sinks (ASTM, 

1995). In the Waterloo model, boundary conditions 
(fig. 9) follow the conceptual model discussed in the 
Hydrologic Boundaries section. 

Head-Dependent Flux Boundaries
We applied head-dependent flux boundaries 

(Cauchy boundary type) to represent surface-water 
features in contact with groundwater, and the removal 
of groundwater by plants through evapotranspiration 
(ET). Assuming the Jefferson River is hydraulically 
connected with the underlying aquifer, we simulated 
the Jefferson River with MODFLOW’s stream pack-
age (STR), and used the drain package (DRN) to 
simulate Parson’s Slough and Willow Springs. Evapo-
transpiration was calculated with MODFLOW’s EVT 
package.

During model execution, solving the groundwater 
flow equation involves calculations of the exchanged 
flow rates between the groundwater and the head-
dependent flux boundaries. The STR package allows 
water to flow from the groundwater to the stream 
(gaining stream), or from the stream to groundwater 
(losing stream). The DRN and EVT packages only re-
move water from the model; groundwater-fed streams 
simulated with the DRN package cannot lose flow to 
the groundwater system. In the transient model, the 

Table 3. Simulations applied to the Waterloo model. 

Simulation 
Type 

Stress 
Periods Duration Simulation Period Notes 

 Steady-State 1 Day Not applicable 

 Transient 
Calibration 31 Months April  2013 through

October  2015 

 Model 
Verification 141 Months April  2004 through

October  2015 

 Prediction 
(future 
scenarios) 

260 Months April 2005 through
October 2025 

Simulates equilibrium state using 
average boundary conditions (e.g., 
pumping rates, recharge, etc.) 

Simulate changes in groundwater 
heads and average monthly river 
flows for comparison to monitoring 
data collected during this study 
(2013–2015) 

Simulates changes in heads for 
comparison to data collected by 
WET (2004–2005) 

Simulates changes in groundwater 
levels, and Jefferson River flow and 
spring-fed stream discharge 
caused by different scenarios 
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rates at which water flows to or from these boundaries 
can change over time as a result of changing stresses. 
Thus, when head-dependent boundaries are used, the 
model quantifies changes in flow to one part of the 
system due to changes in other parts within the model 
domain. For instance, the model will simulate a reduc-
tion in groundwater flow to a stream as a result of a 
decrease in nearby canal leakage.

Jefferson River

In reality, the Jefferson River loses flow to ground-
water in some areas, and gains groundwater as base-
flow in other areas. Gaining and losing stretches of the 
river may also change seasonally. MODFLOW STR 
package terminology defines a “reach” as the portion 
of the stream specific to a grid cell (fig. D2, appendix 
D). A series of connected reaches with uniform or lin-
early changing properties that have tributary inputs to 

the first reach and/or a diversion from the final reach 
is a “segment.” A group of one or more connected 
segments is a “network.” In the Waterloo model, the 
Jefferson River is divided into three stream segments 
(fig. D3, appendix D).

The STR package requires the specification of 
several variables, including flow entering the seg-
ment, streambed top elevation, hydraulic conductivity 
(Kv) of the riverbed sediments, length (L), width (W), 
bed thickness (M), streambed roughness, and channel 
slope (S). The STR package does not explicitly ac-
count for direct precipitation. Evaporation from the 
river is assumed negligible. 

The STR Package (fig. D4, appendix D) calculates 
flux across the streambed as:

Qb = C (hb – hijk),

!

ZONE 3
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Figure 8. The initial aquifer properties were designated into zones based on horizontal hydraulic conductivity (Kh). Figure 4 and table 1 
show geologic units.
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where Qb is the flux across the streambed, C is the 
streambed conductance, hb is the head in the stream, 
and hijk is the head in the aquifer. C is a function of 
riverbed material thickness, riverbed vertical hydraulic 
conductivity Kv, stream width, and the length of the 
stream reach. We set the starting value of the stream-
bed conductance equal to Kv, about 10% of the initial 
estimate of aquifer horizontal hydraulic conductiv-
ity—these values were later adjusted during model 
calibration.

The STR package routes water through the stream 
network by applying Manning’s equation to determine 
depth as function of flow and assumes rectangular 
channel dimensions. Manning’s equation requires a 
roughness coefficient (n), which is defined as: 

                                                      ,

where ϕ is a constant (L3/T; in English Units 1.486 

,

cfs); Q is the stream discharge (L3/T; cfs); A is the 
cross-sectional area (L2; ft2); R is the hydraulic radius 
(cross-sectional area divided by the wetted perimeter; 
L; ft); and S is the channel slope (L/L; ft/ft; unitless). 

Manning’s coefficient n was estimated for the 
Corbett monitoring site on the Jefferson River (GWIC 
278156; fig. D3, appendix D) based on survey data 
and measured stage and flow. The estimated n value of 
0.040 was assigned to all cells representing the river. 
Our estimate is similar to coefficients developed by 
the USGS for similar streams, such as the Middle Fork 
Flathead River near Essex, Montana (0.041; Barnes, 
1967).

Streambed elevations were specified for each cell. 
Surveyed elevations at the Funston (GWIC 278427) 
and Corbett (GWIC 278156) surface-water stations 
were applied to calculate an average riverbed slope 
of 0.001732 ft/ft (appendix B). Applying the same 

The STR package routes water through the stream network by applying Manning’s equation to determine 
depth as function of flow and assumes rectangular channel dimensions. Manning’s equation requires a 
roughness coefficient (n), which is defined as:  

where  
ϕ is a constant (L3/T; in English Units 1.486 cfs); 
Q is the stream discharge (L3/T; cfs); 
A is the cross-sectional area (L2; ft2) 
R is the hydraulic radius (cross-sectional area divided by the wetted perimeter) (L; ft); and  
S is the channel slope (L/L; ft/ft; unitless).  

Manning’s coefficient n was estimated for the Corbett monitoring site on the Jefferson River (GWIC 
278156; fig. 3 Appendix D) based on survey data and measured stage and flow. The estimated n value of 
0.040 was assigned to all cells representing the river. Our estimate is similar to coefficients developed by 
the USGS for similar streams, such as the Middle Fork Flathead River near Essex, Montana (0.041; 
Barnes, 1967). 

Streambed elevations were specified for each cell. Surveyed elevations at the Funston (GWIC 278427) 
and Corbett (GWIC 278156) surface-water stations were applied to calculate an average riverbed slope of 
0.001732 ft/ft (appendix B). Applying the same method, the slope between the Funston station and the 
up-stream station near Silver Star (GWIC 277191; Fig 1) was estimated as 0.001362 ft/ft (appendix B). 
These slopes were used to estimate streambed elevations for the Jefferson River through the Waterloo 
model domain.  

Three segments were used in the STR package (fig. 3, Appendix D). Segment 1 represents the Jefferson 
River from the southern model boundary to the Jefferson Canal. Segment 2 was a single cell simulates 
diversion from Jefferson River into Jefferson Canal, at the location of staff gage (GWIC 274575). Segment 
3 represents the Jefferson River from the Jefferson Canal to the northern model boundary, near Corbett 
station. 

Segments 1 and 3 consist of a number of grid cells (reaches). The STR package calculates surface-water 
stage in each reach using Manning’s equation for open channel flow. STR also calculates the exchange 
between the stream and groundwater (gain and loss) in each cell based on the head difference between 
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method, the slope between the Funston station and the 
upstream station near Silver Star (GWIC 277191; fig 
1) was estimated as 0.001362 ft/ft (appendix B). These 
slopes were used to estimate streambed elevations 
for the Jefferson River through the Waterloo model 
domain. 

Three segments were used in the STR package 
(fig. D3, appendix D). Segment 1 represents the Jef-
ferson River from the southern model boundary to the 
Jefferson Canal. Segment 2 was a single cell simulat-
ing diversion from the Jefferson River into the Jeffer-
son Canal, at the location of staff gage GWIC 274575. 
Segment 3 represents the Jefferson River from the 
Jefferson Canal to the northern model boundary, near 
Corbett station.

Segments 1 and 3 consist of a number of grid 
cells (reaches). The STR package calculates surface-
water stage in each reach using Manning’s equation 
for open channel flow. STR also calculates the ex-
change between the stream and groundwater (gain 
and loss) in each cell based on the head difference 
between surface-water and groundwater, and stream-
bed conductance. The net surface-water flow is then 

routed to the next reach in the segment. The STR 
package either routes all the water in the last reach 
(cell) to the next downstream segment, or splits the 
water between the downstream segment and a diver-
sion. 

In the model, flow enters the simulated Jefferson 
River at the first upstream cell in segment 1. In the 
steady-state simulation, an average flow of 1,724 cfs 
was the input flow (table 4). The input goes into the 
first upstream cell and the STR package calculates 
how much flow enters the next cells. In transient simu-
lations, the monthly average flow was varied based on 
estimates from data collected between April 2013 and 
May 2015 (table 4). At the Jefferson Canal diversion 
(the downstream end of segment 1) water is diverted 
to the Jefferson Canal, an outflow through segment 2, 
or routed to segment 3 (the downstream reach of the 
Jefferson River), or split between diversion outflow 
and routed flow through segment 3. Diversion flow at 
segment 2 is input to the model as the average month-
ly flow obtained from available diversion records at 
GWIC 274575 (table 4). 

Table 4. Transient model—Jefferson River inflows to the model domain and diversion rates. 

Month Multiplier 
Monthly Inflow   

(cfs) Inflow* (ft3/d) Month 
Diversion** 

(cfs) Diversion (ft3/d) 

Jan 0.80 1,031 7.13E+07 Jan 0 0 

Feb 0.80 1,072 7.41E+07 Feb 0 0 

Mar 0.80 1,256 8.68E+07 Mar 0 0 

Apr 1.10 2,130 2.02E+08 Apr 13 1.09E+06 

May 1.10 3,442 3.27E+08 May 64 5.50E+06 

June 1.00 4,690 4.05E+08 June 59 5.11E+06 

July 1.00 1,742 1.51E+08 July 77 6.61E+06 

Aug 1.05 664 6.02E+07 Aug 93 8.00E+06 

Sept 1.15 835 8.29E+07 Sept 47 4.05E+06 

Oct 1.00 1,286 1.11E+08 Oct 0 0 

Nov 0.90 1,378 1.07E+08 Nov 0 0 

Dec 0.80 1,164 8.04E+07 Dec 0 0 
Note. Average Monthly Inflow(cfs)** = 1,724. Average Monthly Diversion (cfs)** = 29. The average 
monthly flow of 1,724 cfs and diversion of 29 cfs are applied in the steady-state model. 
*Inflow, the monthly inflow in cfs adjusted by a multiplier and converted to CFD.
**Flows obtained from GWIC 274575.



16

Gebril and Bobst, 2021

Groundwater-Fed Streams

Groundwater-fed streams were modeled using the 
Drain Package (DRN). Drains remove water from 
a model cell whenever the groundwater elevation is 
higher than the elevation of the drain bed. The drain-
age flux is calculated from the drain conductance and 
the difference between the groundwater and drain 
elevations (fig. D5, appendix D). This flux calculation 
is the same as in the STR package, except that drains 
never add water to the aquifer, whereas the STR pack-
age allows streams to lose flow to the aquifer. 

We modeled Parson’s Slough and Willow Springs 
as drains (285 drain cells; fig. D3, appendix D) since 
they are formed by groundwater discharge, and there 
is no evidence that they lose water to the aquifer. The 
drain cells were grouped into nine reaches. Parson’s 
Slough has two reaches (1 and 9) and Willow Springs 
has seven reaches (2 to 8). Note that the STR and 
DRN packages both use the term “reach,” but in the 
STR package a reach is a single cell, while in the DRN 
package a reach denotes a group of cells.

Drain elevations were set initially at 2 ft below 
ground surface based on air photos and survey data. 
These elevations were adjusted during steady-state 
calibration. The DRN package calculates bed conduc-
tance in the same way the STR package calculates the 
streambed conductance. Initial Kv values were 10% of 
the initial estimate of Kh and were later adjusted during 
model calibration.

Evapotranspiration 

The MODFLOW EVT Package simulates riparian 
evapotranspiration (ETr) as a flux equal to the por-
tion of groundwater consumed by riparian vegetation. 
This flux depends on the head in the cell and on three 
user-specified variables: maximum extinction depth, 
the ETr surface elevation, and maximum ETr rates. The 
extinction depth was set to 10 ft below ground surface 
in cells with riparian vegetation land cover (phre-
atophytes and grasses; Leenhouts and others, 2006; 
Scott and others, 2004; Shah and others, 2007). The 
ETr surface elevation was set equal to the land surface 
elevation (the top) of each cell. As shown in figure 
10, maximum ETr rates were set to 22 in/yr for woody 
plants and 3 in/yr for riparian grasses (similar to Bobst 
and others, 2016).

Specified Flux Boundaries
Specified flux boundaries add or remove a speci-

fied amount of water. In this model specified flux 
boundaries were implemented as injection or extrac-
tion wells (WEL package), or recharge (RCH pack-
age). These boundaries simulated alluvial groundwater 
flow into and out of the model along portions of the 
southern and northern edges, respectively, lateral 
groundwater inflows from east side and west side 
boundaries, irrigation recharge, leakage from irrigation 
canals, and pumping from wells. 

Alluvial Groundwater Influx and Outflux

As discussed in appendix A (appendix A, fig A1, 
tables A5, A6, A11, and A12), groundwater flow into 
and out of the alluvial aquifer was calculated using 
Darcy’s Law. At the southern model boundary, inflow 
was initially set as 46,742 acre-ft/yr and later reduced 
to 37,781 acre-ft/yr during calibration. This adjusted 
value was within the range of the uncertainty inherent 
in this calculation. The outflow at the northern model 
boundary was set as 25,962 acre-ft/yr, based on the 
preliminary water budget (appendix A). These rates 
were used in both the steady-state and the transient 
models. 

Lateral Groundwater Influx, Upgradient Irrigation 
Recharge, and Canal Leakage

Along the eastern and western edges of the model, 
specified flux boundaries (injection wells) supplied 
water to the model along the Creeklyn and Parrot 
Canals. These boundary flows combine lateral ground-
water inflow, upgradient irrigation recharge, and canal 
leakage. The combined inflow was estimated in the 
preliminary water budget. The long-term average 
inflow was used in the steady-state simulation, while 
the rates varied monthly according to changes in canal 
leakage and irrigation recharge in the transient simula-
tion. We divided the Parrot Canal boundary into five 
segments, and the Creeklyn Canal into three segments 
to account for spatial variation in both canal leakage 
and irrigation recharge from upgradient irrigated fields 
(fig. 11). 

Jefferson Canal

Canal leakage from the Jefferson Canal was also 
simulated as specified flux, using injection wells (fig. 
11). This canal differs from the Creeklyn and Parrot 
Canals, in that it only represented canal leakage. The 



17

Montana Bureau of Mines and Geology Report of Investigation 29

Jefferson Canal was assigned the average leakage rate 
applied to the Parrot and Creeklyn Canals (appendix A).

Irrigation Recharge

Irrigation recharge supplies water to the model 
through the MODFLOW Recharge package (RCH), 
which is a specified flux boundary. The RCH package 
applies flux in units of length over time (L/T) applied 
over an area (L2). We applied irrigation recharge rates 
to portions of the model where land use was designat-
ed as irrigated fields. These areas were derived from 
the Statewide Final Land Unit classification database 
[Montana Department of Revenue (MDOR), 2012], 
field visits, and landowner interviews. The rate applied 
varied by irrigation method, crop type, and source 
water (appendix A; tables A9, A10). We estimated an 
annual recharge rate for each of six irrigation and crop 
types in the model area; initial values are shown in 

table 5. Figure 12 shows the calibrated average irriga-
tion recharge rates for the crop types and application 
methods. For the transient models, this recharge was 
only applied during the irrigation season, and the rate 
was slightly adjusted during calibration (Transient 
Calibration section). 

Pumping Wells

The MODFLOW WEL package simulated pump-
ing from domestic, stock, and irrigation wells (fig. 9) 
with overall water consumption of about 134 acre-ft/yr. 
The annual consumption is made of 76% irrigation wa-
ter, 22% domestic water, and 2% for livestock (appen-
dix A). The domestic well average annual consumptive 
is 435 gallons per day (gpd; or 58.15 ft3/d) per resi-
dence, based on rates determined for the North Hills, 
located near Helena, Montana, with a climate similar to 
that of the Waterloo area (Waren and others, 2013).

Riparian Grass (3 in/yr) 

Woody Plants (22 in/yr) 

Jefferson River (Stream) 

Spring-Fed Streams (Drains) 

Parrot Canal

Creeklyn Canal

Jefferson Canal

± 0 31.5 Miles

Figure 10. The distribution of the riparian evapotranspiration rates (ETr), limited to areas with riparian grass and woody plants, con-
centrated along the Jefferson River, Parson’s Slough, and Willow Springs.
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± 0 31.5 Miles

Parrot Canal (segment 1)
Parrot Canal (segment 2)
Parrot Canal (segment 3)
Parrot Canal (segment 4)
Parrot Canal (segment 5)
Creeklyn Canal (segment 6)
Creeklyn Canal (segment 7)
Creeklyn Canal (segment 8)
Jefferson Canal (segment 1)

Figure 11. Dividing the Parrot and Creeklyn irrigation canals into segments helped to improve the model transient calibration. Segments 
correspond to the location and the extent of the irrigated fields outside the model area.

Table 5. Irrigation recharge rates initially applied to the Waterloo model. 

Flood Sprinkler Pivot 

Month** Multiplier 

Avg. Recharge 
(ft/d)* 

Avg. Recharge 
(ft/d)* 

Avg. Recharge 
(ft/d)* 

6.33E-03 9.16E-04 5.06E-04 

Apr 1 6.33E-03 9.16E-04 5.06E-04 

May 2 1.27E-02 1.83E-03 1.01E-03 

Jun 2 1.27E-02 1.83E-03 1.01E-03 

Jul 2 1.27E-02 1.83E-03 1.01E-03 

Aug 2 1.27E-02 1.83E-03 1.01E-03 

Sep 2 1.27E-02 1.83E-03 1.01E-03 

Oct 1 6.33E-03 9.16E-04 5.06E-04 
*The average recharge for each irrigation type is applied in the steady-state model.
**Recharge rates for each irrigation type are applied from April through October in
   transient simulations. 
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No-Flow

No-flow boundaries are a type of specified-flux 
boundary where the flux is zero. No-flow boundaries 
were used along portions of the southern and northern 
sides of the model, where flow lines are parallel to the 
model boundaries (figs. 5, 9). These boundaries are set 
in areas where the potentiometric surface suggests little 
to no flow entering or leaving the model domain. At the 
southern edge of the model, no-flow boundaries extend-
ed from the Parrot and Creeklyn Canals to the alluvium. 
At the northern edge of the model, they extended from 
the Creeklyn Canal to the Jefferson Canal and from the 
Parrot Canal to the Jefferson River (fig. 9). 

MODEL CALIBRATION

In model calibration, changes are systematically 
made to model parameters in order to match field 
observations within some acceptable error. For this 

model field observations included groundwater eleva-
tions, stream elevations, and stream flows. The ulti-
mate goal of model calibration is to find a set of model 
parameters that make the model useful to predict 
future system behavior with confidence. One chal-
lenge in model calibration is commonly known as the 
non-uniqueness problem: the possibility that different 
combinations of model parameters may provide an 
equally good match to field measurements, resulting 
in another version of the calibrated model. For this 
model, we used field observations, the settings of the 
hydrogeologic units, aquifer test results, published val-
ues for aquifer properties, and the preliminary ground-
water budget (appendix A) to reduce the possibility of 
creating a non-unique model. 

Initial Heads
April 2015 water levels were the basis for initial 

heads in the model (fig. 5). The values were extrapo-

± 0 31.5 Miles

Steady-State Calibrated Irrigation
Recharge (ft/yr)

0.8 (Flood Alfalfa Hay)

2.6 (Flood 50/50)

2.9 (Flood Pasture Grass, Other) 

0.2 (Pivot)

0.3 (Sprinkler)

2.3 (Flood)

Jefferson River

Groundwater-Fed Streams 

Model Area

Figure 12. Calibrated steady-state annual irrigation recharge rates.



20

Gebril and Bobst, 2021

lated over the modeling domain using Surfer 9 to 
make an initial-head surface. During the steady-state 
calibration, the head results from one run were used as 
the initial heads for the next run to improve model run 
times. The final steady-state calibrated heads were set 
as the initial heads for the transient simulations.

