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Teton Valley Groundwater – Surface Water Model 
Rob Van Kirk, Humboldt State University, December 14, 2011 

Model Description 

Overview 

This model was developed to investigate effects of irrigation water management use on groundwater 

levels, groundwater discharge, and stream flow in the Teton River watershed upstream of the Bitch 

Creek confluence.  The model is not a calibrated simulation model; rather it is an analytical model that 

uses mean parameters derived from data.  Although the model contains many spatially explicit 

components, the model is not capable of predicting groundwater levels or stream flow at any given 

point in the system.  However, model outputs averaged over the domain are physically realistic, and 

comparison of model outputs among scenarios provides meaningful assessments of the effects of 

various scenarios.  In particular, there are two long-term stream gaging stations on the Teton River at 

which model outputs can be used to predict effects on stream flow: Teton River above South Leigh 

Creek and Teton River near St. Anthony.  Because model outputs have been averaged across numerous 

individual streams and irrigation systems at these two gage stations, the model performs well at 

predicting flow at these two locations.  Similarly, although the model uses a daily time step, outputs are 

not likely to be accurate on any given day.  However, mean annual hydrographs and interannual trends 

are meaningful. 

The model tracks the fate of water that enters alluvial fans on the east side of the Teton River upstream 

of Bitch Creek.  There are two sources of this water: direct snowmelt and inflow from the seven primary 

tributary streams; in order from upstream to downstream, these are Trail, Fox, Darby, Teton, S. Leigh, N. 

Leigh, and Badger creeks (Figure 1).  Flow in these streams can be diverted into irrigation canals at the 

tops of the alluvial fans.  Undiverted flow remains in the stream channel, which is assumed to lose water 

to evaporation and seepage as the stream flows across the alluvial fans until either the channel becomes 

dry or the point of spring emergence (locally referred to as “live water”) is reached at the bottom of the 

fan.  Water remaining in the stream channels at that point flows into the Teton River as surface flow.  All 

remaining flow into the Teton River occurs via groundwater pathways.  Water in irrigation canals is lost 

to evaporation and seepage; water in excess of canal losses is delivered to fields.  Any water applied 

with sprinklers is subjected to additional evaporative loss.  Remaining water is used by crop ET; any 

application in excess of crop ET is assumed to recharge groundwater.  Total recharge to the shallow 

alluvial aquifer consists of stream channel seepage, canal seepage, irrigation application seepage, and 

direct snowmelt.  The model also allows withdrawal of water due to pumping from the shallow aquifer.  

All water that enters the shallow aquifer is assumed to exit via horizontal groundwater flow that 

eventually returns to the Teton River.  More details are given in Peterson (2011).  To make the model 

easy to parameterize and use, English units are used throughout.  The model itself uses feet and days, 

although stream flow inputs and outputs are expressed in cfs and total annual volumes are expressed in 

acre-feet.   
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Figure 1.  Map of upper Teton watershed, showing streams, groundwater model domains, and domain 

coordinate systems. 
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Model Domain 

The model domain consists of two disjoint rectangular regions, one encompassing the main alluvial fans 

on the east side of the Teton River from the south end of the valley northward to North Leigh Creek, and 

a second containing the Badger Creek alluvial fan (Figure 1).  The model also includes diversions and 

return flow from Spring Creek, which provides irrigation water for about 3,000 additional acres in 

between the main domain and Badger Creek fan, in the vicinity of Tetonia.  Spring Creek originates from 

emergent groundwater (supply already included in the model via precipitation and seepage from other 

streams and canals) and does not flow across alluvial fan deposits.  We assume that neither its stream 

channel nor canal system lose water to the aquifer.  Any diversion from Spring Creek in excess of 

evaporation and crop ET is assumed to return via surface flow to the river.  Maps and satellite images 

clearly show the lower reaches of several Spring Creek canals forming sloughs that join the Teton River.  

