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SUMMARY 

High capacity well pumping mainly for irrigation purposes is impacting the levels of groundwater, lakes, 

and wetlands and the discharges of streams in the Wisconsin Central Sands.  Pumping impacts continue 

to increase as new irrigation wells are installed and as new irrigated lands are developed.  A need exists 

for methodologies capable of assessing the impacts of anticipated irrigation development in the region.  

Here we explore a procedure for assessing these impacts in the Tomorrow-Waupaca River Headwaters 

area of the Wisconsin Central Sands.  The procedure had two components; evaluating the suitability of 

land parcels for irrigation development, and then assessing the drawdown and streamflow impacts of 

converting these lands to irrigation using groundwater flow modeling.  Suitability evaluation placed land 

parcels into four tiers, from “little apparent limitation” for irrigation conversion (Tier 1) through “not 

convertible” to irrigation (Tier 4).  To assess the impacts of converting lands to irrigation, four scenarios 

were created encompassing two levels of irrigation development and two of irrigation consumption.  

Irrigation development scenarios were the current level (9.2% of the demonstration area) and a 

moderate increase level (38% of the demonstration area, amounting to 76% of Tier 1 lands).  Irrigation 

consumption scenarios were 2 and 4 inches of water.  Under moderate increase levels, irrigation 

development causes substantial drawdowns (2-8 ft) in the vicinity of many lakes, nearly dries numerous 

stream headwaters, and diverts 9.2 to 28% of main stream Tomorrow-Waupaca River baseflow.  

INTRODUCTION 

High capacity well pumping mainly for irrigation purposes is impacting the levels of groundwater, lakes, 

and wetlands and the discharges of streams in the Wisconsin Central Sands (Kraft et al. 2012a, Clancy et 

al. 2009, Kniffin et al. In press).  The greatest impacts are in the heavily pumped upland between the 

Wisconsin and Fox/Wolf river basins in south central Portage County and western Waushara County 

(Figure 1), and in the adjacent area of headwater streams.  Water level drawdowns amount to 6 ft or 

more in places, and streamflow diversions have seasonally or permanently dried some headwater 

streams (Kraft et al. 2012b). 

Pumping impacts on water levels and streamflows continue to increase as new irrigation wells are 

installed and as new irrigated lands are developed.  Some physical factors formerly thought to be 

limiting to irrigation, such as land slope, minimal field size, forest cover, and soil stoniness, are more 

frequently being overcome (Figure 2).  New lands being brought into irrigation sometimes have C slopes 

(6-12%) and are as small as a few acres.  Forest cover and a moderate amount of stones have not been 

shown to be an impediment.   



 

 

While a picture of current irrigation pumping has been painted in earlier work, an awareness gap exists 

of how irrigation will expand across the landscape and how this expansion will further affect the region’s 

water resources.  The purpose of this work is to investigate an approach to fill this gap through a 

demonstration in the Tomorrow-Waupaca River Headwaters Area (TWHA) (Figure 1).  

The TWHA 

The TWHA is located mostly east and northeast of the presently most developed irrigated area (Figures 

1 and 3).  The area contains 33 lakes greater than 10 acres (126 total) and about 72 miles of headwaters 

streams, many of which are trout streams and designated outstanding and exceptional resource waters 

(Figure 3).  All are sustained by groundwater.  Active high capacity irrigation wells numbered 113 in 2012 

(WDNR 2013), and these are already impacting water levels and streamflows.  Kraft et al. (2010, 2012a) 

estimated current water level drawdowns for the TWHA are greatest, about 2 ft, in the southwest.  They 

also estimated that 32.5 % of the area has existing drawdowns exceeding one foot, and 14.5% has 

drawdowns of 0.5 to 1.0 ft.   