Steady-State Calibration
A steady-state model simulates the groundwater 

flow system in equilibrium with its boundary stresses. 
The goal of the steady-state calibration was to estimate 
the model’s parameters, within a reasonable range of 
field observations and published values, to simulate 
the mid-April 2015 heads distribution, while maintain-
ing a water budget consistent with observations (ap-
pendix A). A steady-state simulation can be useful in 
predicting the effect to the groundwater flow system 
from potential stress changes; quantifying the total 
groundwater budget; and estimating stream and drain 
conductance independently from storage parameters 
(Doherty and Hunt, 2010). In this study, we calibrated 
the steady-state model by adjusting hydraulic conduc-
tivities (Kh), streambed conductance, and drain con-
ductance. The steady-state calibrated model produced 
a set of heads and boundary fluxes applied to the first 
stress period (1-d steady-state period) in the transient 
simulations. 

Calibration Targets
Calibration targets included observed groundwater 

elevations, stream flows, groundwater discharge to the 
Jefferson River between Parson’s Bridge and Corbett’s 
station, and groundwater discharge to Parson’s Slough 
and Willow Springs. 

The groundwater-monitoring network initially was 
composed of 25 wells in the Waterloo area. Ground-
water-level data were generally collected monthly 
from July 2013 through October 2015. To avoid the 
effects of snowmelt and irrigation, data from April 
13, 2015 were selected as the steady-state (average) 
head calibration targets. Four wells (GWIC 276103, 
276127, 276041, 276113) were dry on April 13, 2015; 
therefore, they were excluded from the target list. Only 
heads from the remaining 21 wells were used (fig. 13); 
table E1 in appendix E lists the selected target wells. 

The calibration criterion for groundwater head 
was set as a ±5 ft head residual, approximately 10% 
of the 50 ft range (maximum head - minimum head) 

observed in April 2015. We evaluated the steady-state 
model calibration using overall error statistics of the 
head residuals, i.e., the residual mean (ME); the mean 
of the absolute value of the residuals (MAE), and the 
root mean square (RMS) error. 

It is worth noting that there are no calibration 
targets in the west and southwest regions of the model 
domain (hachured lines in fig. 13). Although the lack of 
targets in these areas may have affected the estimation 
of streambed conductance, the model was insensitive 
to this parameter (sensitivity analysis section). In addi-
tion, the eastern and northeastern portions of the model 
domain are the primary focus of this modeling study, 
where Parson’s Slough and Willow Springs originate 
and groundwater discharges to the Jefferson River.

Groundwater flux and streamflow targets facili-
tated the calibration of the bed and streambed con-
ductance in DRN and STR packages, respectively. 
A surface-water flow target was set at the last stream 
cell, representing Corbett’s station on the Jefferson 
River. Groundwater discharge targets were assigned 
along the stream segments (fig. 13). During calibra-
tion, discharge to the stream segments was compared 
to the average net groundwater discharge to the river 
that was calculated in the preliminary water budget. 

The ability of the model to simulate the average 
groundwater discharge to Parson’s Slough and Willow 
Springs was important for evaluating the steady-state 
calibration. We compared the simulated steady-state 
discharge to the drains (Parson’s Slough and Willow 
Springs) to their average flow (from field data); the 
average target ranged between 35 cfs and 60 cfs. 

Calibration Methods 
Calibration of the steady-state model involved the 

use of the automated parameter estimation software 
PEST and limited manual adjustments of hydraulic 
conductivity (Kh). PEST is executed independently of 
MODFLOW, and it is not involved in solving the gov-
erning flow equation. In order to determine the qual-
ity of fit to observed data, PEST automatically varies 
one—or a group—of the model’s input parameters 
(e.g., hydraulic conductivity, conductance, recharge, 
etc.) within a specified range, runs the MODFLOW 
flow model, and then evaluates the model’s output 
(e.g., heads) by minimizing an objective function (ME, 
RSS, RMS, etc.). 
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The objective of calibration is to minimize the 
difference between the model output and observed 
values (i.e., to minimize the residuals). For groundwa-
ter heads, the goal was to minimize the sum of squared 
residuals (RSS), consequently reducing the average 
simulation error, typically presented as the root mean 
squared error (RMS). For Jefferson River flows, the 
goal was to minimize the difference between simu-
lated average monthly flow and the measured average 
monthly flow at Corbett’s station. For the groundwa-
ter-fed streams, the objective was reducing the differ-
ence between the simulated discharge to the drains and 
the measured combined average discharge for Parson’s 
Slough and Willow Springs. 

In the steady-state model calibration, we applied 
PEST to estimate the horizontal hydraulic conductiv-
ity distribution (Kh), Jefferson River bed conductance 
(segments 1 and 3), and Parson’s Slough and Willow 

Springs bed conductance. The Kh was initially divided 
into four zones determined by the geology (figs. 4, 8). 
However, with this set up, PEST could not produce a 
calibrated model; simulated heads did not meet cali-
bration criteria even within the same hydraulic zone, 
suggesting a greater heterogeneity in aquifer proper-
ties. Therefore, the calibration was repeated using the 
PEST pilot points method. The pilot points method 
generates parameter values at selected points (pilot 
points) within the model grid, which in turn serve as 
surrogate parameters, and their values are interpolated 
onto the model domain. The interpolation method is 
specified by the user. For this model, we selected the 
ordinary kriging interpolation method with an expo-
nential variogram, utilizing default values provided 
by Groundwater Vistas, and an applied search radius 
of 2,500 ft. A uniform grid was initially used to create 
PEST (Kh) pilot points. Additional pilot points were 
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Figure 13. Model calibration groundwater wells (targets) divided into four groups based on location. The hachured lines show the part 
of the model domain without target wells. 
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added in areas near the drain to enhance calibration 
in those areas. Seventy-eight pilot points helped to 
achieve the calibrated steady-state model (fig. 14). Pi-
lot point values were constrained by upper and lower 
bounds established for the geologic setting in the area 
(floodplain, bench, etc.). The bounds established for 
each area were typically within an order of magnitude 
of those defined by the aquifer test data (Bobst and 
Gebril, 2020), the conceptual model, and by published 
values (Freeze and Cherry, 1979; Fetter, 2001). Most 
pilot points in the floodplain alluvium fell within 
hydraulic conductivity values of 1,000 and 6,000 ft/d. 
However, pilot points near Parson’s Slough and Wil-
low Springs (drains) had a lower range (100 to 500 
ft/d); for the bench sediments (within zone 3, fig. 8), 
the range was from 1 to 285 ft/d. 

Steady-State Calibration Results
The calibrated model simulates the Jefferson 

River with a steady-state flow of 1,727 cfs at segment 
3, comparable to the long-term average flow at Cor-
bett’s station (~1,690 cfs). The average simulated net 
groundwater discharge to the Jefferson River (stream 
segments 1 and 3) was 8 cfs, which is about 70% of 
12 cfs, the average groundwater discharge estimated 
for 2014 (Broncheau, 2015). Streambed conductance 
averaged 1.3 x 107 ft2/d in stream segment 1, and 5.6 x 
106 ft2/d in segment 3. Simulated discharge to Parson’s 
Slough and Willow Springs (combined) was 47 cfs, 
which is within the established range of 35 to 60 cfs.

The model reasonably simulated the potentiomet-
ric surface in the model area (fig. 15). Qualitatively, 
the potentiometric contours show the expected in-
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Figure 14. PEST pilot points and calibrated steady-state residuals. Placing 78 pilot points enabled PEST to estimate the heteroge-
neous hydraulic conductivity within the model domain. The steady-state calibrated head residuals from 21 target wells were all below 
5 ft (calibration criteria).
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teraction among groundwater and Parson’s Slough 
and Willow Springs (drains), and the Jefferson River 
(stream); i.e., reaches of gaining and losing are con-
sistent with the conceptual model. The modeled heads 
closely match the observed values in the 21 target 
wells (fig. 16). Head residuals (the difference between 
observed and modeled heads) were all below the 5 ft 
criteria (fig. 14; table E1, appendix E); however, they 
are slightly on the high side almost everywhere in the 
domain, still not affecting the quality of the calibra-
tion. Thirteen head residuals (61.9%) were less than 1 
ft, six residuals (28.6%) were between 1 and 2 ft, and 
two residuals (9.5%) were between 2 and 3 ft. The 
RMS calibration statistic was 1.38 ft, a much lower 
value than the 5 ft error criteria. 

As shown in figure 17, the steady-state model 
water budget is generally comparable to the Water-
loo preliminary water budget. The numerical model 

simulated more canal leakage and lateral ground-
water influx than initially estimated, and less irriga-
tion recharge and groundwater influx. The calibrated 
model discharged less groundwater to the Jefferson 
River than estimated, but discharged more to Parson’s 
Slough and Willow Springs. Overall, the calibrated 
model simulated less net groundwater discharge to 
surface waters than the preliminary budget. 

The distribution of calibrated Kh indicates a more 
heterogeneous distribution than was originally con-
ceptualized (fig. 8 vs. fig. 18). The Kh values in the 
floodplain alluvium (initially zone 1) ranged from 11 
to 6,270 ft/d, with a geometric mean of 1,140 ft/d. The 
alluvial terrace (initially zone 2) has Kh values rang-
ing from 15 to 7,620 ft/d, with a geometric mean of 20 
ft/d. The western bench (initially zone 3) has Kh values 
ranging from 1 to 5,000 ft/d, with a geometric mean of 
187 ft/d. The Kh values in the eastern bench (initially 
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Figure 15. Calibrated steady-state potentiometric surface compared to conditions observed in April 2015. The potentiometric contours 
display interaction among the alluvial aquifer and surface water, Jefferson River, Parson’s Slough, and Willow Springs, and demon-
strate the gaining and losing segments of the river and the groundwater-fed streams.
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zone 4) ranged from 1 to 345 ft/d, with a geometric 
mean value of 20 ft/d. From the calibration results, it 
appears that (a) conductive fluvial sediments underlie 
some portions of the alluvial terrace, and (b) most of 
the lower conductivity in zone 2 are near Parson’s 
Slough and Willow Springs (fig. 18), consistent with 
field observations of marshy wet conditions, indicating 
an elevated water table due to a lower transmissivity. 

Transient Calibration
Transient calibration of a groundwater model aims 

to adjust the model’s time-dependent parameters to 
reasonably reproduce groundwater heads and fluxes, 
and surface-water flows that respond to time-depen-
dent changes in boundary conditions and/or applied 
stresses. Calibration was achieved by adjusting aquifer 
storage properties and boundary conditions until ob-
served water-level changes were reasonably simulated 
by the model. We used PEST to estimate the model’s 
storativity, storage coefficient Ss, and/or specific yield 
Sy; other boundary parameters (e.g., canal leakage) 
were modified manually.

Calibration Targets
Nineteen target wells had data suitable for the 

transient calibration. Ten wells have data from 2004 
to 2005, with a data gap from 2005 to 2013, and ad-
ditional data from April 2013 to June 2015. Data from 
eight wells are limited to April 2013 to June 2015. One 
well (GWIC 107080) has a continuous record from 
2004 to 2015. Due to these data gaps, we calibrated 
the transient model to the 2013–2015 period, and used 
data from 2004 to 2005 for model validation. 

The three surface-water monitoring sites located 
on the Jefferson River are the Funston station, USGS 
station at Parson’s Bridge, and the Corbett station (fig. 
3). Corbett station operated from April 29, 2014 to No-
vember 11, 2014. Funston station operated from July 
9, 2014 to November 10, 2014, and the USGS station 
at Parson’s Bridge operated from July 1 to September 
30 in 2013 and 2014. Corbett station was selected as 
the surface-water calibration target because (a) it has 
the longest record in 2014, and (b) it is located at the 
model’s downstream boundary, where it receives all 
flows from the Jefferson River, Parson’s Slough, Wil-
low Springs, and the net groundwater discharged to 
the Jefferson River. 
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Figure 17. Comparison of three water budgets (Brancheau’s 2015 budget, the preliminary budget, and the calibrated steady-state 
numerical model). The numerical model water budget is comparable to the preliminary water budget with some differences in the 
distribution of inflow to the aquifer. The three budgets show that outflow is primarily divided between discharge to surface water and 
groundwater outflow.
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Transient Calibration Methods
Stress Periods

The transient model was initiated with a 1-d stress 
period (corresponds to March 31, 2013) as a steady-
state period, with its output, like the heads and bound-
ary stresses, becoming the initial conditions for the 
subsequent transient simulation. Starting the simula-
tion in April, the beginning of the irrigation season and 
3 mo ahead of the data collection period (July 2013), 
provided the numerical model with enough time to 
stabilize and adjust to seasonal changes. 

After the first stress period, boundary stresses 
varied monthly from April 2013 through October 2015 
to replicate seasonal changes. These stresses include 
irrigation recharge rate, canal leakage, lateral ground-
water inflow along the Parrot and Creeklyn Canals, 
evapotranspiration, river flow entering the model 

area, diversions, and pumping from irrigation wells. 
Domestic and stock wells were kept at constant pump-
ing rates (appendix A). The groundwater inflow and 
outflow through the alluvial aquifer across the south-
ern and northern boundaries remained constant at their 
steady-state rates throughout the transient simulation.

Aquifer Storage Estimation Using PEST

Storage parameters in MODFLOW were specified 
using the layer property-flow (LPF) package, with a 
layer type “LAYCON” equals 1, which is unconfined 
layer type, applying specific yield (Sy) to calculate 
changes in storage within each cell.

For the transient calibration, we identified four 
geologic zones for which PEST estimated Sy: the 
western bench (zone 1), the alluvial valley (zone 2), 
and two zones representing the eastern bench (zones 3 
and 4, fig. 19). The eastern bench zones were designed 
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to generally account for the apparent variation in Kh 
distribution in that area. PEST produced similar stor-
age coefficients Sy for zones 3 and 4, suggesting these 
act as one zone. Additional adjustment of Sy, needed to 
improve the calibration in targets near the southwest 
boundary of the model, was accomplished by adding 
a fifth zone within zone 3 (fig. 19), in which Sy was 
modified manually. 

Irrigation Recharge Estimation

As shown in the Model Construction section of 
this report and documented in appendix A (appendix 
A, tables A9, A10), several irrigation recharge zones 
simulated pivot, sprinkler, and flood irrigation. Dur-
ing the transient calibration, the average irrigation 
recharge rates applied to the steady-state model were 
systematically changed—with multipliers—to gener-
ate monthly irrigation recharge rates over the calendar 

year (table 5). The model was run with the adjusted 
recharge rates and the results were compared to ob-
served head changes at target wells. This process was 
repeated until there was a good match with observa-
tions. Additional recharge zones representing different 
rates were added during the transient simulation to 
adjust groundwater levels to match target hydrographs 
(table 6, fig. 20). 

Evapotranspiration Estimation

The steady-state evapotranspiration rates were 
applied to the transient model. A multiplier was ap-
plied for the months April through September, and a 
multiplier of zero was used for the rest of the calendar 
year. This approach was used for both riparian grass 
and woody plant zones. The multipliers were adjusted 
for April through September to produce monthly rates 
reflecting seasonal variations in ETr (table 7). The 
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Figure 20. Transient model calibrated irrigation recharge. Areas 1 to 7 are flood-irrigated zones with annual average recharge rate of 
~2.3 (ft/yr). These areas were converted to pivot irrigation (~0.2 ft/yr) to simulate effects of changes to irrigation practices.

Table 7. Evapotranspiration rates applied to the transient calibration. 

Woody Plants Zone Riparian Grass Zone 

Average ET 
(22 in/yr) 

Average ET 
(3 in/yr) 

Month Multiplier Multiplier 
Apr 0.09 0.00 
May 0.21 0.09 
Jun 0.30 0.21 
Jul 0.27 0.30 
Aug 0.14 0.27 
Sep 0.00 0.14 

Note. ET rates are applied through growing season only, April–September. 
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model was run with the adjusted ETr rates, and the 
simulated hydrographs at target wells were compared 
to measured data. This process was repeated until the 
results were considered satisfactory. 

Canal Leakage and Lateral Groundwater Inflow

The Parrot and Creeklyn Canals were initially 
modeled as single segments with uniform leakage 
rates, but this yielded a poor match to target hydro-
graphs. We divided both canals into smaller segments 
(fig. 11) with its own specified flux rate. The rate rep-
resents the sum of canal leakage, lateral groundwater 
inflow, and irrigation recharge from adjacent upgradi-
ent irrigated areas outside the model domain (figs. 21, 
22). The segments adequately simulate variation in 
canal leakage along the canal length, and account for 
changes in lateral groundwater influx and upgradient 
irrigation recharge. The Jefferson Canal was repre-
sented with a single segment because the specified flux 
represents canal leakage only (figs. 11, 22). 

Jefferson River Flows

In the steady-state model, the average monthly 
flow in the Jefferson River (1,724 cfs) was based 
on data from the three surface-water stations in the 

model domain (fig. 3), and the year-round USGS 
gage between Twin Bridges and Silver Star (USGS 
06026500). During calibration of the transient model, 
we adjusted monthly multipliers applied to the average 
flow at the beginning of the Jefferson River (stream 
reach 1) to improve the model’s match to groundwater 
head targets and average monthly river flows at Cor-
bett station, at the downgradient end of the river (table 
4, fig. 23). 

Jefferson River Diversions

The diversion from the Jefferson River to the Jef-
ferson Canal occurs immediately downstream of Par-
son’s Bridge. For the steady-state model, we estimated 
a steady-state average diversion rate of 29 cfs based 
on monitoring records for the Jefferson Canal (GWIC 
274575; Jefferson Canal at Diversion). In the transient 
model, we calculated average monthly diversion rates 
(table 7, fig. 24) from monitoring data and adjusted 
them during calibration. 

Calibration Results
The calibrated transient model simulates head 

changes with time that matched well with observations 
(figs. 25–28). Grouping target wells according to their 
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Figure 21. Transient model calibrated specified flux per well along Parrot Canal. The boundary was divided into five segments (fig. 
11). The applied flux represents the sum of canal leakage, lateral groundwater influx, and irrigation recharge from irrigated fields 
outside of the model domain.
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during calibration with multipliers.
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proximity to the model’s boundaries (i.e., irrigation 
canals, groundwater-fed streams, river, etc.) revealed 
a common response to stresses within each group. 
Qualitatively, transient calibration results show the 
following: 

1.  Simulated groundwater levels at target wells 
near the Parrot and Creeklyn Canals (group 1) 
show a good match to observed data and captured 
seasonal head fluctuations (fig. 25). Canal leakage, 
lateral groundwater inflow, and irrigation recharge 
influenced groundwater heads in these areas. 

2.  Simulated groundwater levels at target wells close 
to Parson’s Slough and Willow Springs (group 2) 
generally matched the observed hydrographs (fig. 
26). They reflect the effect of seasonal recharge and 
a damping effect of groundwater discharge to the 
drains that shield them from the river’s influence.

3.  Target wells located between the Parrot Canal and 
Parson’s Slough (group 3) show a good match to 
field observations (fig. 27). It appears that irrigation 
recharge strongly influenced these wells, as 
demonstrated by mid-summer peaks in hydrographs 
when the demand for irrigation is high. 

4.  The hydrographs for target wells in the floodplain, 
west of Parson’s Slough (group 4), show a good 
match to observed heads, with a capture of seasonal 
head changes, caused by increased river flow due 
to snowmelt, and increased irrigation recharge (fig. 

28). Hydrographs of wells 276287 and 276108, 
both located in flood-irrigated areas, demonstrate 
the combined influence of the Jefferson River and 
irrigation recharge. 

We used the Nash Sutcliffe coefficient of efficiency 
(Nash and others, 1970) to quantify the fit between 
simulated and measured heads. The Nash Sutcliffe 
efficiency coefficient (NS) ranges from -∞ to 1; a 
positive NS means a good fit (1 is the best fit), while a 
negative NS indicates poor matching (Anderson and 
others, 2015). A detailed example of the NS calcula-
tion is presented in appendix E. As shown in transient 
calibration results (figs. 25– 28), 13 of 19 hydrographs 
(68% of the targets) have positive NS coefficients, 
meaning an overall good fit between simulated and 
observed conditions. Well 277868 and well 276038 in 
groups 2 and 4, respectively, showed large negative 
NS coefficients. Close proximity of well 277868 to 
Willow Spring (modeled as a drain) may have caused 
the higher heads at that well. Heads simulated at well 
276038 appear to be influenced by the Jefferson River. 
Improving the fit to those targets was not possible 
without degrading the quality of the rest of the model 
calibration.