The model uses a daily time step over the 30 water years 1979-2008.  This set of water years forms the 

longest continuous period of record over which all the following data sets are available: daily ET data 

from ET Idaho (Allen and Robison 2007), daily flow in Pacific Creek for the purposes of synthesizing 

Teton tributary inflow (see earlier description of that model component), and electronically available 

diversion data for the rest of the Henry’s Fork watershed. 

Irrigation Model 

Total diversion over the model time frame from each stream was calculated using interpolation and 

statistical modeling, as described in an earlier document.  Diversions from all but Badger and Spring 

creeks were assumed to serve irrigated areas in the main model domain.  As mentioned above, 

diversions from Spring Creek serve low-lying areas between the main and Badger Creek domains.  Based 

on IDWR diversion data and topography, we estimate that about 40% of total diversion from Badger 

Creek is delivered south towards N. Leigh Creek and hence contributes to crop ET and seepage on the 

main domain.  The remaining amount is delivered northwestward toward Felt and contributes to crop 

ET and seepage on the Badger Creek alluvial fan.  Using satellite images and maps, we estimate that 

about 45,000 acres are irrigated on the alluvial fans in the main domain.  This 45,000 acres was divided 

among the six streams according to the period-of-record fraction of total irrigation diversion supplied by 

each stream (e.g., a stream that accounted for 20% of total diversions over the modeling period is 

assumed to serve 20% of the 45,000 acres).  Water diverted from Spring Creek irrigates another 3,000 

acres, and the lower Badger Creek diversions irrigate an additional 5,000 acres. 

We then estimated the total area of the canal systems served by each stream by measuring canal 

lengths and widths on Google Earth images and topographic maps.  Widths were corrected with an 

empirical formula relating actual widths to image-measured widths.  This formula was developed from a 

random sample of canals measured in the field (Peterson 2011).  Based on field observations and on 

maps and images of various ages, we were able to estimate area for both current and historic (pre-

1970s) canal systems.  We estimated mean loss rate from canals flowing across the Teton Valley alluvial 

fans at 3.663 ft/day, from field measurements (Peterson 2011).  For all canal systems except that of 

Spring Creek, the total loss on each day was taken to be the smaller of this loss rate multiplied by the 

canal area or total diversion.  Direct evaporation from the canal surface was calculated to be the daily 

net evaporation rate for shallow water (gross evaporation rate minus precipitation; data from ET Idaho) 
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multiplied by canal area.  This loss was subtracted directly from total diversion for Spring Creek and was 

the only loss applied to those canals.  For the remaining canals, evaporative loss was subtracted from 

total loss.  A similar calculation was applied to canal-side vegetation, and that loss was subtracted next.  

From field observations and satellite images, we estimated that across a large sample of canals in the 

Henry’s Fork watershed, the mean width of canal-side vegetation was equal to the canal width.  Any 

remaining loss was assumed to recharge the shallow aquifer.  The difference between total diversion 

and canal loss was delivered to fields.  We assumed that on days within the growing season (as defined 

in the ET Idaho database), water was then applied to fields in some combination of surface and sprinkler 

application methods (see accompanying description).  The fraction applied with sprinklers was subject to 

a 2% evaporative loss.  Net crop demand (depth) was taken to be the daily gross crop ET demand for the 

particular mix of crops grown in Teton Valley minus daily precipitation, but not less than zero.  The net 

crop demand was multiplied by the irrigated area to determine volumetric demand for each day.  

Applied irrigation water on that day up to this amount was assumed to supply crop demand; the 

remainder was assumed to recharge groundwater, except in the Spring Creek canal system, where 

excess returned to the stream via surface flow.  The total of canal seepage and application seepage was 

recharged uniformly across the domain. 

Tributary Flow Model 

Let �� measure distance along the stream channel downstream from the top of the alluvial fan (Figure 2), 

and let ����� be the surface flow remaining in the channel at point ��. Let �� � ��0�  be the flow in the 

channel at the top of the alluvial fan reach (losing reach), which is any flow remaining in the channel 

after diversion.  Then ����� satisfies the differential equation  


�

�� � �������, 

(1) 

where � � 0 is the stream channel loss rate [LT
-1

] and ����� is the wetted perimeter [L] of the channel 

at the point ��. Using field measurements, we estimated the mean loss rate to be � � 3.397 ft/day.  