Description of investigation 

This investigation has two components; mapping potentially irrigable lands and then estimating how 

converting these lands to irrigation could impact water levels and streamflows.  Groundwater flow 

modeling was used as the tool to estimate water level and streamflow impacts.  Four irrigation impact 

scenarios were explored, encompassing two levels of irrigation extent (the amount of area converted to 

irrigation) and two of irrigation consumption.  Irrigation extent scenarios were the present level of 

irrigation, where 9.2% of the demonstration area is irrigated, and a moderate increase level, where 38% 

of the demonstration area would become irrigated.  Irrigation consumption scenarios were 2 inches and 

4 inches of water.  Two inches is an amount that previous modeling (Kraft et al. 2010; Kraft et al. 2012a) 

suggested could explain the current drawdowns in a dynamic system still not at equilibrium, and that 

might underestimate irrigation impacts.  Larger net irrigation consumption, up to 5.6 inches, was 

supported by Kraft et al. (2012a) in the Little Plover vicinity, and by Weeks et al. 1965 and Weeks and 

Stangland (1971).  Hence the 2 to 4 inch recharge reduction provides a reasonable, though possibly low, 

bracketing of a true value. 

METHODS 

Delineating potentially irrigable land  

Potentially irrigable land was delineated in a Geographic Information System (GIS) environment with 

limited field checking.  A GIS layer of irrigated land suitability was constructed starting with a Portage 

County parcel layer clipped to the project area.  Irrigated land suitability was then estimated for each 

parcel or subparcel, classifying each polygon into one of four tiers:  

  

 Tier 1 – little apparent limitation for conversion to irrigated land; land slopes are small (usually 

 0-5%); existing land covers are at least half agricultural, soils not wet. 



 

 

 Tier 2 – some limitations for conversion to irrigated land; land may be more sloping (up to 

 about 10%), half or more forested, soils not wet. 

 Tier 3 – highly limited for conversion to irrigated land; parcels may contain steep slopes (up to 

 20%), forested landcover, wet soils, near proximity to streams or lakes, or are highly 

 fragmented.  

 Tier 4 - Not convertible to irrigated agriculture; limitations include existing land uses (homes, 

 farmsteads, businesses, gravel pits, roads), wetlands, slopes that exceed 20%, public wildlife and 

 fishery areas, and parks.   

Delineation of potentially irrigable land 

Nearly half (49.8%) of the total project area fell into tier 1, 19.1% into tier 2, 6.8% into tier 3, and 24.3% 

in Tier 4 (Figure 4, Table 1).  Present irrigation development comprises an estimated 11707 irrigated 

acres (9.2% of the area, 18% of all tier 1 acreage, and 0.4% of all tier 2 acreage) serviced by 113 

irrigation wells.  The moderate growth level comprises 48174 irrigated acres, including existing irrigated 

acres and wells.  The increase in irrigated acres from the current level was applied exclusively to tier 1 

lands, the easiest to convert to irrigation.   Irrigated lands in the moderate growth level comprise 38% of 

total project area, 76% of tier 1 lands and 0.4% of tier 2 lands. 

Groundwater flow modeling 

Groundwater flow modeling to assess potential future irrigation impacts is described briefly here, and in 

more detail in Attachment 1. 

Potential irrigation impacts were explored using a slightly modified version of a previously developed 

MODFLOW 2005 model for the Wisconsin Central Sands (Figure 5, Kraft et al. 2012b).  The effect of 

irrigation was conceptualized and simulated as a reduction in groundwater recharge relative to a native 

or pre-irrigated land reference condition (Weeks et al. 1965, Weeks and Stangland 1971, Kraft et al. 

2010, Kraft et al. 2012a), though implemented differently than in previous work.  Net recharge 

reduction was simulated as withdrawals from MODFLOW wells, with each well representing the net 

recharge reduction on 103.6 acres of nearby Tier 1 lands, an average for the region.  Thus the moderate 

growth scenario of 48174 irrigated acres, including the existing 11707 acres, was simulated by using 465 

wells, including the 113 existing wells.  Wells representing potentially irrigated lands were randomly 

placed amongst tier 1 lands.   

The modeling for this project calculates aquifer drawdown at lakes, but does not simulate lake stage 

explicitly.  This approach is valid for the steady-state type modeling that we are performing here, and 

comparisons with an explicit lake simulation for a Central Sands lake (S.S. Papadopulos & Associates 

2012) have agreed well. 