The simulated Jefferson River flow at the end of 
stream reach 3 is the sum of instream flow and net 
groundwater discharge to the river; however, it does 
not include groundwater discharge to Parson’s Slough 
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Figure 24. Transient model average monthly diversion from the Jefferson River to the Jefferson Canal during the irrigation season 
(April through September). 
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Figure 28. Transient model calibrated groundwater hydrographs (groundwater elevations) for six target wells (Group 4). Results show 
that the model captured seasonal head changes with a good fit in three of the wells (positive NS number), and three with negative NS 
number (poor fit). Simulated hydrographs from wells of this group show strong effect of simulated leakage from Jefferson River and 
irrigation recharge during the irrigation season. 
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and Willow Springs. In reality it feeds directly into the 
Jefferson and becomes part of the measured flow at 
Corbett station (exit point). In order to account for all 
flows at the river exit point, we added the simulated 
groundwater discharge to the drains (Parson’s Slough 
and Willow Springs) to the flow at the end of the river 
(stream reach 3). This combined flow was compared 
to observed flows at Corbett station from May 2014 
to November 2014. The transient simulation of the 
monthly average flows closely matched measured 
monthly average flows at Corbett station (fig. 29). 

MODEL VERIFICATION

A calibrated model applies a selected set of hydro-
geological parameters, sources and sinks, and bound-
ary conditions to match historical field data. Model 
verification includes testing the calibrated model 
by simulating other field data (targets) deliberately 
excluded during calibration. If successful, the model 
verification is a process that can increase confidence 
in the model, especially the use of the model to predict 
hydrological responses to future changes in applied 
stresses, such as the addition of wells or changes in 
irrigation recharge. 

We verified the model performance using 11 target 
wells with water levels from the years 2004–2005. The 
model was run forward from 2003 to 2015. Simulated 

groundwater hydrographs compared to observed heads 
show that in most target wells the model reasonably 
simulated head changes during the verification period, 
and captured seasonality (fig. 30). Several target wells 
showed a close match to historic observed water levels 
(e.g. wells 107080, 276103, 276108, 276287, and 
277329). Therefore, in general, the transient model 
was considered to be verified. However, the model un-
derpredicted heads at two wells (276285 and 276112). 
These wells are likely influenced by flood irrigation 
practices at adjacent fields, and by the management of 
the Parrot Canal (figs. 12, 13). For instance, the water-
regulating structure for the Kurnow blowout imme-
diately uphill from these wells (fig. 3) was upgraded 
to minimize leakage between 2006 and 2013. Thus, 
in the area near these wells, the calibration period of 
2013 to 2015 was dissimilar to conditions during the 
verification period (2004–2005).

SENSITIVITY ANALYSIS

A calibrated groundwater model contains the 
best estimates of the hydrogeologic parameters that 
produce results in good agreement with target val-
ues, or other calibration criteria. The objective of the 
sensitivity analysis is to “quantify the uncertainty of 
the calibrated model caused by uncertainty of aquifer 
parameters, stresses, and boundary conditions” (An-
derson and others, 2015). Sensitivity analysis involves 
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running the calibrated model many times while vary-
ing model parameters or boundary stresses —one by 
one—over a reasonable range, and observing changes 
in model response (e.g., simulated heads) and/or cali-
bration criteria (e.g. RMS error).

In the sensitivity analysis, 10 parameters were 
tested with the steady-state model. Parameters in-
cluded horizontal hydraulic conductivity, Jefferson 
River stream conductance, Parson’s Slough and Wil-
low Springs drain conductance, aquifer thickness, 
irrigation recharge, canal leakage, lateral groundwater 
influx, evapotranspiration rates, alluvial groundwater 
inflow across model boundaries, and well pumping 
rates (table 8). The analysis was limited to the steady-
state simulation in order to test model sensitivity under 
average long-term conditions. The process involved 
modifying the calibrated steady-state model (i.e., the 

base run) using incremental changes to the various pa-
rameters (table 8). For each parameter value, a unique 
model was executed, for a total of 82 runs. For each 
model run, we documented groundwater discharge to 
Parson’s Slough and Willow Springs, Jefferson River 
streamflow at Corbett station, and the calibration sta-
tistics RMS and RSS. 

Sensitivity results (figs. 31–34) showed that the 
quantity of groundwater discharge to the groundwater-
fed streams (drains) and river flow (streams) and cali-
bration statistics RMS and RSS are all sensitive to (a) 
changes in horizontal hydraulic conductivity, (b) drain 
bed conductance, and (c) aquifer thickness. 

Table 8. Sensitivity analysis setup and results. 

 Tested Parameters Multipliers 

Sensitivity Results 

Drains Flow River Flow RMS RSS 
Horizontal Hydraulic 
Conductivity 0.1, 0.5, 1, 2, 10 Zone 1 and  Zone 2 Zone 1 Zones 1, 2, and 3 Zone 1 and  Zone 2 

Canal Leakage 
(Parrot) 0.75, 0.9, 1.0, 1.1, 1.25 NS NS NS NS 

Canal Leakage 
(Creeklyn) 0.75, 0.9, 1.0, 1.1, 1.25 " " " " 

Canal Leakage 
(Jefferson) 0.75, 0.9, 1.0, 1.1, 1.25 " " " " 

Lateral Groundwater 
Flux (Eastside) 0.75, 0.9, 1.0, 1.1, 1.25 " " " " 

Lateral Groundwater 
Flux (Westside) 0.75, 0.9, 1.0, 1.1, 1.25 " " " " 

GW Flux (South 
Boundary) 0.75, 0.9, 1.0, 1.1, 1.25 " " " " 

GW Flux (North 
Boundary) 0.75, 0.9, 1.0, 1.1, 1.25 " " " " 

Riverbed 
Conductance 
(reaches 1 & 3) 

0.75, 0.9, 1.0, 1.1, 1.25 " " " " 

Drain Conductance 
(all reaches) 0.1, 0.5, 1.0, 2.0, 10 Multipliers (<1 & >1) " Multipliers (<1 & >1) Multipliers (<1 & >1) 

Evapotranspiration 
(ET rate) 0.75, 0.9, 1.0, 1.1, 1.25 NS " NS NS 

Evapotranspiration 
(ET depth) 0.75, 0.9, 1.0, 1.1, 1.25 " " " " 

Irrigation Recharge 
(Flood) 0.75, 0.9, 1.0, 1.1, 1.25 " " " " 

Irrigation Recharge 
(Sprinkle) 0.75, 0.9, 1.0, 1.1, 1.25 " " " " 

Irrigation Recharge 
(Pivot) 0.75, 0.9, 1.0, 1.1, 1.25 " " " " 

Aquifer Thickness 0.5, 0.8, 1.0, 1.2, 1.5 Multipliers (<1 & >1) " Multipliers (<1 & >1) Multipliers (<1 & >1) 

Pumping Wells (rate) 0.75, 0.9, 1.0, 1.1, 1.25 NS " NS NS 

Note. NS, Not sensitive. 
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Figure 31. The sensitivity analysis done for the groundwater-fed streams (drains) indicates that the discharge is most sensitive to 
zone 2 hydraulic conductivity, drain bed conductance, and aquifer thickness.
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MODEL PREDICTIONS  
(FUTURE SCENARIOS)

The objective of the Waterloo model was to evalu-
ate how potential changes in irrigation practices would 
affect surface waters, with emphasis on late summer 
flows. For each surface-water feature, the effect of a 
scenario was measured as the difference between the 
simulated surface-water flows under the scenario con-
ditions and the flows simulated by the base-run model. 
The base-run model is the calibrated transient model 
with an extended 20-yr simulation time, from January 
2005 to December 2024.

It is important to note the limitations of these pre-
dictive scenarios. We did not set out to predict effects 
of specific proposals. Rather, the scenarios were in-
tended to predict groundwater levels and streamflows 
under hypothetical conditions. This analysis assumes 
that all stresses and boundary conditions except for 
the hypothetical canal lining and changing irrigation 
type remain constant. In reality, future conditions will 
inevitably differ from the simulated base run due to 
changes in climate, land use, and other factors. The 
value of this analysis is to understand the types and 
relative magnitude of effects on surface water that 
would result from changes in irrigation practices. Al-
though the model allows us to quantify these effects, 
future conditions will be affected by many variables. 
In spite of that, these simulations allow us to better 
understand the behavior of the system as opposed to 
precisely quantifying the effects of those changes. 

Since Parson’s Slough and Willow Springs dis-
charge into the Jefferson River, the effects of each 

scenario on the Jefferson River implicitly include 
effects on Parson’s Slough and Willow Spring as well 
as effects on groundwater discharge (baseflow) to the 
Jefferson River. Particularly in late summer (August), 
these effects are important because they in turn affect 
pool connectivity and river temperature, which are 
both vital to fish and ecological health. We tested four 
combinations of changes in irrigation practices:

(a) Lining some or all of the Parrot and Creeklyn 
Canals. Simulated by setting canal leakage to zero.

(b) Converting some or all flood-irrigated areas to 
center pivot irrigation. Simulated by replacing the 
flood irrigation recharge rate with that of pivot 
irrigation (fig. 20).

(c) Combining canal lining (a) and conversion to pivot 
irrigation (b).

(d) Applying split season irrigation on flood-irrigated 
areas (fig. 20). In those areas, we used flood 
irrigation recharge rates in the first half of the 
irrigation season (April through June), then applied 
pivot recharge rates in the second half of the season 
(July through September). These scenarios test 
recharging the aquifer during the first half of the 
season to mitigate reduction in irrigation recharge 
by changing to pivot irrigation in the late summer 
(fig. 35).  

Eighteen model runs were completed to under-
stand the potential effects on late summer flows due to 
changing irrigation practices (tables 9, 10):

•	 Three scenarios represent extreme changes: lining 
all canals (scenario C1), converting all flood 
irrigation to pivot (scenario F1), and combining the 
two scenarios, lining all canals and converting all 
flood irrigation into pivot irrigation (scenario CF).
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Figure 32. The Jefferson River flow at Corbett’s station is sensitive to zone 1 hydraulic conductivity.
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Figure 33. The model sensitivity analysis shows that the calibration statistic RMS is most sensitive to hydraulic conductivity in 
zones 1, 2, and 3, drain bed conductance for Parson’s Slough and Willow Spring, and aquifer thickness.
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Figure 34. The model sensitivity analysis shows that calibration statistic RSS is most sensitive to hydraulic conductivity 
(zones 1, 2), drain bed conductance at Parson’s Slough and Willow Springs, and aquifer thickness.
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Figure 35. Schematic of groundwater and surface-water interactions in the Upper Jefferson River area during split-season irrigation. 
This includes flood irrigation during the first half of the season, and center pivot through the rest of the irrigation season.

Table 9. Summary of extreme predictive scenarios for July and August 2024. 
Simulated Flow—July 2024 

Scenario 

Parson's 
Slough 

(cfs) 

Willow 
Springs 

(cfs) 
Total 
(cfs) 

Flow 
Reduction 

Jefferson River 
Flow Reduction 

cfs % cfs % 
Base run 24.6 40.8 65.5 

C1 23.7 38.4 62.1 3.4 6% 11.9 0.5% 

F1 24.2 36.1 60.3 5.2 9% 10.2 0.5% 

CF 23.2 33.7 57.0 8.5 15% 22.0 1.0% 

SS1 24.5 36.7 61.2 4.3 7% 7.4 0.3% 

SS2 25.5 37.7 63.2 2.3 4% 0.6 0.0% 

Simulated Flow—August 2024 

Scenario 

Parson's 
Slough 

(cfs) 

Willow 
Springs 

(cfs) 
Total 
(cfs) 

Flow 
Reduction 

Jefferson River 
Flow Reduction 

cfs % cfs % 
Base run 18.85 38.69 57.53 

C1 17.24 34.54 51.78 5.8 10% 17.02 2.4% 

F1 18.58 32.24 50.82 6.7 12% 12.80 1.8% 

CF 16.98 28.29 45.27 12.3 21% 29.70 4.3% 

SS1 18.61 32.39 51.00 6.5 11% 12.15 1.7% 

SS2 18.76 32.59 51.35 6.2 11% 10.29 1.5% 
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•	 Thirteen scenarios test limited changes in irrigation 
practices, e.g., lining individual canal segments or 
converting a single flood-irrigated area to a pivot 
system. 

•	 Two scenarios test the concept of split season 
irrigation. The first scenario (SS1) applies changes 
to five areas (same as scenario F1). Scenario SS2 
converts all the flood-irrigated fields (fig. 20) to 
pivot irrigation from July through September. 

We selected August as the most critical late sum-
mer month to evaluate the scenarios, because it is 
typically characterized by low surface-water flows, 
elevated stream temperatures, high evapotranspira-
tion, and more water consumption. July was also 
considered when we tested the split season irrigation 
scenarios. All 18 simulations ran from January 2005 
through December 2024 (20 yr), giving the model 
enough time to achieve stable groundwater–surface-
water interactions. The simulations applied changes in 
irrigation practices starting in April 2015; we docu-
mented results for July and August in the years 2005 
through 2024. 

Before running the scenarios, a base run was 
executed in which the transient model simulation 
was extended to 20 yr (2005 to 2024) while keeping 
all stresses the same throughout the simulation (e.g., 

canal leakage rates, irrigation recharge rates, etc.). The 
base run average surface-water flows in August 2024 
(most critical late summer month) became the refer-
ence flow to evaluate results from all scenarios. 

Canal Lining Scenarios
Scenario C1 stops canal leakage by lining both 

Parrot and Creeklyn Canals (fig. 20), which reduces 
recharge to the underlying aquifer. Lining was simu-
lated by setting the leakage rate to zero along the 
canals. Results from this scenario show that it takes 
more than 1 yr (~16 mo) to develop the full effect on 
streams and the Jefferson River (figs. 36, 37). Rela-
tive to the base run, this resulted in about 6 cfs less 
groundwater discharge to Parson’s Slough and Wil-
low Springs, which is a 10% reduction in late summer 
flow. Flow in the Jefferson River at Corbett station 
was reduced by about 17 cfs, a 2.4% reduction in late 
summer flow (tables 9, 10).

Other canal lining scenarios tested lining individ-
ual canal segments. The Parrot Canal was divided into 
five sections, segments 1 to 5, and the Creeklyn Canal 
was divided to three sections, segments 6 to 8 (fig. 11). 
As shown in table 10, Scenarios C2 to C6 simulated 
lining only one of the individual segments in the Par-
rot Canal (e.g., C2 lines segment 1; C3 lines segment 
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Figure 36. Predictive scenario results show that the greatest flow reduction in groundwater-fed streams discharge occurs with scenario 
CF. Scenario CF includes lining all irrigation canals (scenario C1) and converting five areas from flood to pivot irrigation (scenario F1).
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2). The Creeklyn Canal scenarios C7, C8, and C9 
simulate the individual lining of canal segments 6, 7, 
and 8, respectively. Compared to lining all the canals, 
lining individual canal segments has a lesser effect on 
Jefferson River August flow, with flow reductions less 
than 1% in scenarios C2 to C8 compared to 10% in 
scenario C1 (table 10).

Flood to Pivot Irrigation Scenarios
Scenario F1 consisted of converting five major 

flood-irrigated areas (areas 1–5, fig. 20) to center 
pivot. This would reduce irrigation recharge to the 
underlying aquifer because center pivot systems are 
more efficient than flood irrigation. This is simu-
lated by changing the recharge rate applied to the 
five zones to the lower rate used for pivot areas. The 
model response to this change occurs over more than 
1 yr (~16 mo), the time needed for maximum flow 
reduction in groundwater-fed streams and rivers (figs. 
36, 37). Relative to the base run, the conversion to 
pivot irrigation reduced the groundwater discharge 
to Parson’s Slough and Willow Springs by 7 cfs in 
August 2024, a 13% reduction in late summer flow. 
The change to pivot irrigation also reduced flow in the 
Jefferson River at Corbett station by 13 cfs in August 
2024, a 1.8% reduction in late summer flow (tables 9, 

10). Parson’s Slough and Willow Springs are relatively 
more sensitive to changes in irrigation recharge than 
to canal leakage, because irrigation recharge makes a 
larger portion of the water budget than canal leakage, 
and because of the proximity of the irrigated fields to 
the streams (fig. 20). 

Five other scenarios (F2–F6) also tested convert-
ing individual flood irrigation areas to center pivot 
irrigation. In general, results from these scenarios 
showed less reduction in late summer flows to Par-
son’s Slough, Willow Springs, and the Jefferson River 
compared to that of extreme scenario F1 (table 10); 
with the exception of scenarios F2, F3, F4, and F6, 
the reduction in Parson’s Slough flow was more than 
that of F1 (table 10). Scenario F5 produced compa-
rable flow reductions to that of scenario F1 for Willow 
Springs and the Jefferson River (table 10). Since the 
Willow Springs stream flows through the middle of ir-
rigation area 4 (fig. 20), the proximity of the spring to 
the irrigated field results in a direct effect of changes 
in irrigation to the amount of groundwater discharge 
to Willow Springs, consequently affecting discharge to 
the Jefferson River.
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Figure 37. Predictive scenario results show the effect on Jefferson River flow at Corbett’s station. The largest reduction in river flow  
occurs with scenario CF, with lining all irrigation canals and converting five flood-irrigated areas to pivot irrigation. 
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Canal Lining and Conversion to Pivot Scenario 
(CF)

Scenario CF combines scenarios C1 and F1 to pro-
duce an extreme change in irrigation practices. This 
simulation includes lining all of the Parrot and Creek-
lyn Canals and converting all major flood-irrigated ar-
eas (1 to 5, fig. 20) to center pivot irrigation, creating 
a pronounced reduction in recharge to the underlying 
aquifer. It takes about 16 mo to develop the full effect 
on groundwater-fed streams and river flows (figs. 36, 
37). In comparison to the base run, the combined late 
summer flow in Parson’s Slough and Willow Springs 
was reduced by 12 cfs, a 21% reduction. For the Jef-
ferson River, the changes reduced flows at Corbett sta-
tion by 30 cfs, a 4.3% reduction in late summer flow 
(tables 9, 10).

Split Season Irrigation Scenarios
Split season irrigation scenario SS1 adopts the 

changes from scenario F1, converting five major 
flood-irrigated areas (1–5, fig. 20) to center pivot ir-
rigation. Scenario SS1 limits center pivot rates to the 
second half of the irrigation season, July to September, 
and maintains flood irrigation recharge rates in the first 
half of the season, April to June. This scenario tested 
mitigating the reduction of flow in Parson’s Slough, 
Willow Springs, and the Jefferson River caused by 
converting to pivot irrigation in scenario F1. As 
shown in table 10, during the summer of 2024, the 
SS1 scenario lowered the Jefferson River’s flow by 7 
cfs (0.34% reduction) in July relative to baseline, not 
much different than the effect of scenario F1 (10.2 cfs, 
0.5% reduction). In August 2024, the reduction was 
about 12 cfs (1.7% reduction), which is also similar to 
that of scenario F1 (13 cfs, 1.8% reduction). 

Split season irrigation scenario SS2 expands 
scenario SS1 to include all seven flood-irrigated areas 
in the model (fig. 20). As shown in table 10, for the 
Jefferson River, the SS2 scenario showed insignificant 
flow reduction in July 2024 (<1 cfs), a favorable result 
compared to that of scenario F1 (10.2 cfs, 0.5% reduc-
tion). In August 2024, the SS2 reduction was 10.3 cfs 
(1.5% reduction), similar to that of scenario F1 (13 
cfs, 1.8% reduction). 

In the split season scenarios, the July reduction 
in Jefferson River flow was less than in scenario F1; 
however, the August flow reduction was similar to 
that of scenario F1. Thus, the desired effect did not 
last long into the second half of the irrigation season. 

Recharge to the alluvial aquifer and the increase in 
groundwater storage during the flood irrigation months 
was offset by relatively fast groundwater discharge 
to surface-water bodies, and therefore did not fully 
mitigate August low-flow conditions. We attribute this 
result to (a) the high transmissivity aquifer, and (b) 
the close proximity of the irrigated fields to Parson’s 
Slough, Willow Springs, and the Jefferson River. As 
shown in figure 38, field data from Willow well 9 
(GWIC276285), located about 1,630 ft from the Parrot 
Canal, indicates fast water table response to irrigation 
recharge. 

