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How much water do we have?
• 1,300 MGD (USGS, 1973)
• 500 to 800 MGD (Schoenberg, 1990)( g, )
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Region-Wide Optimization Results

• 7 County Optimized Pumping Rate:  400-500 MGDy p p g

– Low end of past estimate rangep g

– Definition of sustainability changes over time



Process
• Review Statutes

St k h ld i t• Stakeholder input
– Department of Natural Resources

Communities– Communities
• Run optimization
• Review• Review
• Repeat



Modeling Sustainability
Surface water Connections
• Flux: water flowing in and out of aquifer system
• Fens

– No more than 1’ of drawdown allowed

• Trout Streams and vulnerable lakes
– No more than 10% change in flux between surface water and 

groundwatergroundwater

• Mississippi River
– No more than 25% change in flux between surface water and g

groundwater

• All other surface water bodies 
– No more than 15% change in flux between 

surface water and groundwater



Modeling Sustainability 
Human Health 
• Special Well and Boring Construction Areas

– Plume flow direction restricted to +/- 10 degrees from baseline 
conditions

Figure courtesy of Chico State



Modeling Sustainability
Aquifer Safe Yield
• Confined Aquifer water levels, excluding Mt. Simonq , g

– Pumping cannot cause aquifer levels to decline below the 50% 
threshold 

• Mt. Simon Aquifer levels
– No more than 1’ of drawdown from 

baseline pumping levels allowed

• Unconfined Aquifer levelsUnconfined Aquifer levels
– Represented by surface-water

constraints



What is Pumping Optimization?

• Di t ib t i t i i t t l d t• Distribute pumping to maximize total groundwater 
withdrawals while not exceeding pre-determined 
threshold  (sustainability constraints)



Why?
• Planning tool

– Areas of concern and areas of little concern

• Complex geospatial relationships
• Time lag to full impacts makes reliance on monitoring a 

reactive strategy; modeling is a proactive strategyreactive strategy; modeling is a proactive strategy

steady-state
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• Planning tool

– Areas of concern and areas of little concern

• Complex geospatial relationships
• Time lag to full impacts makes reliance on monitoring a 

reactive strategy; modeling is a proactive strategyreactive strategy; modeling is a proactive strategy
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Estimating Metro-Wide 
Sustainable Pumping Maximum
• C t i f USGS G d t M t• Custom version of USGS Groundwater Management 

(GWM-VI) pumping optimization code with Metro Model 3

• Only pumping of existing permitted wells in 7-County 
Metro are were allowed to vary (wells in Mt. Simon-
Hi kl i d t t)Hinckley remained constant)

• Steady-state simulation• Steady-state simulation



Metro Model 3
• Completed spring of 2014
• Covers 11-country metro
• All major aquifer and aquitards

St. Peter
Quaternary

Prairie du Chien

Jordan

Tunnel City

WonewocWonewoc
Eau Claire

Mt. Simon



Wells
Use Class
Municipal
Private waterworks n = 2074
Commercial and Institutional
Fire protection
Power generation
InstitutionsInstitutions 
Agricultural processing 
Pulp and paper processing

Petroleum-chemical

Metal processing
Non-metallic processing 
Industrial processing
Quarry dewateringQuarry dewatering
Sand/gravel pit dewatering
Dewatering
Pollution containment
S t t tSewage treatment
Non-crop irrigation
Major crop irrigation



Constraints

Constraint Type Threshold Number
f f f fDrawdown from available head for confined bedrock aquifers 

above the Mt. Simon-Hinckley 50% 2955

Drawdown in the Mt. Simon-Hinckley aquifer 1 foot 1897
Drawdown at Calcareous fens 1 foot 6Drawdown at Calcareous fens 1 foot 6
Change in net baseflow to trout streams -10% 13 reaches
Change in net baseflow to other river reaches -15% 67 reaches
Change in net baseflow to the Mississippi River -25% 12 reaches
Change in net groundwater flux for high and outstanding 
biodiversity -15% 108 areas

Change in net groundwater flux to potentially vulnerable lakes 
with wide littoral zone -10% 68 with wide littoral zone
Change in net groundwater flux for remaining lakes at 
grouped by Township -15% 103

Change in flow directions at site of groundwater 
t i ti 10 degrees 8Directioncontamination 10 degrees 8

Total 5237

Direction



Constraints – Head
Fens

Threshold:
1 ft. drawdown

Count:
6



Constraints – Head
Safe yield

Threshold:
50% “Available Head”
1 ft. drawdown in Mt. Simon

Count:
2955 – Available Head
1897 – Mt. Simon



Constraints – Flux
Trout Streams

Threshold:
-10% change in baseflow

Count:
13 Reaches



Constraints – Flux
River Reaches

Threshold:
-15% change in baseflow
-25% change for Mississippig pp

Count:
67 reaches
12 Mississippi reaches



Constraints – Flux
Sites of high and 
outstandingoutstanding 
biodiversity

Threshold:Threshold:
-15% change in flux

Count:
108 areas

Areas defined by Minnesota CountyAreas defined by Minnesota County 
Biological Survey (2013)