  



 

 

RESULTS AND DISCUSSION 

Projected water level drawdowns 

Scenario 1 – 2013 irrigation development level (9.2% of region), 2 inches net irrigation consumption 

This scenario approximates past drawdown estimations (1999-2008 average drawdowns at 17 locations, 

Kraft et al. 2010, 2012a) but likely underestimates the ultimate impacts of current levels of irrigation 

development, as the hydrologic system is not yet at an equilibrium with current development.   

As previously discussed, projected drawdowns in this scenario are greatest in the southwest of the 

TWHA (Figure 6a), about 2 ft, and smallest within 2-3 miles of the Tomorrow River and in the New Hope 

area lakes of Sunset, Onland, Rinehart and others) northeast of the river (Figure 7), due to relatively 

small amounts of irrigation development and the effect of the river constraining drawdowns.  

Drawdowns are one foot or more in 25.8% of the region and 0.5-1.0 ft in 19.4% (Figure 6).1  Lakes Emily 

and Adams area drawdowns  are 0.5-1.0 ft.  Modest drawdowns (1-2 ft) are calculated for Lakes 

Thomas, Bear, and the Boelter-Riley Lake area (Figure 7). 

Scenario 2 – 2013 irrigation development level (9.2% of region), 4 inches of net irrigation consumption 

This scenario likely brackets a higher end of impacts that may accrue as the aquifer comes to an 

equilibrium with 2013 levels of irrigation development.  Drawdowns are greatest, almost 4 ft, in the 

southwest of the TWHA, with 7.1% of the region exceeding a 3 ft drawdown, 20.1% ranging 2-3 ft, and 

18.4% ranging 1-2 ft (Figure 6b).  Drawdowns are estimated 0.5-1.0 ft in the New Hope lakes (Sunset, 

Onland, Rinehart and others) area, 1.0-2.0 ft for Lakes Emily and Adams, 2.0 to 3.0 at Thomas and Bear 

Lakes, and 3.0 to 4.0 in the Riley-Boelter Lakes area (Figure 7).  While not in the demonstration area, the 

Wolf and Pickerel Lakes area in the south have drawdowns of 4-5 ft. 

Scenario 3 – Moderate increase in irrigated land (38% of region), 2 inches of net irrigation 

consumption 

This scenario produces a large northward expansion of the heavily pumping-impacted region presently 

centered in northern Waushara County, and the development of a large drawdown region in the New 

Hope lakes area.  Drawdowns are greatest, almost 4 ft, in the west central TWHA, with 11.2% of the area 

having drawdowns exceeding 3 ft, and 27.9% having 2-3 ft, and 24.4% having 1-2 ft.  Drawdowns in the 

New Hope lakes are large for Sunset (> 2 ft) and Onland and Rinehart (about 3 ft).  Lakes Emily, Bear, 

and Adams area drawdowns are 2-3 ft, as is the Boelter-Riley Lake area.  Drawdown at Lake Thomas is 

3.8 ft (Figure 7).   

Scenario 4 - Moderate increase in irrigated land (38% of region), and 4 inches of net irrigation 

consumption. 

                                                           
1
 Note these fractions differ somewhat from that which was reported by Kraft et al. (2012a), due to the somewhat 

different way of handling irrigation stresses.  See Attachment 1.  
 



 

 

Two large drawdown centers form in this scenario in the vicinities of Thomas Lake (8 ft drawdown) and  

Onland – Rinehart Lakes (about 6 ft drawdown).  Over half the region has drawdowns exceeding 3 ft, 

12.8% has drawdowns of 2-3 ft, and 16.8% has a drawdown of 1-2 ft.  Other drawdowns are,  Sunset 

Lake, 4.2 ft; Lakes Emily and Adams,  4-5 ft; Bear, > 6 ft; Riley and Boelter Lakes, 5-6 ft; and Pickerel and 

Wolf Lakes, 6 ft. 