Model Prediction Results
The three extreme hypothetical irrigation scenari-

os, C1 (lining all irrigation canals), F1 (converting five 
areas from flood to pivot irrigation), and CF (lining all 
irrigation canals and converting five areas from flood 
to pivot irrigation) show that maximum flow reduction 
occurs during the critical low-flow, late summer month 
of August. The combined scenario CF produced the 
largest effect. 

In August 2024, the reduction in flow on the com-
bined flow coming from Parson’s Slough and Willow 
Springs was 6 cfs (a 10% reduction) in scenario C1, 7 
cfs (12% reduction) in scenario F1, and 12 cfs (21% 
reduction) in scenario CF (fig. 36). 

The transient model base run produced about 700 
cfs flow in the Jefferson River near Corbett’s station 
in August 2024. For the same period, the effects were 
17 cfs (2.4% reduction) in scenario C1, 13 cfs (1.8% 
reduction) in scenario F1, and 30 cfs (4.3% reduction) 
in scenario CF (fig. 37). The drought management 
plan includes a goal to maintain at least 50 cfs at the 
USGS station at Parson’s Bridge (JRWC, 2013). The 
50 cfs target is the minimum flow needed to maintain 
pool connectivity and buffer stream temperatures. 
Therefore, in drought years, these reductions (13 to 30 
cfs) would approach the 50 cfs goal. 

In general, Willow Springs is more sensitive to 
changes in irrigation recharge than Parson’s Slough. 
Flow reduction in Willow Springs was 11%, 17%, and 
27% in the three scenarios C1, F1, and CF, respec-
tively. Flow reduction in Parson’s Slough for these 
scenarios were 9%, 1%, and 10% (table 10). 

Similarly, Willow Springs was more sensitive than 
Parson’s Slough to conversion from flood irrigation 
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to center pivot systems (scenarios F1– F6, table 10). 
In the model, Willow Spring’s branches flow through 
flood-irrigated areas, while Parson’s Slough has less 
contact with flood-irrigated zones (fig. 20). Results 
from scenario F5 (converting flood area 4 to pivot) 
is a clear example of how the location and branching 
of drains (model cells that represent the spring) with 
respect to recharge zones can produce notable effects; 
there was a 16% reduction in Willow Springs flows 
compared to a 0.4% decrease in Parsons’s Slough 
(table 10). 

Scenario results showed that lining Creeklyn Canal 
(scenarios C7 to C9) did not have a large effect on 
Parson’s Slough or Willow Springs (table 10), most 
likely due to the Jefferson River forming a hydrologic 
boundary between Creeklyn Canal and these streams. 

In contrast, lining Creeklyn Canal had a noticeable ef-
fect on Jefferson River flows at Corbett station. 

These simulations demonstrate that split season 
irrigation can provide a source of delayed discharge to 
surface water by supplementing aquifer storage early 
in the irrigation season. However, it is important to 
evaluate the rate at which the early season ground-
water mound will dissipate. In the Waterloo area, the 
fields modeled with split season irrigation were too 
close to the surface-water features to allow for a suf-
ficient time lag given the relatively high transmissivity 
of the alluvial aquifer. 

UNCERTAINTY ANALYSIS

For any model predictions, there are two broad 
sources of uncertainty: (1) uncertainty linked to the 

!>

1,630 ft

Willow-9

Pa
rr

ot
 C
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Figure 38. Field data from Willow well 9 (GWIC 276285), located about 1,630 ft from Parrot Canal, shows a fast response to canal 
stage changes, due to high transmissivity and close proximity to the recharge source. Note that the canal is turned off annually each 
4th of July week (Julian day 182), corresponding to a rapid response in the water table elevation at Willow 9.
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model itself, and (2) uncertainty associated with accu-
rate specifications of future conditions (Anderson and 
others, 2015). 

The first type of uncertainty originates from the 
following:

(a) Error in field measurements of certain 
parameters. Thus, uncertainty in predictions 
stemming from error in calibration of these 
parameters can be reduced but not eliminated.

(b) Failure to capture the complexity of the natural 
setting relevant to the prediction. This error results 
from the conceptual model or from the spatial 
and temporal simplifications made during model 
construction and calibration. 

The second source of uncertainty occurs when 
predictions require estimating future stresses and 
properties (e.g., recharge rates affected by changes in 
climate), and future non-hydrogeological conditions, 
such as political, economic, and societal actions that 
may affect hydrologic stresses (e.g., conversion from 
agricultural land use to residential development). 

In this study, we focused on the first type—uncer-
tainty caused by errors in field parameter estimation 
and the simplifications of spatial and temporal param-
eters during model construction and calibration. We 
employed a basic uncertainty analysis that is similar to 
the scenario modeling method presented by Ander-
son and others (2015). Model parameters selected 
for uncertainty analysis are based on the sensitiv-
ity analysis, and on the uncertainty associated with 
the method of estimating some model parameters 
(e.g., leakage rates from irrigation canals). We in-
vestigated six parameters that were the most likely 
to affect predictions: 

1.  aquifer thickness, 

2.  horizontal hydraulic conductivity (Kh) in areas 
initially assigned as zones 1 and 2, 

3.  lateral groundwater influx (GWin-lat) in Parrot 
and Creeklyn boundaries, 

4.  canal leakage (CL) in the three irrigation canals, 

5.  aquifer storage coefficients (4 zones), and 

6.  groundwater influx and outflux to the alluvial 
aquifer across the southern and northern model 
boundaries. 

The uncertainty analysis involved completing the 
base run simulation and the three extreme scenario 
simulations (C1, F1, and CF) while changing one 
of the six parameters (e.g., aquifer thickness). Each 
parameter was varied by applying a low and a high 
multiplier, creating multiple versions of each model 
(table 11). The only exception was for changes to the 
zone 1 alluvium hydraulic conductivity, which was 
executed once with a low multiplier. A total of 100 
models included 27 versions of the base run, 23 ver-
sions of scenario C1, 27 versions of scenario F1, and 
23 versions of scenario CF (table 12). Each of the six 
parameters was considered to be independent, so that 
changing one parameter did not require changing any 
other parameters. 

The uncertainty assessment focused on simulat-
ing August surface-water flows in Parson’s Slough, 
Willow Springs, and the Jefferson River. The error in 
model prediction is the difference between each sce-
nario model’s August 2024 flows and that calculated 
by the base run, with changes to one parameter at a 
time. The assessment required running all 100 simula-
tions (table 12) and calculating the “error” between the 
base run and the scenarios for August 2024 flows. This 
collection (or “ensemble”) of errors define an envelope 
of uncertainty limits around the prediction (Anderson 
and others, 2015).

Table 11. Uncertainty analysis parameters. 

Uncertainty Parameter Multipliers 

Aquifer Thickness  0.5 & 1.5 

Hydraulic Conductivity (Kx, Ky) Zone 1 0.1 

Hydraulic Conductivity (Kx, Ky) Zone 2 0.1 & 2.0 

Parrot Canal—Lateral Groundwater Flux 0.75 & 1.25 

Parrot Canal—Leakage 0.75 & 1.25 

Creeklyn Canal—Lateral Groundwater Flux 0.75 & 1.25 

Creeklyn Canal—Leakage 0.75 & 1.25 

Jefferson Canal—Leakage 0.75 & 1.25 

South Boundary GW Flux 0.75 & 1.25 

North Boundary GW Flux 0.75 & 1.25 

Storage Coefficient Zone 1 0.1 & 10 

Storage Coefficient Zone 2 0.1 & 10 

Storage Coefficient Zone 3 0.1 & 10 

Storage Coefficient Zone 4 0.1 & 10 
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The model uncertainty analysis indicated that the 
greatest uncertainty is associated with the extreme sce-
nario CF (all canals lined and all flood irrigation con-
verted to center pivot systems). This simulation had a 
maximum error in predicting August flow in Parson’s 
Slough and Willow Springs of about 40% (fig. 39), but 
remained at less than 10% for most tested parameters. 
Note that there are two groups of prediction errors that 
exceeded 10% error (fig. 39). These were due to sharp 
reductions in the transmissivity of the aquifer, consis-
tent with the sensitivity analysis. For Jefferson River 
flows, the prediction error remained within 3% for the 
majority of scenarios using uncertainty parameters. 
The maximum error is less than 5% under conditions 
of low hydraulic conductivity (fig. 40). 

MODEL LIMITATIONS 

The Waterloo groundwater flow model is a useful 
tool for refining the conceptual model and evaluating 
the effects of changes in water management practices 
on groundwater and surface-water flows. However, the 
model has limitations, mainly due to scale, parameter 
uncertainty, and lack of precision of the calibrated 

river gains and losses. The modeling scale is limited 
to the Waterloo area and is not designed to account 
for flow calculations across the entire Jefferson River 
basin, beyond the model area. On the other hand, the 
model grid size (178 ft x 188 ft) may not be suitable 
to accurately simulate groundwater/surface-water 
interactions at a finer scale. The one-layer model grid 
cannot simulate vertical flow components in ground-
water/surface-water interactions; this limits the model 
to simulate heat exchange or contaminant transport 
within the alluvial aquifer only, not between the allu-
vium and the lower Tertiary sediments (fig. 6). 

Predictive sensitivity (uncertainty) analysis 
showed that parameter uncertainty is also a limitation 
on model results. In particular, the model predictions 
are sensitive to aquifer thickness, hydraulic conductiv-
ity, estimated inflow to the alluvial aquifer, and rates 
of canal leakage. 

The lack of calibration targets (water levels in 
wells) in the west and northwest areas of the model 
limits modeling losses and gains in some reaches 
along the Jefferson River. The calibration focused on 
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Figure 39. Model uncertainty analysis focused on the prediction error of the combined groundwater discharge to Parson’s Slough and 
Willow Springs. The figure shows the ensemble of prediction errors produced by the model.
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simulating Jefferson River flow at the downstream 
point at Corbett’s station and on estimating combined 
flows from Parson’s Slough and Willow Springs.

Additional field information would improve the 
current model. For example, more groundwater-level 
measurements and longer monitoring periods from 
existing or new wells in the northwest region of the 
model would yield better estimates of river conduc-
tance and improve the model calibration and predic-
tive power. Additional aquifer tests could improve 
the estimate of aquifer parameters, or confirm the 
calibrated ones. In addition, field measurements of 
Jefferson Canal leakage could provide a better leakage 
estimation.

More survey data and DEM information would 
help better develop the simulation of groundwater/
surface-water interactions that are naturally sensitive 
to elevation differences. With respect to streambed 
elevations, LiDAR is recommended as the most cost-
effective and efficient source of high-accuracy data. 
Also, additional lithological information can enhance 
the delineation of the alluvial aquifer thickness. This 

would increase the accuracy of estimating groundwa-
ter flow into the aquifer and the water budget calcula-
tions. 

The current model scenarios operate under the 
assumption that there is no reduction in diversions 
from the Jefferson River to the canals if the canals 
were lined or center pivot irrigation was used, i.e., the 
extra water is not accounted for. That requires more 
information to correlate leakage from irrigation canals 
to diversions, but this can be tested in a post audit 
study, where the decrease in diversions to the canals 
results in an increase in flows in the Jefferson River 
and groundwater, which would ultimately flow into 
the current model domain and offset the loss from the 
canal leakages. 

SUMMARY AND CONCLUSIONS

As development of land and water resources in-
crease, it is apparent that use of either resource affects 
the quantity and quality of the other (Hirsch, 1999). 
The objectives of this modeling study were to: (a) 
simulate the interactions between groundwater and 
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surface-water components of the flow system in the 
Waterloo area of the Jefferson River Valley, and (b) 
forecast the changes in surface-water discharge in Par-
son’s Slough, Willow Springs, and the Jefferson River 
due to changes in irrigation practices. 

The steady-state calibrated model simulated—
within specified error limits—the groundwater lev-
els, the groundwater discharge to Parson’s Slough 
and Willow Spring, and the Jefferson River flows at 
Corbett station. The model generated a balanced water 
budget that generally agreed with preliminary esti-
mates of model area inflows and outflows. The tran-
sient model displayed a reasonable match to changes 
in heads, and captured the seasonality of water-level 
changes. The transient model also matched the Jeffer-
son River monthly average flows measured at Corbett 
station. Eighteen future scenarios were tested to evalu-
ate the effects of changing irrigation practices (lining 
canals and/or converting flood irrigation to center 
pivot) on surface-water flows during the August flow 
period. Results from the simulations indicated a reduc-
tion in groundwater discharge to Parson’s Slough, Wil-
low Spring, and the Jefferson River. The overall result 
suggests lower late summer stream flows, and possible 
warmer stream temperatures, a condition that may af-
fect fish species in the area.
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APPENDIX A

WATERLOO AREA CONCEPTUAL 
WATER BUDGET
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APPENDIX A— WATERLOO AREA CONCEPTUAL WATER BUDGET 

A conceptual water budget was developed for the Waterloo area to aid in model construction and ensure that the amount 
of water entering and leaving the model through the boundaries was reasonable. This budget was largely based on the 
budget developed by Brancheau (2015) for the Waterloo area. The preliminary budget was modified during the model 
calibration process.  

1. Alluvial Groundwater Inflow (GWin-al)

Groundwater flowed into the model area at the upstream end of the model domain (fig. A1). The inflow at this boundary 
was calculated using the Darcy Flux Equation: 

Q = KAI, 

where Q is groundwater inflow (ft3/d); K is hydraulic conductivity of the aquifer (ft/d); A is cross-sectional area of the 
saturated alluvial aquifer at the boundary (ft2); and I is hydraulic gradient across the boundary (ft/ft or unitless). 

Brancheau (2015) estimated the aquifer thickness in this area to be 100 ft; however, further review of well logs showed 
that the deepest well was 159 ft, so we used a thickness of 200 ft. The alluvial width is estimated to be 10,600 ft based on 
geologic maps. The hydraulic conductivity was estimated to be 1,100 ft/d based on an aquifer test conducted in the 
alluvium near Waterloo, and lithologic descriptions from well logs. A gradient of 0.00235 was based on monitoring data. 

Table A1. Flow into the model area through the alluvium was estimated using the Darcy Flux Equation. 
K(ft/d) Width 

(ft) 
Sat Tk 

(ft) 
Area 
(ft2) 

I 
(ft/ft) 

BE Q 
(ft3/d) 

Q (acre-ft/yr) 

BE MinE MaxE BE MinE MaxE 
Jefferson River 1,100 825 1,375 10,600 200 2,120,000 0.00235 5,480,200 45,947 34,460 57,433 

Note. K, range based on aquifer tests, sediment descriptions, and literature values (Heath, 1983; Fetter, 1994). The 
likely range was based on a range of K values, which is the most variable, and uncertain, component of the calculation. 
BE, best estimate; MinE, minimum estimate; MaxE, maximum estimate. Width-based geologic maps: Sat Tk, saturated 
thickness, based on well logs; Area, width x Sat Tk; I, calculated using observed water levels from April 2015. 

Table A2. Monthly alluvial inflow (acre-ft). 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total 

BE 3,829 3,829 3,829 3,829 3,829 3,829 3,829 3,829 3,829 3,829 3,829 3,829 45,947 
MinE 2,872 2,872 2,872 2,872 2,872 2,872 2,872 2,872 2,872 2,872 2,872 2,872 34,460 
MaxE 4,786 4,786 4,786 4,786 4,786 4,786 4,786 4,786 4,786 4,786 4,786 4,786 57,433 

Note. The estimates for total annual inflow (table A1) were divided by 12 to estimate inflow in each month. 

Figure A1. Groundwater inflow and outflow occur along the edges of the model domain. Alluvial inflow occurs along the 
yellow segment at the southern end. Alluvial outflow occurs along the yellow segment on the northern end. Lateral 
groundwater inflow occurs along the numbered segments (table A3). 
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Table A2. Monthly alluvial inflow (acre-ft). 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total 

BE 3,829 3,829 3,829 3,829 3,829 3,829 3,829 3,829 3,829 3,829 3,829 3,829 45,947 
MinE 2,872 2,872 2,872 2,872 2,872 2,872 2,872 2,872 2,872 2,872 2,872 2,872 34,460 
MaxE 4,786 4,786 4,786 4,786 4,786 4,786 4,786 4,786 4,786 4,786 4,786 4,786 57,433 

Note. The estimates for total annual inflow (table A1) were divided by 12 to estimate inflow in each month. 

Figure A1. Groundwater inflow and outflow occur along the edges of the model domain. Alluvial inflow occurs along the 
yellow segment at the southern end. Alluvial outflow occurs along the yellow segment on the northern end. Lateral 
groundwater inflow occurs along the numbered segments (table A3). 
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2. Lateral Groundwater Inflow (GWin-lat) 

Groundwater inflow along the lateral edges of the model (fig. A1). The groundwater inflow was calculated by subtracting 
estimated evapotranspiration (based on plant types) from precipitation (PRISM 30-yr normal; PRISM, 2018) in the areas 
upgradient from each lateral edge, and assuming that half of the remaining water would run off and half would recharge 
the groundwater system.  

Table A3. Estimated evapotranspiration—Highland Mountains. 

Vegetation Group Area (acres) 
ET Rate 
(ft/yr) 

ET 
(acre-ft/yr) 

Upland Sagebrush 5,350 1.1 5,885 
Douglas Fir 8,477 1.4 11,868 
Shrub/Grass Lowlands 9,765 1.0 9,765 
Mixed Evergreen 8,290 1.8 14,923 
High Xeric Grasses 2,472 1.2 2,967 
Ag Lands 309 2.1 650 
Mesic Meadow 1,216 1.7 2,067 
Whitebark Pine 2,838 2.2 6,244 
Alpine Rangeland, 
Deciduous Shrubs 864 2.0 1,728 
Developed 186 1.0 186 
Riparian 170 2.3 392 
TOTAL 39,939 — 56,674 

 

Table A4. Estimated evapotranspiration—Tobacco Root Mountains. 

Vegetation Group 
Area 

(acres) 
ET Rate 

(ft/yr) 
ET 

(acre-ft/yr) 
Upland Sagebrush 4,593 1.1 5,053 
Douglas Fir 12,942 1.4 18,118 
Shrub/Grass Lowlands 2,046 1.0 2,046 
Mixed Evergreen 3,215 1.8 5,787 
High Xeric Grasses 343 1.2 412 
Ag Lands 1,995 2.1 4,190 
Mesic Meadow 757 1.7 1,287 
Whitebark Pine 1,492 2.2 3,283 
Alpine Rangeland, 
Deciduous Shrubs 181 2.0 361 
Developed 206 1.0 206 
Riparian 422 2.3 971 
TOTAL 28,193 --- 41,715 

 

Table A5. Lateral groundwater inflow calculated based on precipitation and vegetation types. 

  
Area 

(acres) 

Average 
PCP 
(in/yr) 

Annual 
PCP 

(acre-ft/yr) 

Estimated ET (acre-ft/yr) 
Excess Water  

(acre-ft/yr) GWlat (acre-ft/yr

BE MinE+ MaxE+ BE MinE MaxE BE MinE M
Highlands 39,939 18.36 61,116 56,674 53,840 59,508 4,442 1,608 7,276 2,221 804 3
Tobacco Root 28,193 19.02 44,676 41,715 39,629 43,801 2,961 875 5,047 1,480 438 2

TOTAL*                   3,701 1,942 5
+ET values were considered to be the most uncertain element of the calculation, and their range was estimated based on 
5% error. 
#GWlat was estimated by assuming that half of the excess water infiltrates to groundwater. 
*Total range was based on root sum of squares error propagation. 
Note. Lateral groundwater inflow was applied to the edges based on the side of the model (Highlands vs. Tobacco Root), 
and the length  
of each segment (fig. A1). Values were distributed by month by dividing the total by 12. 
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Table A5. Lateral groundwater inflow calculated based on precipitation and vegetation types. 