From field measurements of channel cross sections, we found an empirical relationship between wetted 

perimeter and discharge given by 
� � ��� . 

(2) 

Using analysis of covariance, we found that � did not differ among the streams and had a mean value of 

0.1368, which does not depend on the units of measure used.  The value of the scale parameter � 

differed among streams and is dependent on units of measure.  Substituting (2) into (1) yields  


�

�� � ����� , 

(3) 

with initial condition �� � ��0�.  For � � 1, the solution is given by 
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Figure 2.  Schematic diagram of model domain and stream geometry.  Distance from the left boundary 

in the model domain coordinate system is measured by �.  The stream channel coordinate system is 

oriented along the stream, and distance is measured downstream from the top of the losing reach by ��.   

 

����� �  ��!"� � �1 � ������#
!

!"� , 
(4) 

which is then used to calculate the discharge remaining in the stream channel at locations �� 

downstream from �� � 0 until either there is no water left in the channel (point of desiccation is �� � $) 

or the point of spring emergence ��� � %� is reached (Figure 2). 

Equation (4) can be used analytically to calculate whether �� is sufficient for surface flow to remain 

continuous to the point of spring emergence and, if it is not, where the channel will desiccate.  Equation 

(4) can also be used to analytically derive the amount of channel loss across any reach of wetted stream 

channel.  As with the canal model, the amount of loss due to channel surface evaporation is first 

subtracted from total loss (approximating the water surface cross-section by the wetted perimeter), 

followed by the portion of loss consumed by riparian vegetation ET (net ET for willow/cottonwood mix 

multiplied by area of riparian vegetation, measured for each stream from Google Earth images).  Any 

remaining loss is assumed to recharge groundwater at the point along the stream channel at which the 

loss is calculated.  This is the only spatially explicit component of recharge and serves to concentrate 

stream channel seepage at the tops of the alluvial fans where discharge is greatest.  Any remaining 

surface flow at the point of spring emergence is considered to flow all the way to the Teton River as 

surface flow. 
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Precipitation and Groundwater Pumping Models 

Ideally, temporal distribution of snowmelt would be determined from rate of loss of actual water 

content in the snowpack.  However, all of the Snotel sites in the vicinity are located at elevations much 

higher than that of the valley floor.  Thus, we used mean snow depth in Driggs (obtained from the 

Western Regional Climate Center) during the snowmelt period as a proxy for water content in the 

snowpack as it melted.  The two snow depth measurements reported in this database are mean and 

maximum snow depth, which showed remarkably similar temporal patterns (Figure 3), suggesting that 

regardless of the water content accumulated during a particular water year, the snowpack reaches its 

peak depth in mid-February, melts rapidly during March, and is fully melted by May 1
st

.  We assumed 

that reduction in depth during February is due to settling rather than melting and thus assumed that the 

snowpack begins releasing water starting on March 1.  We assumed that release of melt water was 

proportional to the daily loss in mean depth from March 1 to May 1 and normalized the resulting loss 

rate to obtain a temporal density function for snowmelt (Figure 4).  We used analysis of unregulated 

baseflow in other streams in the watershed to estimate that baseflow equals about 75% of the 

accumulated snowpack across the respective catchments.  Thus, we assume that 75% of observed 

November-March precipitation in Driggs recharges the alluvial aquifer.  We multiplied the unit snowmelt 

hydrograph by this value for each of the 30 water years to estimate temporal distribution of snowmelt 

recharge depth (Figure 5), which is applied uniformly in space. 

The model includes withdrawal of groundwater from the shallow aquifer.  We obtained water use data 

from the USGS Water Use database and assumed that the reported groundwater withdrawal for 

domestic, commercial, and industrial uses in Teton County, Idaho came from the shallow aquifer.  We 

also assumed that 80% of the Teton County amount was withdrawn in the main model domain and 

another 1% in the Badger Creek domain.  The data showed a 9% per year increase over the period 1985-

2005, which, when applied to the 30-year model time frame, resulted in annual water use in Teton 

County increasing from about 250 acre-feet/year in 1979 to about 2600 acre-feet in 2008.  We assumed 

that net withdrawal of groundwater was zero during the winter and thus distributed the given annual 

withdrawal temporally in proportion to daily net ET for lawns in Driggs (from ET Idaho database).  