Projected streamflow diversions 

Streamflow diversions at select Tomorrow-Waupaca River locations 

Diversions from the Tomorrow-Waupaca River were evaluated at Merryland, Nelsonville, and County 

Rd. A (Figure 8, Table 2).  Under scenario 1 (current irrigation levels, 2 inches of net irrigation 

consumption), diversions are 2.5 to 6.7% of estimated baseflow.  These double with the scenario 2 

assumption of 4 inches of irrigation consumption.  With moderate growth and 2 inches of net irrigation 

consumption diversions are 9.2 to 14%, and these roughly double with 4 inches of irrigation 

consumption to 18-28% of Tomorrow-Waupaca discharges. 

Streamflow diversions at select headwaters locations 

Streamflow diversions at headwaters locations were evaluated for 19 streams at stream locations 

approximately one mile below where the stream “wets up” in the groundwater flow model (Figure 9, 

Table 3).  This is the most sensitive part of a stream system, and where a small diminishment of stream 

flows makes the difference between a flowing or dry stream.  Modeled baseflows in these headwaters 

locations ranged 0.074 to almost 3 cfs. 

Headwater streamflows under scenario 1 are already diminished by 1.3 to 51%.  Of note are the 

calculated diversions on Stoltenberg Creek (13.5%) which has already experienced dry-ups in its 

headwaters, and Allen Creek (40%, near Hartman Creek State Park) which anecdotally has been mostly 

dry in its headwaters. An assumption of four inches of net irrigation consumption roughly doubles the 

estimated current irrigation impact. 

Under a moderate increase in irrigated land, most headwater streams lose a substantial part of their 

baseflow.  The median baseflow loss is 28.2% under the 2-inch scenario, and 57.4% under the 4-inch 

scenario.  Some headwaters streams dry. 

CONCLUSIONS 

We demonstrated an approach leading to estimates of surface water impacts from future irrigation 

development.  The approach evaluated land parcels for irrigation suitability and then assessed the 

impacts of increased irrigation using an assumption of moderate irrigation development and a 

bracketing of estimated irrigation consumption amounts.  The procedure for irrigation suitability 

evaluation was labor intensive and required human assessment on a parcel by parcel basis.  The 

procedure could be partly streamlined and automated.  Our experience leads us to believe that an 

automated approach might work well for at least distinguishing the best of Tier 1 lands and Tier 3 and 4 

lands, but automation distinguishing some Tier 1 from Tier 2 lands could be difficult. 



 

 

The modelling procedure of attributing pumping from a certain land area to MODFLOW wells seems an 

efficient and valid way of assessing conversion of irrigated land.  Additional field data leading to more 

accurate model representations of stream headwaters would likely improve predictions of streamflow 

impacts.  Finer model discretization might also benefit impact predictions. 

Current irrigation development in the TWRH is already impacting its surface waters.  Under the most 

optimistic scenario (current irrigation development, 2 inches of net irrigation consumption), drawdowns 

are small (< 0.5 ft) around the New Hope Lakes (Sunset, Onland, Rinehart and others); 0.5 to 1.0 ft in the 

Lakes Emily and Adams area; and larger (1-2 ft) for Thomas, Bear, and the Boelter-Riley Lake area.  

Streamflow diversions from the main stem of the Tomorrow-Waupaca River are 2.5-6.7% of estimated 

baseflow, but are 1.3-51% at headwaters streams.  An assumption of the current level of irrigation 

development with 4 inches of net irrigation consumption substantially increases drawdowns and 

streamflow diversions.  Drawdowns are almost 4 ft in the southwest of the TWHA, with 7.1% of the area 

exceeding 3 ft, 20.1% ranging 2-3 ft, and 18.4% ranging 1-2 ft.  Estimated drawdowns are 0.5-1 ft in the 

New Hope lakes (Sunset, Onland, Rinehart and others) area, 1.0-2.0 ft for Lakes Emily and Adams, 2.0 to 

3.0 at Thomas and Bear Lakes, and 3.0 to 4.0 in the Riley-Boelter Lakes area.   