Area 
(acres) 

Average 
PCP 
(in/yr) 

Annual 
PCP 

(acre-ft/yr) 

Estimated ET (acre-ft/yr) 
Excess Water  

(acre-ft/yr) GWlat (acre-ft/yr)# 

BE MinE+ MaxE+ BE MinE MaxE BE MinE MaxE 
Highlands 39,939 18.36 61,116 56,674 53,840 59,508 4,442 1,608 7,276 2,221 804 3,638 
Tobacco Root 28,193 19.02 44,676 41,715 39,629 43,801 2,961 875 5,047 1,480 438 2,523 

TOTAL* 3,701 1,942 5,461 
+ET values were considered to be the most uncertain element of the calculation, and their range was estimated based on 5% error.
#GWlat was estimated by assuming that half of the excess water infiltrates to groundwater.
*Total range was based on root sum of squares error propagation.
Note. Lateral groundwater inflow was applied to the edges based on the side of the model (Highlands vs. Tobacco Root), and the length
of each segment (fig. A1). Values were distributed by month by dividing the total by 12.

Table A6. Monthly lateral groundwater inflow (acre-ft). 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct  Nov Dec Total 

BE 308 308 308 308 308 308 308 308 308 308 308 308 3,701 
MinE 162 162 162 162 162 162 162 162 162 162 162 162 1,942 
MaxE 455 455 455 455 455 455 455 455 455 455 455 455 5,461 

3. Canal Leakage (CL)

The Parrot, Creeklyn, and Jefferson Canals leak water to the underlying aquifer from mid-April to mid-October (fig. A1). 
Monitoring data was used to estimate overall average leakage rates of 1.31 and 1.36 cfs/mi on the Parrot and Creeklyn 
Canals, respectively. The average of these rates (1.34 cfs/mi) was assigned to the Jefferson Canal. The total amount of 
leakage was based on multiplying canals were separated into the same segments used to calculate lateral groundwater 
inflow (fig. A1). 

Table A7. Annual canal leakage amounts. 

Canal 

Leakage Rate (cfs/mi) 

Miles 
BE 
cfs 

BE 
ft3/d 

Days on 
per year 

BE Leakage Leakage (acre-ft/yr) 

BE MinE MaxE (ft3/yr) BE  MinE  MaxE 
Parrot 1.31 1.18 1.44 5.70 7.46 644,973 183.5 118,352,520 2,717 2,445 2,989 
Creeklyn 1.36 1.22 1.50 4.44 6.04 521,533 183.5 95,701,320 2,197 1,977 2,417 
Jefferson 1.34 1.21 1.47 1.41 1.88 162,846 183.5 29,882,160 686 617 755 

TOTAL 5,600 5,244 5,956 
Note. The likely range was based on a 10% error for the range of leakage rates, which is the most variable, and uncertain, 
component  
of the calculation. 

Table A8. Monthly canal leakage amounts. 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total 

Days on 0 0 0 15 31 30 31 31 30 15.5 0 0 183.5 
BE 0 0 0 458 946 916 946 946 916 473 0 0 5,600 

MinE 0 0 0 429 886 857 886 886 857 443 0 0 5,244 
MaxE 0 0 0 487 1006 974 1006 1006 974 503 0 0 5,956 

Note. The estimates for total annual inflow (table A-7) were divided by the days the canal is on (183.5 d), and 
multiplied  by the days on in each month. 
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Table A10. Annual IWR calculated irrigation recharge rates. 

Irrigation & Vegetation Type 
Area 

(acres) 
Annual Totals (acre-ft/yr) 

BE MinE MaxE 
Pivot (Pasture Grass, Alfalfa Hay, 50/50, other) 1,498 446 401 491 
Sprinkler (Pasture Grass, 50/50, other) 810 568 512 625 
Sprinkler (Alfalfa Hay) 214 356 320 392 
Flood (Pasture Grass, other) 1,333 6,223 5,601 6,845 
Flood (50/50) 602 3,135 2,821 3,448 
Flood (Alfalfa Hay) 64 368 331 405 
TOTAL   11,096 10,394 11,798 

Note. Ranges were based on 10% error. 

  

4. Irrigation Recharge (IR) 

When more water is applied to fields than the crops can use, the excess may evaporate, run off, infiltrate and be stored within the root zone, or 
infiltrate through the root zone to create groundwater recharge (i.e., irrigation recharge). The Waterloo model area is affected by irrigation 
recharge within the model domain, and by irrigation recharge occurring immediately upgradient from the model boundaries. Irrigation recharge 
within the model domain was assigned as groundwater recharge. Upgradient irrigation recharge was applied at the segmented specified flux 
boundaries at the edges of the model domain (fig. A1). 
 
The NRCS’s Irrigation Water Requirements (IWR) program was used to calculate the amount of irrigation recharge (NRCS, 2003, 2019a; 
Brancheau, 2015; Butler and Bobst, 2017). This analysis considers soil types, crop type, irrigation method, and climate. Sandy loam is the 
predominant soil type within the study area (NRCS, 2019b). Field observations and landowner interviews indicated that in 2014 crop types 
included native grass, 50/50 alfalfa-grass mix, alfalfa, barley, peas, potatoes, corn, sod, and conifer trees. This was simplified into four classes of 
grass, 50/50 mix, alfalfa, and other. The “other” crops compose a small percentage of the crop land, and have similar irrigation requirements. The 
irrigated acres and irrigation types were based on the MT Department of Revenue’s Final Land Units (FLU) Classification coverage (obtained 
from http://geoinfo.msl.mt.gov/), MDOR, 2013), with modifications based on aerial photographs and field observations. Irrigation efficiency was 
set at 25% for flood, 65% for sprinkler, and 80% for pivot (NRCS, 1993; Sterling and Neibling, 1994). 
 
Table A9. Monthly IWR calculated irrigation recharge rates. 

Irrigation & Vegetation Type 
Area 

(acres) 
Monthly IR (acre-ft/mo) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Pivot (Pasture Grass, Alfalfa Hay, 50/50, 
other) 1,498 0 0 0 0 0 124 171 144 6 0 0 0 
Sprinkler (Pasture Grass, 50/50, other) 810 0 0 0 0 10 146 202 169 42 0 0 0 
Sprinkler (Alfalfa Hay) 214 0 0 0 0 5 92 119 99 40 0 0 0 
Flood (Pasture Grass, other) 1,333 0 0 0 0 398 1,450 1,993 1,690 693 0 0 0 
Flood (50/50) 602 0 0 0 0 220 738 997 833 346 0 0 0 
Flood (Alfalfa Hay) 64 0 0 0 0 28 87 116 96 40 0 0 0 
TOTAL   0 0 0 0 660 2,638 3,599 3,031 1,168 0 0 0 
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5. Alluvial Groundwater Outflow (GWout-al) 

Groundwater outflow occurs through the alluvium on the northern side of the model domain (fig. A1). The groundwater outflow was calculated 
using the Darcy Flux Equation (see Alluvial Groundwater Inflow section). 

Table A11. Groundwater flow out of the model area through the Jefferson River alluvium was estimated using the Darcy Flux Equation. 

 

K (ft/d) Width Sat Tk Area I BE Q Q (acre-ft/yr) 

BE MinE MaxE (ft) (ft) (ft2) (ft/ft) (ft3/d) BE MinE MaxE 
Jefferson River 1,100 825 1,375 6,400 200 1,280,000 0.0023 3,238,400 27,154 20,365 33,942 

Note. K, range based on aquifer tests, sediment descriptions, and literature values (Heath, 1983; Fetter, 1994). The likely range  
was based on a range of K values, which is the most variable, and uncertain, component of the calculation. BE, best estimate;  
MinE, minimum estimate; MaxE, maximum estimate. Width-based geologic maps: Sat Tk, saturated thickness, based on well logs;  
Area, width x Sat Tk; I, calculated using observed water levels from April 2015. 
 

Table A12. Monthly alluvial outflow (acre-ft). 
   Jan Feb Mar Apr May Jun Jul Aug Sep Oct  Nov Dec Total 

BE  2,263 2,263 2,263 2,263 2,263 2,263 2,263 2,263 2,263 2,263 2,263 2,263 27,154 
MinE  1,697 1,697 1,697 1,697 1,697 1,697 1,697 1,697 1,697 1,697 1,697 1,697 20,365 
MaxE  2,829 2,829 2,829 2,829 2,829 2,829 2,829 2,829 2,829 2,829 2,829 2,829 33,942 

Note. The estimates for total annual outflow (table A-9) were divided by 12 to get monthly values. 
  

6. Riparian Evapotranspiration (ETr) 

Where groundwater is close to the ground surface, some plants, such as willow, cottonwood, and riparian grasses, can 
directly remove (transpire) groundwater from the saturated zone.  

LANDFIRE data (USGS, 2010) showed that 547 acres have riparian plant coverage in the Waterloo area. Using a 
potential ET (PET) rate of 1.83 ft/yr (Hackett and others, 1960; Lautz, 2008), an upper bound estimate of 1,002 acre-ft/yr 
is calculated. Since the depth to groundwater in this area averages about 5 ft, and a 10 ft extinction depth is often used for 
riparian vegetation, the ETr value for this area is likely about 50% of the upper bound. The range of values is based on 
25% to 75% of the upper bound. The total values were distributed through the growing season (May–Sep) based on 
average monthly temperatures. 

 

Table A13. Summary of annual actual riparian evapotranspiration. 
   Jan Feb Mar Apr May Jun Jul Aug Sep Oct  Nov Dec Total 
BE  0 0 0 0 47 103 149 133 69 0 0 0 501 
MinE  0 0 0 0 24 51 74 67 35 0 0 0 251 
MaxE  0 0 0 0 71 154 223 200 104 0 0 0 752 

Note. BE is based on 50% of PET. MinE and MaxE are based on 25% and 75% of PET. 
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7. Well Pumping (WEL) 

Well pumping amounts are based on the number and type of pumping wells (GWIC, 2016; DNRC, 2016): 
 
Table A14. Summary of types of wells.  
Livestock 15 
Irrigation 3 
Domestic 61 

 
Livestock Wells 

Water used by livestock is assumed to be 100% consumed. The total amount of water used for livestock was based on the 
acreage of the Waterloo area relative to the area of Madison County, and the estimated water use for livestock in Madison 
County (770,000 gpd; Cannon and Johnson, 2004). This resulted in a usage of 2,646 gpd from the 15 wells, or 176 gpd 
per well. This is equivalent to pumping each of the wells for 35 min per day at 5 gpm. The calculated consumptive use 
was 2.97 acre-ft/yr. The distribution of livestock water use was split among months using a time-weighted distribution.  

Table A15. Livestock water use (acre-ft). 
  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total 
Days 31 28.25 31 30 31 30 31 31 30 31 30 31 365.25 

BE 0.25 0.23 0.25 0.24 0.25 0.24 0.25 0.25 0.24 0.25 0.24 0.25 2.97 
MinE 0.23 0.21 0.23 0.22 0.23 0.22 0.23 0.23 0.22 0.23 0.22 0.23 2.67 
MaxE 0.28 0.25 0.28 0.27 0.28 0.27 0.28 0.28 0.27 0.28 0.27 0.28 3.27 

Note. The range of likely values was based on an estimated uncertainty of ±10%. 

  
Irrigation Wells 
The use of water by the three irrigation wells was based on water rights, air photos, and calculations using DNRCs IWR 
program. 
 
Table A16. Summary of irrigation well annual total pumping. 

GWIC 
ID or 
Water 
Right 

Acres 
Irrigated1 

Annual Use2 (acre-ft) 

BE MinE MaxE 
107066 18 48 43 53 
107064 12 27 25 30 
130437 17 26 23 28 
TOTAL 47 101 91 111 

1Acres irrigated based on DNRC water rights information and NAIP areal imagery. 
2Annual rates based on DNRC’s Water Use Standards (ARM 36.12.115; 2.5 ft/yr for hay) and water right information. 
3The range of likely values was based on an estimated uncertainty of ±10%. 
 

Table A17. Monthly distribution of BE irrigation well pumping (acre-ft). 
GWIC ID Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec Total 

107066 0.0 0.0 0.0 0.0 3.6 10.7 15.0 13.5 5.0 0.2 0.0 0.0 48 
107064 0.0 0.0 0.0 0.0 0.0 6.6 9.3 8.4 3.1 0.0 0.0 0.0 27 
130437 0.0 0.0 0.0 0.0 1.9 5.7 8.0 7.2 2.6 0.1 0.0 0.0 26 

1Monthly values are annual rates distributed based on monthly crop requirements from NRCS’s IWR program, and water 
rights dates. 
2The range of likely values was based on an estimated uncertainty of ±10%. 
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Domestic Wells 

The consumptive use for the 61 domestic wells was based on a previous GWIP study (Waren and others, 2012) which used 15 yr of subdivision 
water-use records near Helena, MT, to calculate an average annual usage rate of 0.49 acre-ft/yr per home.  

Table A18. Domestic well pumping rates (61 wells; acre-ft). 
    Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec Total 
BE   0.09 0.09 0.12 0.18 3.03 5.41 7.79 7.85 4.22 0.71 0.15 0.06 29.7 
MinE   0.08 0.08 0.11 0.16 2.73 4.87 7.01 7.07 3.80 0.64 0.13 0.05 26.7 
MaxE   0.10 0.10 0.13 0.20 3.34 5.95 8.57 8.64 4.65 0.79 0.16 0.07 32.7 

Note. Total annual rate and distribution by month based on Waren and others, 2012. The range of likely values was  
based on an estimated uncertainty of ±10%. 
 
Total Well Pumping 

Table A19. Summary of well pumping rates by month (acre-ft). 
  Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec BE MinE MaxE 
Livestock 0.25 0.23 0.25 0.24 0.25 0.24 0.25 0.25 0.24 0.25 0.24 0.25 3.0 2.7 3.3 
Irrigation 0.00 0.00 0.00 0.03 5.57 23.03 32.28 29.04 10.70 0.26 0.00 0.00 100.9 91.0 111.0 
Domestic 0.09 0.09 0.12 0.18 3.03 5.41 7.79 7.85 4.22 0.71 0.15 0.06 29.7 26.7 32.7 
TOTAL 0.34 0.32 0.37 0.45 8.85 28.68 40.32 37.14 15.16 1.22 0.39 0.31 133.6 120.4 147.0 

 
 

 

  

8. Net Outflow from Groundwater to Surface-Water (SWnet) 

The net discharge from groundwater to surface waters was based on the difference between the calculated inflows and 
outflows (table A21). Monthly values were estimated based on monitoring data from groundwater-fed streams (Parson’s 
Slough and Willow Springs). Note that these gains occur along Parson’s Slough, Willow Springs, and the mainstem of the 
Jefferson River. 

Using best estimate (BE) values, calculated inflows totaled 66,345 acre-ft/yr (table A22), and calculated outflows other 
than surface water totaled 27,789 acre-ft/yr. Therefore, it is estimated that the average net groundwater discharge to 
surface waters is about 38,556 acre-ft/yr (53 cfs, on average). Using the likely range of inflow and outflow values based 
on root sum of squares error propagation (MinE and MaxE), the likely range of net surface water gain was estimated to be 
from 25,073 to 52,040 acre-ft/yr (35–72 cfs). The best estimate value also correlates well with the monitoring-based 
estimate of surface-water gains in this area developed by Brancheau (2015) of 39,974 acre-ft/yr (55 cfs). 

Table A20. Estimated net flow from groundwater to surface waters (acre-ft). 
  Jan Feb Mar Apr May Jun Jul Aug Sep Oct  Nov Dec Total 
BE 3,071 2,537 2,497 2,418 3,090 3,248 3,624 4,361 3,677 3,403 3,272 3,359 38,556 
MinE 1,997 1,650 1,623 1,572 2,009 2,112 2,356 2,836 2,391 2,213 2,128 2,184 25,073 
MaxE 4,145 3,424 3,370 3,264 4,170 4,384 4,891 5,887 4,963 4,593 4,416 4,533 52,040 
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9. Overall Budget
Table A21. Waterloo preliminary groundwater budget (acre-ft).

Jan Feb  Mar  Apr  May Jun Jul  Aug Sep Oct  Nov  Dec  

An

Inflows BE M

GWin-al 3,829 3,829 3,829 3,829 3,829 3,829 3,829 3,829 3,829 3,829 3,829 3,829 45,947 34

GWin-lat 309 309 309 309 309 309 309 309 309 309 309 309 3,702 
CL 0 0 0 458 946 916 946 946 916 473 0 0 5,600 5

IR 0 0 0 0 660 2,638 3,599 3,031 1,168 0 0 0 11,096 10

 Total Inflow 4,137 4,137 4,137 4,595 5,744 7,691 8,682 8,114 6,221 4,610 4,137 4,137 66,345 54

Outflows 

GWout-al 2,263 2,263 2,263 2,263 2,263 2,263 2,263 2,263 2,263 2,263 2,263 2,263 27,154 20

ETr 0 0 0 0 47 103 149 133 69 0 0 0 501 
WEL 0.3 0.3 0.4 0.4 8.9 28.7 40.3 37.1 15.2 1.2 0.4 0.3 134 

SWnet* 3,071 2,537 2,497 2,418 3,090 3,248 3,624 4,361 3,677 3,403 3,272 3,359 38,556 25

 Total Outflow 5,334 4,880 4,760 4,681 5,409 5,643 6,075 6,794 6,024 5,667 5,535 5,622 66,345 5

S  -1,179 -663 -622 -86 335 2,048 2,607 1,320 197 -1,057 -1,398 -1,484 0 
Note. Change in storage (S) is calculated as the difference between monthly inflows and outflows. GWin-al, alluvial 
groundwater inflow; GWin-lat, lateral groundwater inflow; CL, canal leakage; IR, irrigation recharge; GWout-al, alluvial 
groundwater outflow; ETr, riparian evapotranspiration;  
WEL, well pumping; SWnet, net ouflow from groundwater to surface waters. 