Withdrawal from shallow groundwater is applied uniformly over the domain. 

 

Figure 3.  Period-of-record snow depth in Driggs (data from Western Regional Climate Center). 
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Figure 4.  Temporal distribution of snowmelt recharge. 

 

Figure 5.  Depth of snowmelt recharge to the alluvial aquifer over the modeling time frame. 

Groundwater Flow Model 

The dominant groundwater flow path in the Teton Valley shallow aquifer is roughly from east to west 

(parallel to the mean flow direction of the tributary streams), and there is very little variability in 

observed or simulated hydraulic head in the north-south direction (Kilburn 1964, Nicklin 2003).  Thus, 

we oriented our primary model domain coordinate axis parallel to the primary flow direction (Figure 1) 

and averaged all model parameters over the orthogonal direction to obtain a model of one-dimensional 

flow.  The alluvium in Teton Valley is underlain by silicic volcanics, which have hydraulic conductivities 

one to two orders of magnitude lower than that of the alluvium (Nicklin 2003), and thus we ignored 

vertical flux in our model and just assumed horizontal flow through the alluvium layer.  We used the 

nonlinear Boussinesq equation for horizontal flow in an isotropic, homogeneous aquifer given by 
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&'
&( � )

*
&
&� +' &'

&�, - ���, (�
* , 

(5) 

where 

' is hydraulic head (ft), 

( is time (days), 

� is spatial location parallel to flow direction (ft), 

) is mean hydraulic conductivity (ft/day), 

* is specific yield (dimensionless), and 

���, (� is net recharge (recharge minus pumping) (ft/day). 

 

We assumed a fixed head value '� at the left (west) domain boundary (near the point of spring 

emergence east of the Teton River) and zero-flux at the right (east) boundary.  Thus, the boundary 

conditions for equation (5) are '�0, (� � '� and '.�/, (� � 0, where / is the domain length (“width” 

in the case of the main domain, which is “taller” than it is “wide”; Figures 1 and 2).  The west boundary 

condition is analogous to that used by Nicklin (2003) in his MODFLOW simulation.  By contrast, his 

simulation used a specified flux condition along the east boundary to accommodate underflow from 

tributaries at the canyon mouths.  We accommodate this flux via our stream recharge model, which 

assumes that the tributaries do not lose substantial amounts to alluvium until exiting the canyon mouths 

but then lose large amounts immediately upon flowing onto the alluvial fan deposits, creating large 

groundwater flux from east to west near the eastern boundary.  We used a hydraulic conductivity value 

of ) � 86 ft/day in the main domain, which is the geometric mean of all observed conductivity values 

for alluvium reported by Nicklin (2003) and equal to the spatial geometric mean of conductivity values 

used for the shallow, unconfined layer in his MODFLOW simulation.  We used ) � 330 ft/day for the 

Badger Creek domain, which is restricted solely to recent alluvial deposits immediately adjacent to the 

creek.  This is the value Nicklin (2003) used for such deposits in his simulation.  Kilburn (1964) reported 

only one value of specific yield for alluvium, * � 0.03, and Nicklin (2003) did not report any values of 

specific yield in the main body of his report.  The value of 0.03 is generally much lower than those 

typically reported for alluvial deposits similar to those in Teton Valley (e.g., Fetter 1994, Domenico and 

Schwartz 1998), so we chose to use * � 0.10.  Based on well logs reported in Kilburn (1964) and Nicklin 

(2003), we used  '� � 100 ft for the main domain (analogous to that used in Nicklin’s simulation) and 

'� � 45 ft for the Badger Creek domain.   