A moderate increase in irrigated land to 38% of the region with 2 inches of net irrigation consumption 

produces a large northward expansion of the heavily pumping-impacted region presently centered in 

northern Waushara County, and the development of a large drawdown region in the New Hope lakes 

area.  Drawdowns become greatest, almost four ft, in the west central TWHA, with 11.2% of the area 

having drawdowns exceeding 3 ft, and 27.9% having 2-3 ft, and 24.4% having 1-2 ft.  Drawdowns in the 

New Hope lakes increase to 2 ft for Sunset and 3 ft for Onland and Rinehart.  Lakes Emily, Bear, and 

Adams area drawdowns are 2-3 ft, as is the Boelter-Riley Lake area.  Drawdown at Lake Thomas is 3.8 ft.    

Diversions from the Tomorrow-Waupaca River increase to 9.2-14%, and most headwater stream 

segments lose a substantial part of their baseflow, with a median of 28.2%. 

A moderate increase in irrigated land (38% of the region) with 4 inches of net irrigation consumption 

produces two large drawdown centers in the vicinities of Thomas Lake (8 ft) and  Onland – Rinehart 

Lakes (about 6 ft).  Drawdown at Sunset Lake is 4.2 ft; Lake Emily and Adams, 4 - 5 ft; Bear, 5-6 ft; Riley 

and Boelter Lakes, 5-6 ft; and Pickerel and Wolf Lakes, 6 ft.  Diversions increase to 18-28% from 

Tomorrow-Waupaca discharges, and the median baseflow loss for headwater streams is 57.4% under 

the 4-inch scenario. 
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Figure 1.  The Wisconsin Central Sands groundwater flow model domain with the TWHA indicated.  Also shown are existing 
irrigation wells (through 2012) and groundwater drawdowns.  Drawdowns shown here were computed on a steady-state, 2 
inches of irrigation consumption basis in Kraft et al. (2012b) using a slightly different methodology than used in this report. 



 

 

 

  

Figure 2.  Expansion of irrigation into nontraditional settings.  Top:  Hilly land in east central Portage County.  Middle: Small field (11.5 
acres) in eastern Portage County.  Bottom:  Pine plantation being logged for conversion to irrigated land in the Emmons Creek 
watershed. 



 

 

 

Figure 3.  The TWHA with key water bodies, irrigation wells, and estimated current drawdowns shown. 

 



 

 

 

 

Figure 3.  Potential for irrigated agriculture in the TWHA. 



 

 

 

Figure 4.  Domain and features of the Central Sands groundwater flow model. 



 

 

 Figure 5.  Drawdowns for four irrigation scenarios with two levels of irrigation development and two of irrigation 
consumption. 



 

 

Figure 6.  Drawdowns at select lakes for four irrigation scenario with two levels of irrigation development and two of 

irrigation consumption. 



 

 

Figure 7.  Fraction of Tomorrow River baseflow diverted under four scenarios with two levels of irrigation development and 
two of irrigation consumption. 



 

 

Figure 8.  Fraction baseflow diversion on select tributary headwaters under four irrigation scenario with two levels of 

irrigation development and two of irrigation consumption. 



 

 

  

Table 1.  Some summary characteristics of tiered irrigated land suitability. 

Characteristic Tier 
 1 2 3 4 

Number of parcels 2565 1027 395 6593 
Acres 63376 24299 8693 30965 
% of TWHA 49.8 19.1 6.8 24.3 
  
 ------------ % of Parcels ----------- 
Dominant land cover  

Agriculture 83 4 2 7 
Forest 5 84 87 35 

Developed < 1 < 1 < 1 40 
Water 0 0 < 1 2 
Other 12 11 10 16 

Parcel wetness     
< 25% wet 96.6 79 33.6 44.8 

> 25 to <50% wet 2.3 7.2 20.4 21.4 
> 50% wet 1.1 13.8 46 33.8 

Dominant slope     
< 5% 97.3 87.6 59.2 83.4 

>5 to 10% 2.7 12.3 40.5 14.5 
> 10%  < 1 < 1 < 1 2.1 

 

  



 

 

Table 2.  Tomorrow-Waupaca River baseflow diversions at three locations under four scenarios of two levels of irrigation 
development and two of irrigation consumption. 