 

Table A22: Groundwater budget developed by Brancheau (2015).

low high

   Darcy Influx 22,364 10% 20,128 24,601 23,371
  Lateral Groundwater Influx 3,702 10% 3,332 4,072 3,869
  Canal Leakage 12,829 5% 12,187 13,470 13,406
  Irrigation Recharge 11,096 5% 10,541 11,651 11,595

TOTAL IN 49,991 52,241

  GWout

  Darcy Fluxout 13,503 10% 12,153 14,853 12,963

  Spring-fed Streams 16,365 5% 15,547 17,183 15,670
  Evapotranspiration 1,002 10% 902 1,102 957
  Jefferson River Recharge 23,609 10% 21,248 25,970 22,653

TOTAL OUT 54,479 52,243

   GWin

Initial 
Estimate 

(acre-ft/yr)

Uncertainty 
(%)

Range (are-ft/yr) Adjusted Estimate  
(acre-ft/yr)
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APPENDIX B

JEFFERSON RIVER SLOPE 
CALCULATIONS
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From Survey data:
Elevation of 0.00 on Staff Gage at Corbett’s (downstream end) = 4405.081 ft-amsl
Elevation of Rebar at Funston’s = 4469.951 ft-amsl (~3 ft above 0.00 on gage) ~ 4466.951
Elevation of Rebar at Silver Star = 4516.52 ft-amsl (per our survey 0.00 is 5.28 ft lower) = 4511.24

From Google:
River miles from Silver Star to Corbett’s = 12.9 miles – Overall Slope = 106/68,112 = 0.001556 ft/ft
River miles from Silver Star to Funston’s = 6.12 miles – Slope = 44/32,314 = 0.001362
River miles from Funston’s to Corbett’s = 6.78 miles – Slope = 62/35,798 = 0.001732

Source:
Andrew L Bobst
Hydrogeologist/Project Manager
Groundwater Investigations Program
Montana Bureau of Mines and Geology
1300 W. Park
Butte, MT 59701
abobst@mtech.edu
406-496-4409
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APPENDIX C

HUNT AQUIFER TEST RESULTS
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APPENDIX C 
Hunt Aquifer Test Results (Hunt, 2015) 

Figure C1. Location of Hunt aquifer test 
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Figure C2. Observation well (OW1) analysis (Neuman method) 
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Figure C3. Observation well (OW2) analysis (Neuman method) 
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APPENDIX D

MODEL CONSTRUCTION
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Grid construction item Value

Rows 150

Columns 150

Layers 1

Total area 27.13 sq mi

Active area 12.31 sq mi

Row spacing 178.18 ft

Column spacing 188.66 ft

Number of active cells 10,212

No. Inactive/no-flow cells 12,288

Vertical datum NAVD 88

Spatial units feet

Temporal units days

Max thickness 215 ft

Min thickness 199 ft

Max saturated thickness* 208 ft

Min saturated thickness* 109 ft

No. STR cellsa 795

No. DRN cellsb 285

No. WELL cellsc 578

Coordinate system State Plane MT FIPS 
2500, International Ft

*Steady-state simulation results
aMODFLOW STR Package cells represent Jefferson River
b MODFLOW DRN Package cells represent Parson’s Slough and Willow Spring
cMODFLOW WELL Package cells represent pumping wells, canal leakage, alluvial Darcy flow, and lateral groundwater 

flux

Table D1. Summary of model grid construction.
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Start Date Stress 
Period #

Stress 
period 
length 
(days)

No. of 
time steps

Time step 
length 
(days)

Simulation 
Type Remarks

Mar‐04 1 1 1 1 Steady-
State

Apr‐04 2 30 6 5.0 Transient Skipped during calibration
May‐04 3 31 6 5.2 Transient ""
Jun‐04 4 30 6 5.0 Transient ""
Jul‐04 5 31 6 5.2 Transient ""

Aug‐04 6 31 6 5.2 Transient ""
Sep‐04 7 30 6 5.0 Transient ""
Oct‐04 8 31 6 5.2 Transient ""
Nov‐04 9 30 6 5.0 Transient ""
Dec‐04 10 31 6 5.2 Transient ""
Jan‐05 11 31 6 5.2 Transient ""
Feb‐05 12 28 6 4.7 Transient ""
Mar‐05 13 31 6 5.2 Transient ""
Apr‐05 14 30 6 5.0 Transient ""
May‐05 15 31 6 5.2 Transient ""
Jun‐05 16 30 6 5.0 Transient ""
Jul‐05 17 31 6 5.2 Transient ""

Aug‐05 18 31 6 5.2 Transient ""
Sep‐05 19 30 6 5.0 Transient ""
Oct‐05 20 31 6 5.2 Transient ""
Nov‐05 21 30 6 5.0 Transient ""
Dec‐05 22 31 6 5.2 Transient ""
Jan‐06 23 31 6 5.2 Transient ""
Feb‐06 24 28 6 4.7 Transient ""
Mar‐06 25 31 6 5.2 Transient ""
Apr‐06 26 30 6 5.0 Transient ""
May‐06 27 31 6 5.2 Transient ""
Jun‐06 28 30 6 5.0 Transient ""
Jul‐06 29 31 6 5.2 Transient ""

Aug‐06 30 31 6 5.2 Transient ""
Sep‐06 31 30 6 5.0 Transient ""
Oct‐06 32 31 6 5.2 Transient ""
Nov‐06 33 30 6 5.0 Transient ""
Dec‐06 34 31 6 5.2 Transient ""
Jan‐07 35 31 6 5.2 Transient ""
Feb‐07 36 28 6 4.7 Transient ""
Mar‐07 37 31 6 5.2 Transient ""
Apr‐07 38 30 6 5.0 Transient ""
May‐07 39 31 6 5.2 Transient ""
Jun‐07 40 30 6 5.0 Transient ""
Jul‐07 41 31 6 5.2 Transient ""

Table D2. Stress periods and time steps applied to the Waterloo model.
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Start Date Stress 
Period #

Stress 
period 
length 
(days)

No. of 
time steps

Time step 
length 
(days)

Simulatio
n Type

Remarks

Aug‐07 42 31 6 5.2 Transient Skipped during calibration
Sep‐07 43 30 6 5.0 Transient ""
Oct‐07 44 31 6 5.2 Transient ""
Nov‐07 45 30 6 5.0 Transient ""
Dec‐07 46 31 6 5.2 Transient ""
Jan‐08 47 31 6 5.2 Transient ""
Feb‐08 48 29 6 4.8 Transient ""
Mar‐08 49 31 6 5.2 Transient ""
Apr‐08 50 30 6 5.0 Transient ""
May‐08 51 31 6 5.2 Transient ""
Jun‐08 52 30 6 5.0 Transient ""
Jul‐08 53 31 6 5.2 Transient ""
Aug‐08 54 31 6 5.2 Transient ""
Sep‐08 55 30 6 5.0 Transient ""
Oct‐08 56 31 6 5.2 Transient ""
Nov‐08 57 30 6 5.0 Transient ""
Dec‐08 58 31 6 5.2 Transient ""
Jan‐09 59 31 6 5.2 Transient ""
Feb‐09 60 28 6 4.7 Transient ""
Mar‐09 61 31 6 5.2 Transient ""
Apr‐09 62 30 6 5.0 Transient ""
May‐09 63 31 6 5.2 Transient ""
Jun‐09 64 30 6 5.0 Transient ""
Jul‐09 65 31 6 5.2 Transient ""
Aug‐09 66 31 6 5.2 Transient ""
Sep‐09 67 30 6 5.0 Transient ""
Oct‐09 68 31 6 5.2 Transient ""
Nov‐09 69 30 6 5.0 Transient ""
Dec‐09 70 31 6 5.2 Transient ""
Jan‐10 71 31 6 5.2 Transient ""
Feb‐10 72 28 6 4.7 Transient ""
Mar‐10 73 31 6 5.2 Transient ""
Apr‐10 74 30 6 5.0 Transient ""
May‐10 75 31 6 5.2 Transient ""
Jun‐10 76 30 6 5.0 Transient ""
Jul‐10 77 31 6 5.2 Transient ""
Aug‐10 78 31 6 5.2 Transient ""
Sep‐10 79 30 6 5.0 Transient ""
Oct‐10 80 31 6 5.2 Transient ""
Nov‐10 81 30 6 5.0 Transient ""
Dec‐10 82 31 6 5.2 Transient ""

Table D2 (Continued). Stress periods and time steps applied to the Waterloo model.
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Start Date Stress 
Period #

Stress 
period 
length 
(days)

No. of 
time steps

Time step 
length 
(days)

Simulatio
n Type

Remarks

Jan‐11 83 31 6 5.2 Transient Skipped during calibration
Feb‐11 84 28 6 4.7 Transient ""
Mar‐11 85 31 6 5.2 Transient ""
Apr‐11 86 30 6 5.0 Transient ""
May‐11 87 31 6 5.2 Transient ""
Jun‐11 88 30 6 5.0 Transient ""
Jul‐11 89 31 6 5.2 Transient ""
Aug‐11 90 31 6 5.2 Transient ""
Sep‐11 91 30 6 5.0 Transient ""
Oct‐11 92 31 6 5.2 Transient ""
Nov‐11 93 30 6 5.0 Transient ""
Dec‐11 94 31 6 5.2 Transient ""
Jan‐12 95 31 6 5.2 Transient ""
Feb‐12 96 29 6 4.8 Transient ""
Mar‐12 97 31 6 5.2 Transient ""
Apr‐12 98 30 6 5.0 Transient ""
May‐12 99 31 6 5.2 Transient ""
Jun‐12 100 30 6 5.0 Transient ""
Jul‐12 101 31 6 5.2 Transient ""
Aug‐12 102 31 6 5.2 Transient ""
Sep‐12 103 30 6 5.0 Transient ""
Oct‐12 104 31 6 5.2 Transient ""
Nov‐12 105 30 6 5.0 Transient ""
Dec‐12 106 31 6 5.2 Transient ""
Jan‐13 107 31 6 5.2 Transient ""
Feb‐13 108 28 6 4.7 Transient ""
Mar‐13 109 31 6 5.2 Transient ""
Apr‐13 110 30 6 5.0 Transient Start calibration simulation
May‐13 111 31 6 5.2 Transient Calibration simulation
Jun‐13 112 30 6 5.0 Transient ""
Jul‐13 113 31 6 5.2 Transient ""
Aug‐13 114 31 6 5.2 Transient ""
Sep‐13 115 30 6 5.0 Transient ""
Oct‐13 116 31 6 5.2 Transient ""
Nov‐13 117 30 6 5.0 Transient ""
Dec‐13 118 31 6 5.2 Transient ""
Jan‐14 119 31 6 5.2 Transient ""
Feb‐14 120 28 6 4.7 Transient ""
Mar‐14 121 31 6 5.2 Transient ""
Apr‐14 122 30 6 5.0 Transient ""
May‐14 123 31 6 5.2 Transient ""

Table D2 (Continued). Stress periods and time steps applied to the Waterloo model.
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Start Date Stress 
Period #

Stress 
period 
length 
(days)

No. of 
time steps

Time step 
length 
(days)

Simulatio
n Type

Remarks

Jun‐14 124 30 6 5.0 Transient Calibration simulation
Jul‐14 125 31 6 5.2 Transient ""
Aug‐14 126 31 6 5.2 Transient ""
Sep‐14 127 30 6 5.0 Transient ""
Oct‐14 128 31 6 5.2 Transient ""
Nov‐14 129 30 6 5.0 Transient ""
Dec‐14 130 31 6 5.2 Transient ""
Jan‐15 131 31 6 5.2 Transient ""
Feb‐15 132 28 6 4.7 Transient ""
Mar‐15 133 31 6 5.2 Transient ""
Apr‐15 134 30 6 5.0 Transient ""
May‐15 135 31 6 5.2 Transient ""
Jun‐15 136 30 6 5.0 Transient ""
Jul‐15 137 31 6 5.2 Transient ""
Aug‐15 138 31 6 5.2 Transient ""
Sep‐15 139 30 6 5.0 Transient ""
Oct‐15 140 31 6 5.2 Transient ""

Table D2 (Continued). Stress periods and time steps applied to the Waterloo model.

Figure D1. The distribution of the difference between DEM and land surveyed points (Sept 2016). 
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Figure D2. Schematic of the stream package (STR) shows the network of segments and reaches (from 
Prudic and others, 2004). The stream is divided into segments (arches between yellow triangles) in a 
sequential order indicated by the first number. A stream segment can extend over multiple model grid 
cells. Within each grid cell, the segment is defined by a reach number (second number), only one reach 
number per cell. The number of reaches represent the number of cells a segment passes through (e.g., 
the first segment passes through three cells, it has three reaches designated as 1.1, 1.2, and 1.3).  
Diversions and junctions can also be incorporated into the network. 
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Figure D3. Three segments of the stream package (STR) represent the Jefferson River within the model 
area[GM1]. Stream segment 2 consists of one cell to simulate water diverted from the river. The diverted 
water flows through the Jefferson Canal and part of the flow returns to the simulated aquifer as canal 
leakage. 
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Figure D4. A schematic of the stream package (STR) shows that when the head in the aquifer exceeds the 
stream’s head (e.g., Jefferson River stage), water discharges from the aquifer to the stream (gaining 
stream). But when head in the stream exceeds the head in the aquifer, water infiltrates from the stream to 
the aquifer (losing stream). The rate of exchange is also controlled by the streambed conductance, a 
function of streambed vertical hydraulic conductivity and streambed geometry (W, L, and M).  

Figure D5. Schematic of the drain package (DRN) shows that when the head in the aquifer exceeds the 
drain’s bed elevation (e.g., Willow Springs bed elevation), groundwater discharges from the aquifer to the 
drain, and the drain collects water. When the head in the aquifer is equal to or less than the drain’s bed 
elevation, there is no exchange of groundwater between the aquifer and the drain. The drain boundary 
condition only allows groundwater to flow in one direction, from the aquifer to the drain. The flow rate is also 
controlled by the drain’s bed conductance, a function of drain bed vertical hydraulic conductivity and drain 
bed geometry (W, L, and M).  

width (W)

bed thickness  (M)
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head in aquifer  (hi jk) 

bed elevation 

width (W)
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APPENDIX E

MODEL RESULTS
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GWIC Id Observed Average       
(GWE ft-amsl)

Modeled               GWE* 
(ft-amsl)

Residual (ft)            
(observed - modeled)

107080 4453.35 4454.32 -0.97
195941 4458.34 4461.31 -2.97
209718 4439.01 4439.06 -0.05
259547 4461.78 4463.03 -1.25
261912 4464.04 4466.72 -2.68
276038 4451.55 4453.14 -1.59
276041 4455.34 4456.37 -1.03
276103 4434.22 4435.14 -0.92
276106 4432.59 4433.98 -1.39
276107 4435.52 4436.02 -0.50
276108 4438.29 4438.40 -0.11
276109 4437.99 4438.66 -0.67
276111 4441.15 4442.80 -1.65
276112 4427.96 4428.13 -0.17
276285 4414.40 4413.54 0.86
276287 4445.83 4446.28 -0.45
277329 4443.63 4444.15 -0.52
277868 4426.41 4428.32 -1.91
279258 4449.30 4450.97 -1.67
279259 4449.37 4450.99 -1.62
279260 4449.89 4451.00 -1.11

*GWE, Groundwater elevation

Table E1. Steady-state calibration results comparing observed and modeled groundwater elevations.



87

Montana Bureau of Mines and Geology Report of Investigation 29

Nash efficiency coefficient analysis (Targets group 1) 

Date Obs head (ft)  Fo = ∑[obs‐(avg. obs)]^2 Sim head (ft)  F =∑ (obs‐sim)^2 Date Obs head (ft)  Fo = ∑[obs‐(avg. obs)]^2 Sim head (ft)  F =∑ (obs‐sim)^2

7/19/2013 4467.63 6.16 4468.591 0.92 9/19/2013 4447.25 16.56 4444.757 6.22
8/14/2013 4467.33 4.76 4468.953 2.63 10/17/2013 4445.1 3.69 4443.934 1.36
9/19/2013 4467.04 3.58 4468.831 3.21 11/21/2013 4443.29 0.01 4442.595 0.48
10/17/2013 4466.92 3.14 4466.063 0.73 12/17/2013 4442.44 0.55 4442.192 0.06
11/21/2013 4464.83 0.10 4462.514 5.36 1/25/2014 4441.69 2.22 4441.972 0.08
12/17/2013 4463.11 4.15 4462.031 1.16 2/21/2014 4441.3 3.53 4441.928 0.39
1/25/2014 4462.14 9.05 4461.680 0.21 3/19/2014 4441.2 3.92 4441.901 0.49
2/21/2014 4461.53 13.09 4461.429 0.01 5/14/2014 4442.32 0.74 4443.602 1.64
3/19/2014 4461.22 15.43 4461.358 0.02 6/12/2014 4443.4 0.05 4444.755 1.84
4/18/2014 4461.45 13.67 4463.363 3.66 7/9/2014 4443.99 0.66 4444.946 0.91
5/14/2014 4464.25 0.81 4466.580 5.43 8/8/2014 4446.31 9.80 4444.622 2.85
6/12/2014 4467.89 7.52 4467.781 0.01 10/7/2014 4445.45 5.15 4444.420 1.06
7/9/2014 4468.3 9.94 4468.859 0.31 11/11/2014 4444.01 0.69 4442.939 1.15
8/8/2014 4468.64 12.20 4468.887 0.06 12/9/2014 4443.16 0.00 4442.316 0.71
9/9/2014 4468.57 11.71 4468.705 0.02 1/14/2015 4442.32 0.74 4442.015 0.09
10/7/2014 4468.19 9.26 4466.988 1.44 2/11/2015 4442 1.39 4441.934 0.00
11/11/2014 4466.35 1.45 4463.002 11.21 3/9/2015 4441.65 2.34 4441.908 0.07
12/9/2014 4464.31 0.70 4462.228 4.33 4/13/2015 4441.15 4.12 4442.390 1.54
1/14/2015 4463.3 3.41 4461.747 2.41 5/4/2015 4442.39 0.62 4442.926 0.29
2/11/2015 4462.76 5.70 4461.450 1.72
3/9/2015 4462.34 7.88 4461.345 0.99
4/13/2015 4461.78 11.34 4463.000 1.49
5/4/2015 4463.79 1.84 4463.875 0.01

Average = 4465.1 156.89 47.36 Average = 4443.2 56.79 21.24
NS =1‐(F/Fo) = 0.70 NS =1‐(F/Fo) = 0.63

276111Well (259547)

Date Obs head (ft) o = ∑[obs‐(avg. obs)]^ Sim head (ft)  F =∑ (obs‐sim)^2

7/19/2013 4443.0 11.67 4444.809 3.13
7/25/2013 4442.6 8.62 4444.775 4.91
9/19/2013 4443.0 11.67 4442.520 0.27
10/17/2013 4440.1 0.26 4440.738 0.37
11/21/2013 4437.8 3.36 4439.061 1.62
12/17/2013 4437.0 6.73 4438.116 1.18
1/25/2014 4436.9 7.26 4437.583 0.43
1/29/2014 4436.9 7.42 4437.526 0.39
2/3/2014 4436.9 7.53 4437.466 0.34
2/8/2014 4436.9 7.70 4437.479 0.40
2/13/2014 4436.8 7.75 4437.479 0.41
2/18/2014 4436.8 7.81 4437.467 0.41
2/21/2014 4436.9 7.70 4437.448 0.36
3/19/2014 4437.0 6.89 4437.292 0.09
4/18/2014 4437.9 2.87 4438.236 0.09
5/14/2014 4442.3 7.16 4440.366 3.74
6/12/2014 4444.6 24.56 4442.958 2.63
7/9/2014 4444.6 24.26 4444.187 0.13
8/8/2014 4444.2 20.48 4443.709 0.19
9/9/2014 4443.1 12.29 4442.360 0.59

11/11/2014 4439.7 0.00 4439.151 0.28
12/9/2014 4438.7 0.95 4438.238 0.17
1/14/2015 4439.1 0.31 4437.456 2.60
2/11/2015 4438.9 0.47 4437.310 2.66
3/9/2015 4438.9 0.55 4437.210 2.79
4/13/2015 4439.0 0.38 4437.834 1.38
5/4/2015 4440.3 0.47 4438.741 2.46

Average = 4439.6 197.11 34.01
NS =1‐(F/Fo) = 0.83

209718
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Nash efficiency coefficient analysis (Targets group 2) 

Date Obs head (ft)  Fo = ∑[obs‐(avg. obs)]^2 Sim head (ft)  F =∑ (obs‐sim)^2 Date Obs head (ft)  Fo = ∑[obs‐(avg. obs)]^2 Sim head (ft)  F =∑ (obs‐sim)^2

10/8/2004 4436.66 1.07 10/8/2004 4434.01 0.58
12/17/2004 4434.8 0.68 12/17/2004 4432.95 0.09
1/21/2005 4434.36 1.60 1/21/2005 4432.57 0.46
2/11/2005 4434.26 1.87 2/11/2005 4432.55 0.49
4/6/2005 4434.12 2.27 4/6/2005 4432.46 0.62
5/4/2005 4434.45 1.38 5/4/2005 4432.55 0.49
5/13/2005 4435.84 0.05 5/13/2005 4433.46 0.04
5/16/2005 4435.91 0.08 5/16/2005 4433.34 0.01
5/23/2005 4435.94 0.10 5/23/2005 4433.38 0.02
5/31/2005 4435.83 0.04 5/31/2005 4433.29 0.00
6/6/2005 4436.01 0.15 6/6/2005 4433.57 0.10
6/13/2005 4436.01 0.15 6/13/2005 4433.76 0.26
6/20/2005 4435.92 0.09 6/20/2005 4433.58 0.11
6/27/2005 4435.83 0.04 6/27/2005 4433.57 0.10
7/5/2005 4435.69 0.00 7/5/2005 4433.31 0.00
7/11/2005 4435.76 0.02 7/11/2005 4433.34 0.01
7/18/2005 4435.83 0.04 7/18/2005 4433.13 0.01
7/26/2005 4435.92 0.09 7/26/2005 4433.12 0.02
8/2/2005 4435.95 0.10 8/2/2005 4433.01 0.06
8/22/2005 4436.07 0.20 8/22/2005 4433.18 0.00
9/28/2005 4436.26 0.40 9/28/2005 4433.65 0.16
10/13/2005 4436.37 0.55 10/13/2005 4433.73 0.23
10/24/2005 4435.9 0.07 10/24/2005 4433.55 0.09
10/31/2005 4435.59 0.00 10/31/2005 4433.43 0.03
11/8/2005 4435.42 0.04 11/8/2005 4433.37 0.01