Total groundwater flow across the left domain boundary is given by )4'�'.�0, (�, where 4 is the 

domain length in the direction orthogonal to the one-dimensional flow direction.  We assume that all of 

this flow re-emerges in the surface water system as flow in the Teton River.  Based on the spatial 

distribution of recharge, we estimate that 88% of the groundwater outflow from the main domain 

enters the Teton River upstream of the South Leigh gage.  The remainder, plus the outflow from the 

Badger Creek domain, enters the river downstream of the South Leigh gage. 
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Simulated Teton River Flow 

Total modeled contribution to the Teton River is the sum of groundwater outflow and tributary surface 

flow that reaches the point of spring emergence.  At the South Leigh Creek gage, this contribution is 88% 

of the groundwater outflow from the main domain plus remaining surface flow from Trail, Fox, Darby 

and Teton creeks.  At the St. Anthony gage, this contribution is the total surface and groundwater 

outflow from the model domains.  To account for Spring Creek, which does not lose water to the 

aquifer, the contribution is reduced by the consumptive use of irrigation water diverted from Spring 

Creek (total diversion minus surface return flow).  We assume a travel time of one-day from the model 

domain to the St. Anthony gage.  Although the vast majority of water that enters the upper Teton River 

system is supplied by the seven model streams, a small amount is derived from streams on the west side 

of the river and from direct snowmelt in locations other than those specifically modeled.  Thus, model-

predicted flow into the river does not account for all water in the river and may actually overestimate 

flow into the river on some days because stream flow in the modeled streams was generated by a 

statistical model based on flow in Pacific Creek.  However, the difference in model-predicted flow 

between any two scenarios is a meaningful measure of the relative effect of the two scenarios on Teton 

River flow.   

In particular, we first modeled “actual” conditions over the 1979-2008 model time frame.  Hydrologic 

inputs (stream flow and precipitation) and diversions were taken to be those actually observed (directly 

or through empirical relationships described in separate documents) over this time period.  This scenario 

also included empirical models for observed conversion from flood to sprinkler irrigation practices and 

increase in groundwater pumping over 1979-2008.  Because all scenarios use the same hydrologic 

inputs, the difference in modeled outflow between a given scenario and the “actual” scenario gives the 

predicted net effect of that scenario, on Teton River flow under observed 1979-2008 hydrologic 

conditions.  Scenarios are described in more detail below.  For all scenarios except the “natural” 

scenario at the St. Anthony gage, predicted Teton River flow at either gage under the given scenario is 

thus given by 

Teton R. Flow=>?@ABCD � Teton R. FlowA>EFAG - Hscenario outNlow – actual outNlowP.  
(6) 

Because the model does not account for water supply and management between the mouth of Badger 

Creek and the St. Anthony gage, equation (6), when applied at the St. Anthony gage, reflects differences 

in flow due only to differences in water management upstream of and including Badger Creek.  To 

produce a meaningful “natural” flow scenario at St. Anthony, we adjusted Teton River flow at the St. 

Anthony gage further to account for diversions from the Teton River between Badger Creek and the St. 

Anthony gage (direct pumping from the river and diversions from Canyon Creek) and for delivery from 

the Crosscut Canal to the Teton River.  There are no flow alterations on Bitch Creek, and we assume that 

there is negligible groundwater return to the river between Badger Creek and the St. Anthony gage.   
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Model Implementation 

The model is implemented using the open-source programming environment R.  All inputs and outputs 

are given in .csv text files, which are easily read into and written out of the R environment.     

Input Files 

For the purposes of the current modeling effort, these files should not be altered because they contain 

all of the 1979-2008 hydrologic inputs and the geographic characteristics inherent to the domain.  These 

are matched to the observed Teton River flow over the 1979-2008 time period, so changes to these 

inputs would result in meaningless predictions of Teton River flow, unless the model was modified to 

explicitly rather than implicitly (via differencing) estimate flow in the Teton River.  The exceptions are 

that certain parameters in the file “streampars.csv” can be changed without altering model validity (see 

footnotes after Table 1). 

"streampars.csv”  Stream and diversion parameters such as areas, widths, lengths, etc.  An annotated 

version is included as a .xlsx file with the same name and given in Table 1. 