Irrigation development level: 
Consumptive irrigation level: 

Current Moderate increase 

2 Inches 4 Inches 2 Inches 4 Inches 

Location 
Baseflow 

(cfs) 
--------% Baseflow Diversion ------ 

Merryland 1.4 6.7% 13.6% 14.0% 27.7% 

Nelsonville 18.6 2.5% 5.1% 9.2% 18.4% 

County Highway A 44.3 3.1% 6.3% 11.4% 22.7% 

 

  



 

 

Table 3.  Irrigation diversions from headwater streams under four scenarios of two levels of irrigation development and two of irrigation consumption. 

  

Irrigation development level: Current Moderate increase 

Consumptive irrigation level: 2 in 4 in 2 in 4 in 

Map 
Location 

Location Name Baseflow (cfs)  ---------- % Baseflow Diversion ------- 

1 Tomorrow River Headwaters 0.96 5.1 10.3 9.5 19.9 

2 Unnamed Trib to Tomorrow River - near Polonia 0.86 9.6 19.3 22.5 44.6 

3 Poncho Creek 1.60 2.0 4.2 10.4 21.0 

4 Unnamed Trib to Tomorrow River - Rolling Hills Rd 0.23 10.1 20.9 44.1 89.8 

5 Stoltenberg Creek 1.06 13.5 25.8 33.0 58.8 

6 Unnamed Trib to Tomorrow River - Nelsonville Pond 0.09 18.3 36.6 84.6 99.1 

7 Unnamed Trib to Tomorrow River - below Nelsonville 0.23 8.2 15.8 28.2 57.4 

8 Bear Creek Headwaters 1.01 16.1 31.3 48.4 91.5 

9 Mack Creek - trib to Spring Lake 1.41 6.1 12.3 14.5 30.9 

10 Upper Spring Creek - trib to Spring Creek 0.07 51.1 99.4 99.5 99.6 

11 Stedman Creek 2.19 3.2 6.4 6.3 12.9 

12 Sannes Creek 1.14 1.3 2.6 11.2 22.5 

13 Allen Creek 0.21 39.9 80.3 66.6 100.0 

14 Buena Vista Creek 1.54 33.5 65.0 51.4 93.6 

15 Little Plover River at Kennedy 2.99 23.4 46.8 34.4 67.5 

16 WDOT Lost Creek Wetland 1.14 23.5 45.3 36.1 68.0 

17 Lost Creek 1.26 13.8 26.7 17.5 34.6 

18 Rainy Creek 1.64 2.7 5.4 14.2 28.9 

19 Nace Creek 0.96 3.8 7.7 27.2 53.3 

       

 
Minimum 0.07 1.3 2.6 6.3 12.9 

 
Maximum 2.99 51.1 99.4 99.5 100.0 

 
Average 1.08 15.0 29.6 34.7 57.6 

  Median 1.06 10.1 20.9 28.2 57.4 



 

 

ATTACHMENT 1 

Groundwater Flow Modeling Detail 

Model description 

Irrigation impact scenarios were explored using a previously developed MODFLOW model of the 

Wisconsin Central Sands area (Kraft et al. 2012a).  This model, identified as the Extended Model, is a 4 

hectare square cell, two layer model encompassing the groundwater flow system in the project area 

(Figure Attachment 1-1).  Far-field model boundaries utilize the main stem and large tributaries of the 

Wisconsin, Plover, Embarrass, Wolf, and Fox Rivers.  Within the project area, groundwater flow is mainly 

toward the Tomorrow-Waupaca River and its tributaries (modeled as internal river and drain 

source/sinks).  Some drains westward toward Wisconsin River tributaries, and some eastward toward 

those of the Little Wolf.  Calibrated recharge rates range 6.1 to 9.9 inches across the project area.  The 

upper model layer represents the surficial sand and gravel aquifer, which conducts most of groundwater 

recharge to the area’s lakes and streams, and is the aquifer usually used as an irrigation water source.  