8/13/2013 4435.92 0.09 4436.272 0.12 8/13/2013 4433.17 0.01
9/19/2013 4436.63 1.01 4436.293 0.11 9/19/2013 4433.53 0.08 4434.395 0.75
10/17/2013 4435.83 0.04 4435.765 0.00 10/17/2013 4433.49 0.06 4434.222 0.54
11/21/2013 4435.05 0.33 4434.937 0.01 11/21/2013 4433.04 0.04 4433.837 0.64
12/17/2013 4434.63 0.99 4434.631 0.00 12/17/2013 4432.69 0.31 4433.625 0.87
1/25/2014 4434.38 1.55 4434.472 0.01 1/25/2014 4432.57 0.46 4433.496 0.86
2/21/2014 4434.23 1.95 4434.442 0.04 2/21/2014 4432.47 0.61 4433.476 1.01
3/19/2014 4434.24 1.92 4434.425 0.03 3/19/2014 4432.61 0.41 4433.496 0.78
4/18/2014 4434.13 2.24 4434.986 0.73 4/18/2014 4432.58 0.45 4433.863 1.65
5/14/2014 4434.77 0.73 4435.744 0.95 5/14/2014 4432.86 0.15 4434.426 2.45
6/12/2014 4435.51 0.01 4436.459 0.90 6/12/2014 4433.37 0.01 4434.885 2.30
7/9/2014 4435.32 0.09 4436.539 1.49 7/9/2014 4433.38 0.02 4434.899 2.31
8/8/2014 4435.85 0.05 4436.254 0.16 8/8/2014 4433.58 0.11 4434.496 0.84
9/9/2014 4436.35 0.52 4436.262 0.01 9/9/2014 4433.5 0.06 4434.350 0.72
10/7/2014 4435.88 0.06 4436.063 0.03 10/7/2014 4433.56 0.10 4434.349 0.62
11/11/2014 4435.3 0.11 4435.174 0.02 11/11/2014 4433.24 0.00 4433.964 0.52
12/9/2014 4435.01 0.38 4434.727 0.08 12/9/2014 4433.13 0.01 4433.707 0.33
1/14/2015 4434.63 0.99 4434.503 0.02 1/14/2015 4432.82 0.19 4433.522 0.49
2/11/2015 4434.53 1.20 4434.446 0.01 2/11/2015 4432.8 0.20 4433.476 0.46
3/9/2015 4434.36 1.60 4434.431 0.01 3/9/2015 4432.6 0.42 4433.481 0.78
4/13/2015 4434.22 1.98 4434.837 0.38 4/13/2015 4432.59 0.44 4433.749 1.34
5/4/2015 4434.86 0.59 4435.230 0.14 5/4/2015 4432.78 0.22 4434.063 1.65
Average = 4435.6 29.55 5.26 Average = 4433.3 8.38 21.91

NS =1‐(F/Fo) = 0.82 NS =1‐(F/Fo) = ‐1.62

276103 276106
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Date Obs head (ft)  Fo = ∑[obs‐(avg. obs)]^2 Sim head (ft)  F =∑ (obs‐sim)^2 Date Obs head (ft)  Fo = ∑[obs‐(avg. obs)]^2 Sim head (ft)  F =∑ (obs‐sim)^2

12/17/2004 4439.9 0.09 38338 4429.82 2.40
1/21/2005 4439.1 1.17 38373 4429.16 4.87
2/11/2005 4438.9 1.59 38394 4429.06 5.33
4/6/2005 4438.6 2.60 38448 4428.88 6.19
5/4/2005 4439.1 1.26 38476 4430.92 0.20
5/13/2005 4440.8 0.30 38485 4434.21 8.08
5/16/2005 4441.0 0.59 38488 4434.98 13.05
5/23/2005 4441.2 1.08 38495 4435.2 14.69
5/31/2005 4441.3 1.21 38504 4434.89 12.41
6/6/2005 4441.5 1.74 38509 4434.81 11.85
6/13/2005 4441.5 1.76 38516 4434.88 12.34
6/20/2005 4441.4 1.46 38523 4434.79 11.71
6/27/2005 4441.3 1.16 38530 4434.07 7.30
7/5/2005 4441.3 1.27 38538 4433.14 3.14
7/11/2005 4441.4 1.36 38544 4432.89 2.32
7/18/2005 4441.5 1.58 38551 4433.33 3.85
7/26/2005 4441.6 1.93 38559 4434.12 7.57
8/2/2005 4441.5 1.71 38566 4434.37 9.01
8/22/2005 4441.7 2.33 38623 4434.34 8.83
9/28/2005 4442.2 3.95 38649 4432.73 1.86
10/13/2005 4442.2 3.95 38656 4431.7 0.11
10/24/2005 4441.7 2.30 38664 4431.17 0.04
10/31/2005 4441.3 1.12 41536 4433.81 5.96 4429.663 17.20
11/8/2005 4441.0 0.69 41564 4431.17 0.04 4428.853 5.37
9/19/2013 4441.3 1.18 4440.067 1.50 41599 4429.23 4.57 4427.870 1.85
10/17/2013 4440.7 0.20 4439.483 1.36 41625 4428.65 7.39 4427.557 1.19
11/21/2013 4439.5 0.55 4438.502 0.92 41664 4428.33 9.23 4427.397 0.87
12/17/2013 4438.8 1.91 4438.180 0.41 41691 4428.05 11.01 4427.368 0.47
1/25/2014 4438.3 3.47 4438.008 0.11 41717 4428.03 11.14 4427.354 0.46
2/21/2014 4438.1 4.50 4437.974 0.01 41747 4427.94 11.75 4428.012 0.01
3/19/2014 4438.1 4.63 4437.951 0.01 41773 4429.83 2.37 4429.010 0.67
4/18/2014 4437.8 5.63 4438.487 0.43 41802 4431.82 0.20 4429.948 3.50
5/14/2014 4438.8 1.97 4439.283 0.23 41829 4430.43 0.88 4430.039 0.15
6/12/2014 4439.9 0.09 4440.149 0.06 41859 4430.91 0.21 4429.627 1.65
7/9/2014 4439.9 0.10 4440.264 0.14 41891 4432.28 0.83 4429.642 6.96
8/8/2014 4441.0 0.69 4439.989 1.08 41919 4430.92 0.20 4429.245 2.81
9/9/2014 4441.4 1.48 4440.013 1.98 41954 4429.5 3.49 4428.122 1.90
10/7/2014 4440.8 0.39 4439.839 0.98 42018 4428.45 8.51 4427.426 1.05
11/11/2014 4439.9 0.12 4438.772 1.18 42046 4428.39 8.87 4427.371 1.04
12/9/2014 4439.4 0.69 4438.279 1.19 42072 4428.19 10.10 4427.359 0.69
1/14/2015 4438.8 2.02 4438.041 0.55 42107 4427.96 11.61 4427.851 0.01
2/11/2015 4438.6 2.73 4437.978 0.33 42128 4430.1 1.61 4428.265 3.37
3/9/2015 4438.3 3.66 4437.958 0.11
4/13/2015 4438.0 4.89 4438.342 0.12
5/4/2015 4438.8 1.86 4438.773 0.00

Average = 4440.2 80.96 12.71 Average = 4431.4 257.10 51.20
NS =1‐(F/Fo) = 0.84 NS =1‐(F/Fo 0.80

276112276109
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Date Obs head (ft)  Fo = ∑[obs‐(avg. obs)]^2 Sim head (ft)  F =∑ (obs‐sim)^2 Date Obs head (ft) ∑[obs‐(avg. obs Sim head (ft)  F =∑ (obs‐sim)^2

12/17/2004 4414.76 1.41 5/18/2014 4416.54 0.35 4414.40 4.57
1/21/2005 4414.56 1.93 5/23/2014 4416.90 0.90 4414.46 5.95
2/11/2005 4414.23 2.96 5/29/2014 4417.81 3.46 4414.50 10.94
4/6/2005 4414.54 1.99 6/3/2014 4417.84 3.58 4414.54 10.92
5/4/2005 4414.94 1.02 6/8/2014 4417.53 2.50 4414.74 7.79
5/13/2005 4417.32 1.88 6/13/2014 4417.64 2.86 4414.83 7.89
5/16/2005 4417.96 4.04 6/18/2014 4417.90 3.81 4414.89 9.07
5/23/2005 4419.14 10.18 6/23/2014 4417.76 3.28 4414.93 8.00
6/1/2005 4419.29 11.16 6/28/2014 4417.58 2.66 4414.97 6.83
6/7/2005 4419.17 10.37 7/3/2014 4417.37 2.02 4415.00 5.64
6/13/2005 4419.29 11.16 7/8/2014 4416.85 0.81 4414.53 5.39
6/19/2005 4419.14 10.18 7/13/2014 4416.74 0.63 4414.37 5.61
6/27/2005 4418.97 9.13 7/18/2014 4416.99 1.08 4414.31 7.17
7/5/2005 4418.75 7.84 7/23/2014 4416.92 0.94 4414.28 6.95
7/11/2005 4417.78 3.35 7/29/2014 4416.97 1.04 4414.27 7.31
7/18/2005 4418.2 5.07 8/3/2014 4417.15 1.44 4414.25 8.39
7/26/2005 4418.25 5.29 8/8/2014 4417.26 1.72 4414.13 9.77
8/3/2005 4418.67 7.40 8/13/2014 4417.47 2.31 4414.08 11.51
8/22/2005 4418.57 6.87 8/18/2014 4417.81 3.46 4414.06 14.03
9/28/2005 4419.24 10.83 8/23/2014 4417.69 3.03 4414.06 13.17
10/24/2005 4418.16 4.89 8/29/2014 4417.67 2.96 4414.06 13.02
10/31/2005 4417.03 1.17 9/3/2014 4417.62 2.79 4414.07 12.64
11/8/2005 4416.46 0.26 9/8/2014 4417.45 2.25 4414.12 11.08
12/17/2013 4414.87 1.16 4413.173 2.88 9/13/2014 4417.47 2.31 4414.15 11.05
1/23/2014 4414.38 2.46 4413.026 1.83 9/18/2014 4417.26 1.72 4414.16 9.64
1/29/2014 4414.32 2.65 4413.016 1.70 9/23/2014 4417.26 1.72 4414.16 9.62
2/3/2014 4414.22 2.99 4413.009 1.47 9/28/2014 4417.41 2.13 4414.16 10.54
2/8/2014 4414.12 3.35 4413.013 1.23 10/3/2014 4417.42 2.16 4414.17 10.60
2/13/2014 4414.23 2.96 4413.011 1.49 10/8/2014 4417.26 1.72 4413.99 10.73
2/18/2014 4414.24 2.92 4413.008 1.52 10/13/2014 4417.35 1.96 4413.91 11.86
2/23/2014 4414.19 3.09 4413.004 1.41 10/18/2014 4417.36 1.99 4413.85 12.33
2/27/2014 4414.13 3.31 4413.000 1.28 10/23/2014 4416.57 0.39 4413.81 7.64
3/3/2014 4414.12 3.35 4412.997 1.26 10/29/2014 4415.98 0.00 4413.77 4.88
3/8/2014 4414.22 2.99 4413.035 1.40 11/3/2014 4415.59 0.13 4413.74 3.41
3/13/2014 4414.19 3.09 4413.044 1.31 11/8/2014 4415.34 0.37 4413.61 3.00
3/18/2014 4414.16 3.20 4413.045 1.24 11/13/2014 4415.00 0.90 4413.53 2.15
3/23/2014 4414.15 3.24 4413.043 1.23 11/18/2014 4414.86 1.19 4413.48 1.91
3/29/2014 4414.15 3.24 4413.040 1.23 11/23/2014 4414.84 1.23 4413.43 1.98
4/3/2014 4414.12 3.35 4413.037 1.17 11/28/2014 4414.75 1.44 4413.40 1.83
4/8/2014 4414.12 3.35 4413.406 0.51 12/3/2014 4414.67 1.64 4413.37 1.70
4/13/2014 4414.28 2.79 4413.555 0.53 12/8/2014 4414.64 1.71 4413.25 1.92
4/18/2014 4414.71 1.54 4413.625 1.18 12/13/2014 4414.59 1.85 4413.20 1.93
4/23/2014 4415.33 0.38 4413.669 2.76 12/18/2014 4414.53 2.01 4413.17 1.85
4/28/2014 4415.99 0.00 4413.700 5.24 12/23/2014 4414.49 2.13 4413.15 1.80
5/3/2014 4416.19 0.06 4413.724 6.08 12/29/2014 4414.39 2.43 4413.13 1.59
5/8/2014 4416.48 0.28 4414.153 5.41 1/3/2015 4414.36 2.53 4413.12 1.55
5/13/2014 4416.52 0.33 4414.318 4.85 1/8/2015 4414.46 2.22 4413.07 1.93

276285 276285 (continued)
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Date Obs head (ft) ∑[obs‐(avg. obs Sim head (ft)  F =∑ (obs‐sim)^2 Date Obs head (ft)  Fo = ∑[obs‐(avg. obs)]^2 Sim head (ft)  F =∑ (obs‐sim)^2

1/13/2015 4414.44 2.28 4413.05 1.94 5/14/2014 4426.66 0.03 4429.178 6.34
1/18/2015 4414.37 2.49 4413.03 1.78 6/12/2014 4426.98 0.02 4429.793 7.91
1/23/2015 4414.33 2.62 4413.02 1.71 7/9/2014 4426.97 0.02 4429.680 7.34
1/29/2015 4414.32 2.65 4413.02 1.70 8/8/2014 4427.18 0.12 4429.056 3.52
2/3/2015 4414.28 2.79 4413.01 1.62 8/19/2014 4427.27 0.20 4428.929 2.75
2/8/2015 4414.26 2.85 4413.01 1.56 9/9/2014 4427.27 0.20 4428.935 2.77
2/13/2015 4414.28 2.79 4413.01 1.61 10/7/2014 4427.31 0.23 4428.776 2.15
2/18/2015 4414.27 2.82 4413.01 1.60 11/11/2014 4427.05 0.05 4428.150 1.21
2/23/2015 4414.29 2.75 4413.00 1.66 11/18/2014 4426.91 0.01 4428.060 1.32
2/27/2015 4414.35 2.56 4413.00 1.83 12/9/2014 4426.84 0.00 4427.822 0.96
3/3/2015 4414.39 2.43 4413.00 1.94 1/14/2015 4426.59 0.06 4427.607 1.03
3/8/2015 4414.46 2.22 4413.03 2.04 1/30/2015 4426.58 0.06 4427.573 0.99
3/13/2015 4414.53 2.01 4413.04 2.21 2/11/2015 4426.57 0.07 4427.569 1.00
3/18/2015 4414.62 1.77 4413.04 2.48 3/9/2015 4426.45 0.14 4427.587 1.29
3/23/2015 4414.67 1.64 4413.04 2.65 3/30/2015 4426.44 0.15 4427.610 1.37
3/29/2015 4414.17 3.17 4413.04 1.28 4/13/2015 4426.41 0.17 4428.120 2.92
4/3/2015 4414.15 3.24 4413.04 1.24 5/4/2015 4426.6 0.05 4428.454 3.44
4/8/2015 4414.10 3.42 4413.41 0.48 Average = 4426.8 1.58 48.33
4/13/2015 4414.33 2.62 4413.55 0.60 NS =1‐(F/Fo) = ‐29.60
4/18/2015 4414.56 1.93 4413.62 0.88
4/23/2015 4414.85 1.21 4413.67 1.40
42122.00 4415.29 0.43 4413.70 2.53
42127.00 4415.58 0.14 4413.72 3.44

Average = 4415.95 327.04 421.45
NS =1‐(F/Fo) = ‐0.29

277868276285 (continued)
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Nash efficiency coefficient analysis (Targets group 3) 

Date Obs head (ft) = ∑[obs‐(avg. obs) Sim head (ft)  F =∑ (obs‐sim)^2

6/2/2004 4455.06 0.07 3/3/2011 4455.05 0.07
11/30/2004 4456.04 0.52 4/6/2011 4454.93 0.15
3/7/2005 4453.63 2.85 5/6/2011 4454.94 0.14
6/1/2005 4454.86 0.21 6/6/2011 4455.52 0.04
8/29/2005 4453.4 3.68 9/7/2011 4458.05 7.46
12/5/2005 4456.07 0.57 12/20/2011 4456.44 1.26
8/30/2006 4456.94 2.63 3/12/2012 4454.90 0.17
11/30/2006 4456.13 0.66 9/27/2012 4458.20 8.31
3/26/2007 4454.02 1.69 12/6/2012 4455.75 0.19
8/27/2007 4453.97 1.82 3/13/2013 4453.76 2.43
12/4/2007 4455.85 0.28 6/18/2013 4453.88 2.07 4456.60 7.38
3/4/2008 4454.02 1.69 7/15/2013 4454.18 1.30 4456.63 6.00
5/8/2008 4453.91 1.98 8/14/2013 4456.39 1.15 4456.16 0.05
6/5/2008 4456.45 1.28 9/19/2013 4456.43 1.24 4456.24 0.04
9/4/2008 4457.84 6.36 10/17/2013 4456.39 1.15 4455.35 1.08

10/23/2008 4457.76 5.96 11/21/2013 4455.05 0.07 4454.11 0.88
11/3/2008 4457.17 3.43 12/17/2013 4454.26 1.12 4453.66 0.36
12/3/2008 4456.06 0.55 1/25/2014 4453.60 2.95 4453.38 0.05
1/7/2009 4455.16 0.02 2/21/2014 4453.21 4.44 4453.33 0.01
2/12/2009 4454.64 0.46 3/19/2014 4453.07 5.05 4453.35 0.08
3/8/2009 4454.37 0.90 4/18/2014 4452.36 8.75 4454.09 2.99
4/7/2009 4454.33 0.98 5/14/2014 4451.77 12.59 4455.27 12.22
5/7/2009 4454.7 0.38 7/9/2014 4455.32 0.00 4456.79 2.16
6/7/2009 4456.16 0.71 8/8/2014 4455.03 0.08 4456.20 1.37
8/6/2009 4458.01 7.25 9/9/2014 4457.37 4.21 4456.08 1.66
9/3/2009 4456.48 1.35 10/7/2014 4457.31 3.97 4455.86 2.11
10/8/2009 4458.56 10.51 11/11/2014 4456.13 0.66 4454.44 2.85
11/3/2009 4457.49 4.72 12/9/2014 4450.31 25.08 4453.82 12.34
12/3/2009 4456.46 1.30 1/14/2015 4454.49 0.69 4453.44 1.11
1/7/2010 4455.44 0.01 2/11/2015 4454.08 1.53 4453.33 0.56
2/2/2010 4455.07 0.06 3/9/2015 4453.76 2.43 4453.33 0.19
3/2/2010 4454.68 0.41 4/13/2015 4453.35 3.87 4453.87 0.27
4/2/2010 4454.36 0.92 5/4/2015 4453.95 1.87 4454.51 0.32
5/5/2010 4454.53 0.62 6/30/2015 4455.18 0.02 4456.78 2.56
10/7/2010 4458.43 9.68 12/23/2015 4454.72 0.36 4455.02 0.09
11/4/2010 4457.89 6.61
12/7/2010 4456.84 2.32 Average = 4455.32 192.90 58.72
1/6/2011 4456.04 0.52 NS =1‐(F/Fo) = 0.70

107080 107080 (continue..)