Constraints – Flux
Basins potentially 
vulnerable to pumpingvulnerable to pumping 
with wide littoral zone

Threshold:Threshold:
-10% change in flux

Count:
68 basins

Vulnerability defined by Barr (2010)



Constraints – Flux
Remaining lakes

Threshold:
-15% change in flux 
grouped at township scalesg p p

Count:
103 areas

Areas defined by Minnesota County 
Biological Survey (2013)



Constraints – Flux
371 Flux Constraints

Biodiversity Area

Stream/River

Trout Stream
Twp Rng GroupTwp. Rng. Group

Vulnerable Basin



Why not ½ acre foot 
(6 i h d d ) f l k ?(6 inch drawdown) for lakes?

Head (h) in model cell

• Requires fully 
coupled 
groundwater-

h < Rbot h > StageRbot < h < Stage

Flux groundwater-
surface water 
model

• Lakes in Metro W
at

er
+ from 

river to 
aquifer

Lakes in Metro 
Model 3 
simulated with 
River Package Fl

ux
 o

f W 0
Flux 
f

Slope = 
conductance of River Package 

cells (stage is 
fixed). River Stage

(Stage)

-
from 

aquifer 
to river

riverbed

Elev. of 
river bottom

(Rbot) (Stage)(Rbot)



Constraints – Flow Direction

Threshold:
10° change in direction

Count:
8



P i

Linear Program 
to Adjust 

Pumping 
Rates

Pumping Rates 
and Test 

Constraints

1,000’s model runs
to develop response 
matrix



Region-Wide Optimization Results
Results

429
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* Does not include surface water withdrawals



:
ModelModel estimated Model 

Calculated:
20 MGD

Model estimated 
optimized 

groundwater 
distribution in Twin Model 

Calculated:
115 MGD

distribution in Twin 
Cities Metro

Model 
Calculated 
140 MGD

M d l

Model

Model 
Calculated: 

15 MGD

Model 
Calculated:
130 MGD

Model 
Calculated:

4 MGD



Binding 
Constraints



Binding Constraints
Mississippi Riv. (Downtown St. Paul)

Mississippi Riv (N Minneapolis)Mississippi Riv. (N. Minneapolis)

Township 28, Range 22

Township 32, Range 21

Mississippi Riv. Spring Lake

Township 115, Range 23

Mississippi Riv. S. St. Paul – St. Paul Park

Cannon River

Crosby Lake

Minnehaha Creek (Mntk–SLP)

Shadow Price



1. Mississippi Riv. (St. Paul)
2. Mississippi Riv. (N. Mpls)

Binding 
Constraints3. Twp. Rng. Newport Area

4 Twp. Rng. Forest Lake
5. Mississippi, Sprint Lake

Constraints
pp , p

6. Twp. Rng. 
7. Mississippi (St. Paul Park)
8. Cannon Riv.

4

9. Crosby Lake
10. Minnehaha Crk. 2

10Shadow Price 1
3

5
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10Shadow Price

56

8



n=45
n 28

nd
s

Sum Total of 
Binding Constraints

n=28

ke
s/

W
et

la
n

iv
er

s

w
 P

ric
e

R
an

ge
 L

ak

m
s 

an
d 

R
i

ea
dof
 S

ha
do

w

To
w

ns
hi

p 
R

S
tre

am

er
ab

le
 

si
ns

si
ty e 
Yi

el
d 

ul
ic

 H
ea

d

D
ire

ct
io

n

M
t. 

S
im

on
dr

au
lic

 H
en=29

n=22
n=9

S
um

 

To

Vu
ln

e
B

a

B
io

di
ve

r s
A

re
as

Tr
ou

t
S

tre
am

s

S
af

e
H

yd
ra

Fe
ns

Fl
ow

 DM
H

yd
n=15

n=2 n=31 n=3



Average
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Why are flux constraints more 
binding?



Sources of uncertainty
• Non-unique solution

• Lake levels are not included directly• Lake levels are not included directly 
(requires more detailed model)

• Changing constraints can have veryChanging constraints can have very 
large effect (especially base flow 
constraints of Mississippi River)

• Model parameter uncertainty

• Limited pumping to existing well 
infrastructure

• Well operational constraints not 
considered

PCWeather Products, Inc.

considered
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Centennial, CO



GWM-VI and MODFLOW