The saturated thickness of this layer averages 41 m and ranges 5.5 to 65 m within the demonstration 

area.  The lower model layer represents the sandstone aquifer.  It averages 6.1 m thick in the 

demonstration area, ranges 1 to 70 m, and occurs mostly in the south central portion of the project 

area.  Crystalline Precambrian bedrock bounds the model’s bottom boundary.  The model is 

implemented with MODFLOW 2005 with the Upstream Weighting Package (UPW) and the Newton 

Solver (NWT).  The existing model was modified slightly in the project area.  Exploratory modeling 

revealed that several stream reaches modeled as river cells lost unrealistic amounts of water to the 

aquifer under large pumping stresses.  These river cells were therefore converted to drains for all model 

runs (Figure Attachment 1-1). 

The modeling for this project calculates aquifer drawdown at lakes, but does not simulate lake stage 

explicitly.  This is valid for the steady-state type modeling that we are performing here, and comparisons 

of this approach with explicit lake simulations for a Central Sands lake (S.S. Papadopulos & Associates 

2012) have been close. 

Simulating irrigated land hydrologic stresses 

Previous studies have conceptualized and simulated the hydrology of irrigated land (combined pumping, 

increased evapotranspiration, and recharge processes) as a reduction in groundwater recharge relative 

to a native or pre-irrigated land reference condition (Weeks et al. 1965, Weeks and Stangland 1971, 

Kraft et al. 2012a,2012b) for steady-state and long time period computations.  This reduced recharge is 

termed “net groundwater recharge,” defined as the difference between the recharge of the pre-existing 

condition and the irrigated conditions.  This difference is sometimes termed “net recharge reduction” or 

“net irrigation consumption.”  The net recharge reduction is usually less than the depth of groundwater 

pumped and applied to an irrigated field.  The disparity between actual irrigation depth and net 

recharge reduction has been attributed to “enhanced recharge” compared with nonirrigated land covers 

that occur during noncropped periods on irrigated fields, such as spring and fall.  The net recharge 

reduction approach was adopted in recent modeling studies in the Central Sands (e.g., Kraft et al. 2010, 



 

 

Kraft et al. 2012ab) where reduced recharge rates were applied to irrigated model cells.  Ongoing work 

(Bradbury and Fienen in progress, Kucharik et al. in progress) seeks to simulate irrigation impacts more 

explicitly, directly considering pumping and recharge processes on irrigated land as they change through 

the year.  These explicit approaches are not yet ready for broader adoption and incorporation into flow 

models, and for steady-state analysis, explicit approaches will likely not improve drawdown and stream 

depletion estimates. 

Though irrigation stresses in principle were simulated as a net reduction in recharge rates, we did so 

differently than in our earlier work to facilitate more efficient simulations.  Instead of reducing the 

recharge rate in irrigated MODFLOW cells, we simulated the net recharge reduction for an irrigated field 

as a withdrawal from a single MODFLOW well.  This brought about three issues:  (1) what field size 

should be simulated by a single irrigation well, (2) how should several neighboring small parcels be 

aggregated so as to be simulated efficiently by a single irrigation well, and (3) when neighboring parcels 

lie in different tiers, how will their tier be represented?   

For field size, we used 103.6 acres per irrigation well, the apparent average for the region.  Drawdowns 

calculated using the former method and attributing the same net irrigation reduction to a well 

representing 103.6 acres produced similar results at the large scale.  

In order to address parcel fragmentation and provide a reasonable base area to site a new well, tier 1, 2, 

and 3 parcels were aggregated to approximately a quarter-quarter section level and assigned an area-

weighted tier value.  Aggregated tier values less than 1.5 were assigned to tier 1, tier values 1.5 to < 2.5 

were assigned to tier 2, and tier values 2.5 to 3 were assigned to tier 3.  

  



 

 

 

Figure Attachment 1-1.  Groundwater flow model features for the vicinity of the TWHA. 