Date Obs head (ft)  Fo = ∑[obs‐(avg. obs)]^2 Sim head (ft)  F =∑ (obs‐sim)^2 Date Obs head (ft)  Fo = ∑[obs‐(avg. obs)]^2 Sim head (ft)  F =∑ (obs‐sim)^2 Date Obs head (ftim head (fto = ∑[obs‐(avg. obs)]  F =∑ (obs‐sim)^2

7/23/2013 4468.36 4.84 4467.417 0.89 10/25/2013 4457.53 1.00 4457.056 0.22 9/9/2014 4452.89 4452.883 7.07 0.00
9/19/2013 4467.83 2.79 4466.563 1.61 11/21/2013 4456.63 0.01 4456.116 0.26 10/7/2014 4452.79 4452.634 6.55 0.02
10/17/2013 4467.32 1.34 4466.638 0.47 12/17/2013 4455.88 0.43 4455.687 0.04 11/11/2014 4451.74 4451.162 2.28 0.33
11/21/2013 4465.75 0.17 4466.223 0.22 1/25/2014 4455.26 1.62 4455.428 0.03 12/9/2014 4451.08 4450.502 0.72 0.33
12/17/2013 4465.13 1.06 4465.810 0.46 3/19/2014 4454.74 3.21 4455.423 0.47 1/14/2015 4450.3 4450.126 0.00 0.03
1/25/2014 4464.44 2.96 4465.598 1.34 4/18/2014 4454.75 3.18 4456.225 2.18 2/13/2015 4449.94 4450.020 0.08 0.01
2/21/2014 4464.15 4.04 4465.606 2.12 5/14/2014 4455.43 1.21 4457.377 3.79 2/18/2015 4449.903 4450.016 0.11 0.01
3/19/2014 4463.91 5.07 4465.748 3.38 7/9/2014 4457.63 1.21 4458.663 1.07 2/23/2015 4449.863 4450.013 0.14 0.02
4/18/2014 4464.05 4.46 4466.989 8.64 8/8/2014 4458.29 3.09 4457.937 0.12 2/27/2015 4449.757 4450.011 0.23 0.06
5/14/2014 4466.12 0.00 4468.203 4.34 9/9/2014 4459.03 6.24 4457.754 1.63 3/3/2015 4449.71 4450.009 0.27 0.09
6/12/2014 4468.75 6.70 4469.082 0.11 10/7/2014 4459.02 6.19 4457.599 2.02 3/8/2015 4449.627 4450.006 0.37 0.14
7/9/2014 4468.65 6.20 4468.174 0.23 11/11/2014 4457.89 1.84 4456.402 2.21 3/13/2015 4449.58 4450.010 0.42 0.18
8/8/2014 4468.14 3.92 4466.730 1.99 12/9/2014 4457.13 0.36 4455.851 1.64 3/18/2015 4449.542 4450.017 0.47 0.23
9/9/2014 4468.31 4.62 4466.441 3.49 1/14/2015 4456.36 0.03 4455.480 0.77 3/23/2015 4449.508 4450.025 0.52 0.27
10/7/2014 4468.18 4.08 4466.700 2.19 2/11/2015 4455.64 0.80 4455.388 0.06 3/29/2015 4449.443 4450.032 0.62 0.35
11/11/2014 4466.71 0.30 4466.344 0.13 3/9/2015 4455.34 1.42 4455.393 0.00 4/3/2015 4449.386 4450.038 0.71 0.42
12/9/2014 4465.85 0.10 4465.957 0.01 4/13/2015 4455.34 1.42 4456.006 0.44 4/8/2015 4449.337 4450.233 0.80 0.80
1/14/2015 4465.27 0.79 4465.631 0.13 5/4/2015 4455.69 0.71 4456.608 0.84 4/13/2015 4449.305 4450.453 0.86 1.32
2/11/2015 4464.73 2.05 4465.604 0.76 4/18/2015 4449.345 4450.660 0.79 1.73
3/9/2015 4464.21 3.81 4465.694 2.20 4/23/2015 4449.459 4450.836 0.60 1.90
4/13/2015 4464.04 4.50 4466.812 7.68 4/28/2015 4449.684 4450.979 0.30 1.68
5/4/2015 4465.64 0.27 4467.205 2.45 5/3/2015 4449.804 4451.092 0.18 1.66

9/16/2015 4453.33 4452.948 9.60 0.15
Average = 4466.2 64.05 44.85 Average = 4456.5 34.0 17.80 Average = 4450.2 33.69 11.74
NS =1‐(F/Fo) = 0.30 NS =1‐(F/Fo) = 0.48 NS =1‐(F/Fo) = 0.65

279258261912 276041
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Nash efficiency coefficient analysis (Targets group 4) 

Date Obs head (ft) = ∑[obs‐(avg. obs) Sim head (ft)  F =∑ (obs‐sim)^2 Date Obs head (ft)  Fo = ∑[obs‐(avg. obs)]^2 Sim head (ft)  F =∑ (obs‐sim)^2

6/16/2011 4462.78 6.55 11/21/2013 4451.69 0.00 4452.684 0.99
7/19/2013 4461.58 1.85 4462.328 0.56 12/17/2013 4451.53 0.03 4452.343 0.66
8/14/2013 4461.45 1.51 4461.481 0.00 1/25/2014 4451.34 0.13 4452.182 0.71
9/19/2013 4461.61 1.93 4461.539 0.01 2/21/2014 4451.23 0.22 4452.208 0.96
10/17/2013 4461.43 1.46 4461.432 0.00 4/18/2014 4451.31 0.15 4453.497 4.78
11/21/2013 4460.1 0.01 4460.896 0.63 5/14/2014 4451.68 0.00 4454.505 7.98
12/17/2013 4459.37 0.72 4460.496 1.27 7/9/2014 4452.25 0.30 4454.183 3.74
1/25/2014 4458.72 2.25 4460.281 2.44 9/9/2014 4452.25 0.30 4452.551 0.09
2/21/2014 4458.35 3.50 4460.278 3.72 10/7/2014 4452.37 0.45 4452.814 0.20
3/19/2014 4458.17 4.21 4460.392 4.94 11/11/2014 4452 0.09 4452.730 0.53
4/18/2014 4458.23 3.96 4461.477 10.54 12/9/2014 4451.76 0.00 4452.472 0.51
5/14/2014 4459.41 0.66 4462.618 10.29 1/14/2015 4451.57 0.02 4452.204 0.40
6/12/2014 4461.34 1.25 4463.519 4.75 2/11/2015 4451.49 0.04 4452.203 0.51
7/9/2014 4461.75 2.34 4462.948 1.44 3/9/2015 4451.34 0.13 4452.297 0.92
9/9/2014 4462.28 4.24 4461.405 0.77
10/7/2014 4462.28 4.24 4461.568 0.51
11/11/2014 4461.04 0.67 4461.048 0.00
12/9/2014 4460.23 0.00 4460.649 0.18
1/14/2015 4459.5 0.52 4460.318 0.67
2/11/2015 4459.04 1.39 4460.277 1.53
3/9/2015 4458.67 2.41 4460.341 2.79
4/13/2015 4458.34 3.54 4461.291 8.71
5/4/2015 4459.41 0.66 4461.721 5.34
Average = 4460.2 49.87 61.06 Average = 4451.7 1.87 22.97

NS =1‐(F/Fo) = ‐0.22 NS =1‐(F/Fo) = ‐11.28

195941 276038

Date Obs head (ft)  Fo = ∑[obs‐(avg. obs)]^2 Sim head (ft)  F =∑ (obs‐sim)^2 Date Obs head (ft)  Fo = ∑[obs‐(avg. obs)]^2 Sim head (ft)  F =∑ (obs‐sim)^2

10/8/2004 4436.65 1.92 10/8/2004 4438.67 0.17
12/17/2004 4434.63 0.40 12/17/2004 4437.57 0.47
1/21/2005 4434.41 0.73 1/21/2005 4437.44 0.67
2/11/2005 4434.33 0.87 2/11/2005 4437.15 1.23
4/5/2005 4434.24 1.05 4/6/2005 4437.17 1.18
5/4/2005 4437.29 4.11 5/4/2005 4437.46 0.64
5/13/2005 4435.53 0.07 5/13/2005 4439.8 2.38
5/16/2005 4435.36 0.01 5/16/2005 4439.8 2.38
5/23/2005 4435.48 0.05 5/23/2005 4439.85 2.53
5/31/2005 4435.28 0.00 5/31/2005 4439.49 1.52
6/6/2005 4435.61 0.12 6/6/2005 4439.7 2.08
6/13/2005 4436.08 0.67 6/13/2005 4439.76 2.26
6/20/2005 4435.84 0.33 6/20/2005 4439.55 1.67
6/27/2005 4436.07 0.65 6/27/2005 4439.32 1.13
7/5/2005 4436.32 1.12 7/5/2005 4438.34 0.01
7/11/2005 4435.2 0.00 7/11/2005 4438.21 0.00
7/18/2005 4435 0.07 7/18/2005 4437.9 0.13
7/26/2005 4434.7 0.32 7/26/2005 4437.67 0.35
8/2/2005 4434.53 0.54 8/2/2005 4437.52 0.54
8/22/2005 4434.48 0.61 8/22/2005 4437.45 0.65
9/28/2005 4435.49 0.05 9/28/2005 4438.11 0.02
10/13/2005 4435.5 0.06 10/13/2005 4439.49 1.52
10/24/2005 4435.27 0.00 10/24/2005 4438.07 0.04
10/31/2005 4435.08 0.03 10/31/2005 4437.89 0.14
11/8/2005 4435.02 0.06 11/8/2005 4437.85 0.17
8/13/2013 4435.21 0.00 4436.091 0.78 8/13/2013 4437.65 0.37 4437.697 0.00
9/19/2013 4435.51 0.06 4435.935 0.18 9/19/2013 4438.81 0.30 4437.782 1.06
10/17/2013 4435.19 0.01 4435.897 0.50 10/17/2013 4437.9 0.13 4438.000 0.01
11/21/2013 4434.9 0.13 4435.648 0.56 11/21/2013 4437.7 0.31 4437.876 0.03
12/17/2013 4434.69 0.33 4435.375 0.47 12/17/2013 4437.96 0.09 4437.532 0.18
1/24/2014 4434.58 0.47 4435.179 0.36 1/25/2014 4438.05 0.04 4437.358 0.48
2/21/2014 4434.52 0.55 4435.171 0.42 2/21/2014 4437.69 0.32 4437.389 0.09
3/19/2014 4434.65 0.38 4435.261 0.37 3/19/2014 4437.61 0.42 4437.551 0.00
4/18/2014 4434.87 0.15 4435.985 1.24 4/18/2014 4437.88 0.14 4438.772 0.80
5/14/2014 4435.24 0.00 4436.777 2.36 5/14/2014 4438.24 0.00 4439.787 2.39
6/12/2014 4436.2 0.88 4437.278 1.16 6/12/2014 4438.64 0.15 4440.345 2.91
7/9/2014 4436.48 1.48 4437.107 0.39 7/9/2014 4438.86 0.36 4439.334 0.22
8/8/2014 4435.8 0.29 4436.282 0.23 8/8/2014 4438.35 0.01 4437.999 0.12
9/9/2014 4435.27 0.00 4435.848 0.33 9/9/2014 4437.89 0.14 4437.657 0.05
10/7/2014 4435.52 0.07 4435.930 0.17 10/7/2014 4438.08 0.03 4437.922 0.02
11/11/2014 4435.16 0.01 4435.725 0.32 11/11/2014 4437.94 0.10 4437.904 0.00
12/9/2014 4435.1 0.03 4435.509 0.17 12/9/2014 4437.84 0.17 4437.670 0.03
1/14/2015 4434.89 0.14 4435.219 0.11 1/14/2015 4437.93 0.11 4437.383 0.30
2/11/2015 4434.87 0.15 4435.167 0.09 2/11/2015 4437.77 0.24 4437.382 0.15
3/9/2015 4434.67 0.35 4435.207 0.29 3/9/2015 4437.59 0.45 4437.484 0.01
4/13/2015 4435.52 0.07 4435.820 0.09 4/13/2015 4438.29 0.00 4438.634 0.12
5/4/2015 4435.16 0.01 4436.210 1.10 5/4/2015 4438.23 0.00 4438.871 0.41

Average = 4435.3 19.39 11.70 Average = 4438.3 27.74 9.40
NS =1‐(F/Fo) = 0.40 NS =1‐(F/Fo) = 0.66
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Date Obs head (ft)  Fo = ∑[obs‐(avg. obs)]^2 Sim head (ft)  F =∑ (obs‐sim)^2 Date Obs head (ft)  Fo = ∑[obs‐(avg. obs)]^2 Sim head (ft)  F =∑ (obs‐sim)^2

4/6/2005 4445.1 0.51 8/3/2014 4445.78 0.00 4446.42 0.41
5/4/2005 4445.28 0.29 8/8/2014 4445.65 0.03 4445.54 0.01
5/13/2005 4446.65 0.69 8/13/2014 4445.59 0.05 4445.32 0.07
5/16/2005 4446.6 0.61 8/18/2014 4445.71 0.01 4445.25 0.22
5/23/2005 4446.64 0.68 8/23/2014 4445.95 0.02 4445.22 0.53
5/31/2005 4446.09 0.07 8/29/2014 4445.93 0.01 4445.21 0.53
6/6/2005 4446.36 0.30 9/3/2014 4445.80 0.00 4445.20 0.36
6/13/2005 4446.49 0.45 9/8/2014 4445.63 0.03 4445.45 0.03
6/20/2005 4446.38 0.32 9/13/2014 4445.63 0.04 4445.51 0.01
6/27/2005 4446.37 0.31 9/18/2014 4445.62 0.04 4445.54 0.01
7/5/2005 4445.97 0.02 9/23/2014 4445.61 0.04 4445.55 0.00
7/12/2005 4445.91 0.01 9/28/2014 4445.75 0.00 4445.55 0.04
7/19/2005 4445.62 0.04 10/3/2014 4445.85 0.00 4445.55 0.09
7/27/2005 4445.35 0.22 10/8/2014 4445.83 0.00 4445.79 0.00
8/2/2005 4445.21 0.37 10/13/2014 4445.81 0.00 4445.84 0.00
8/22/2005 4445.39 0.18 10/18/2014 4445.79 0.00 4445.85 0.00
9/9/2005 4445.33 0.24 10/23/2014 4445.85 0.00 4445.85 0.00
9/28/2005 4446.13 0.10 10/29/2014 4445.87 0.00 4445.84 0.00
10/13/2005 4446.64 0.68 11/3/2014 4445.85 0.00 4445.84 0.00
10/24/2005 4446.01 0.04 11/8/2014 4445.82 0.00 4445.78 0.00
10/31/2005 4445.95 0.02 11/13/2014 4445.59 0.05 4445.76 0.03
11/8/2005 4446 0.03 11/18/2014 4445.60 0.05 4445.75 0.02
12/17/2013 4446.64 0.68 4445.357 1.65 11/23/2014 4445.74 0.01 4445.74 0.00
1/23/2014 4445.471667 0.12 4445.190 0.08 11/28/2014 4445.77 0.00 4445.74 0.00
1/29/2014 4445.423056 0.16 4445.188 0.06 12/3/2014 4445.64 0.03 4445.73 0.01
2/3/2014 4445.300333 0.27 4445.187 0.01 12/8/2014 4445.64 0.03 4445.45 0.03
2/8/2014 4445.26 0.31 4445.219 0.00 12/13/2014 4445.63 0.03 4445.38 0.06
2/13/2014 4445.485167 0.11 4445.227 0.07 12/18/2014 4445.57 0.06 4445.36 0.05
2/18/2014 4445.486917 0.11 4445.229 0.07 12/23/2014 4445.56 0.06 4445.35 0.05
2/23/2014 4445.450714 0.13 4445.230 0.05 12/29/2014 4445.43 0.15 4445.34 0.01
3/18/2014 4445.424286 0.15 4445.413 0.00 1/3/2015 4445.48 0.11 4445.34 0.02
3/23/2014 4445.253417 0.32 4445.417 0.03 1/8/2015 4445.66 0.02 4445.23 0.19
3/29/2014 4445.244931 0.33 4445.420 0.03 1/13/2015 4445.63 0.03 4445.21 0.18
4/3/2014 4445.228333 0.35 4445.421 0.04 1/18/2015 4445.53 0.08 4445.20 0.11
4/8/2014 4445.2815 0.29 4446.455 1.38 1/23/2015 4445.48 0.12 4445.19 0.08
4/13/2014 4445.828333 0.00 4446.699 0.76 1/29/2015 4445.48 0.11 4445.19 0.09
4/18/2014 4445.650917 0.03 4446.778 1.27 2/3/2015 4445.40 0.17 4445.19 0.05
4/23/2014 4445.7185 0.01 4446.811 1.19 2/8/2015 4445.44 0.14 4445.22 0.05
4/28/2014 4445.74025 0.01 4446.827 1.18 2/13/2015 4445.62 0.04 4445.23 0.15
5/3/2014 4445.699583 0.01 4446.836 1.29 2/18/2015 4445.57 0.06 4445.23 0.11
5/8/2014 4445.952333 0.02 4447.717 3.11 2/23/2015 4445.49 0.11 4445.23 0.07
5/13/2014 4445.951 0.02 4447.903 3.81 2/27/2015 4445.43 0.15 4445.23 0.04
5/18/2014 4446.046167 0.05 4447.958 3.66 3/3/2015 4445.37 0.20 4445.23 0.02
5/23/2014 4446.320667 0.25 4447.979 2.75 3/8/2015 4445.35 0.22 4445.37 0.00
5/29/2014 4447.387153 2.47 4447.989 0.36 3/13/2015 4445.43 0.15 4445.40 0.00
6/3/2014 4447.165417 1.82 4447.995 0.69 3/18/2015 4445.63 0.04 4445.41 0.05
6/8/2014 4446.527 0.50 4448.451 3.70 3/23/2015 4445.60 0.05 4445.42 0.03
6/13/2014 4446.301333 0.23 4448.543 5.03 3/29/2015 4445.53 0.08 4445.42 0.01
6/18/2014 4446.6 0.61 4448.570 3.88 4/3/2015 4445.73 0.01 4445.42 0.10
6/23/2014 4446.489583 0.45 4448.580 4.37 4/8/2015 4445.80 0.00 4446.46 0.43
6/28/2014 4446.57275 0.57 4448.585 4.05 4/13/2015 4445.85 0.00 4446.70 0.72
7/3/2014 4446.461417 0.42 4448.587 4.52 4/18/2015 4445.84 0.00 4446.78 0.88
7/8/2014 4446.37125 0.31 4446.919 0.30 4/23/2015 4445.85 0.00 4446.81 0.92
7/13/2014 4446.415167 0.36 4446.576 0.03 4/28/2015 4445.90 0.01 4446.83 0.86
7/18/2014 4446.303917 0.24 4446.478 0.03 5/3/2015 4445.95 0.02 4446.84 0.78
7/23/2014 4446.103417 0.08 4446.442 0.11 Average = 4445.82 20.65 58.32
7/29/2014 4445.93125 0.01 4446.426 0.24 NS =1‐(F/Fo) = ‐1.82

276287 276287 (continued)
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Date Obs head (ft)  Fo = ∑[obs‐(avg. obs)]^2 Sim head (ft)  F =∑ (obs‐sim)^2

4/6/2005 4442.84 1.00
5/4/2005 4442.89 0.90
5/13/2005 4443.86 0.00
5/16/2005 4443.74 0.01
5/23/2005 4443.71 0.02
5/31/2005 4443.46 0.15
6/6/2005 4443.74 0.01
6/13/2005 4444.1 0.07
6/20/2005 4443.91 0.00
6/27/2005 4444.07 0.05
7/5/2005 4443.69 0.02
7/12/2005 4443.71 0.02
7/18/2005 4443.54 0.09
7/26/2005 4443.45 0.15
8/2/2005 4443.39 0.20
8/22/2005 4443.6 0.06
9/9/2005 4443.66 0.03
9/28/2005 4444.19 0.12
10/13/2005 4444.43 0.35
10/24/2005 4444.21 0.14
10/31/2005 4444.08 0.06
11/8/2005 4444.03 0.04
4/18/2014 4443.36 0.23 4444.210 0.72
5/14/2014 4443.75 0.01 4444.895 1.31
6/12/2014 4444.33 0.24 4445.310 0.96
7/9/2014 4444.53 0.47 4445.174 0.41
8/8/2014 4444.32 0.23 4444.342 0.00
9/9/2014 4444.44 0.36 4443.819 0.39
10/7/2014 4444.55 0.50 4444.033 0.27
11/11/2014 4444.21 0.14 4443.846 0.13
12/9/2014 4444.05 0.04 4443.573 0.23
1/14/2015 4443.73 0.01 4443.228 0.25
2/11/2015 4443.71 0.02 4443.176 0.29
3/9/2015 4443.5 0.12 4443.230 0.07
4/13/2015 4443.63 0.04 4444.013 0.15
5/4/2015 4443.87 0.00 4444.445 0.33

Average = 4443.8 5.90 5.51
NS =1‐(F/Fo)  0.07

277329
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APPENDIX F

MODEL SENSITIVITY ANALYSIS
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Figure F1. The sensitivity analysis done for the groundwater-fed streams (drains) indicates that the 
discharge is most sensitive to zone 2 hydraulic conductivity, drain bed conductance, and aquifer 
thickness. 
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Figure F2. The Jefferson River flow at Corbett’s station is sensitive to zone 1 hydraulic conductivity.  
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Figure F3. The model sensitivity analysis show that the calibration statistic RMS is most sensitive to 
hydraulic conductivity in zones 1, 2, and 3, drain bed conductance for Parson’s Slough and Willow Spring, 
and aquifer thickness. 
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Figure F4. The model sensitivity analysis show that calibration statistics RSS is most sensitive to 
hydraulic conductivity (zones 1 & 2), drain bed conductance at Parson’s Slough and Willow Springs, and 
aquifer thickness. 
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