"StreamQ_from_1962.csv”  Synthesized streamflow (csf) for tributaries except Spring Creek and 

observed  flow (cfs) in Teton River at S. Leigh gage, WY 1962-2010.  This file was generated by the code 

“streamflow.R” provided earlier. 

"TVdiversions.csv”  Diversions the eight model streams (cfs), WY 1979-2010.  This file was generated by 

the code “diversions.R” supplied earlier. 

"waterET.csv"  Shallow, open-water evaporation minus precipitation; from ET Idaho (ft/day).  Also 

contains values for other geographic locations in the watershed. 

"ripET.csv  Riparian vegetation ET minus precipitation; from ET Idaho  (ft/day).  Also contains values for 

other geographic locations in the watershed. 

"cropET.csv  Gross crop ET and precipitation (separately); from ET Idaho (ft/day).  Also contains values 

for other geographic locations in the watershed. 

"miscinputs.csv”  30-year daily time series of four inputs: 1) “spfrac”: fraction in sprinkler irrigation 

(actual 1979-2008, fit to data as described in separate document), 2) “lawnET”: annual unit hydrographs 

of lawn ET for Driggs (from ET Idaho), 3) “Snowmelt”: time series of snowmelt recharge depth (Figure 5), 

and 4) “Season”: binary variable identifying official IDWR irrigation season (April 15 – October 31).  This 

is useful for defining diversion scenarios.
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Table 1.  Annotated version of stream parameter input file “streampars.csv”.  This file is provided as “streampars.xlsx”.  “BadgerM” refers to portion of Badger 

Creek diversions contributing to main domain, and “BadgerB” refers to those contributing to Badger Creek domain.   

  1 2 3 4 5 6 7 8 9  

    Trail Fox Darby Teton SLeigh NLeigh BadgerM BadgerB Spring Description 

1 alpha 3.607 3.128 3.972 4.941 3.496 3.496 3.496 3.496 0 Scale parameter in stream width (ft) vs Q (ft^3/day) relationship 

2 b 3735 8535 10005 12585 0 750 0 0 0 Stream distance from West domain bdry to live water (ft) 

3 v 29525 17930 20445 27990 30700 24195 35000 35000 0 Stream distance from live water to top of fan (ft) 

4 theta -0.51 0.51 0.21 0.78 0.22 0.22 0 0 0 Angle of stream with respect to domain x axis (rad) 

5 maxdiv 224 170 148 448 360 159 59.2 88.8 130 Current canal system capacity (ft^3/sec) 

6 mindiv 28.9 9.3 18.5 61.5 30.0 16.9 14.4 21.1 0 Max. diversion (cfs) at which all diverted water is lost to seepage 

7 wr 168 238 315 602 632 506 438 438 0 Stream riparian width (ft) 

8 irrarea 3.56E+08 1.94E+08 2.72E+08 6.79E+08 2.32E+08 1.74E+08 5.18E+07 2.10E+08 1.31E+08 Total irrigated area (ft^2) 

9 canarea 6.83E+05 2.20E+05 4.37E+05 1.42E+06 7.08E+05 3.98E+05 3.39E+05 4.97E+05 3.48E+05 Canal area (ft^2) 

10 canareah 9.21E+05 2.62E+05 5.76E+05 1.45E+06 9.66E+05 3.98E+05 3.39E+05 4.97E+05 3.57E+05 Historic canal area (ft^2) 

11 Qmin 24.8 11.8 18.1 33.5 25.0 19.0 29.1 29.1 0 Minimum streamflow needed for flow to reach "live water" (ft^3/sec) 

12 W 30000 30000 30000 30000 30000 30000 35000 35000 0 GW model domain length parallel to flow direction 

13 L 95000 95000 95000 95000 95000 95000 6000 6000 0 GW model domain length perpendicular to flow direction 

14 n 40 40 40 40 40 40 30 30 0 Number of spatial grid cells in model domain 

15 Q5 32.0 18.5 25.1 41.0 32.3 26.0 36.5 36.5 5 Minimum streamflow needed for 5 cfs to reach "live water" (ft^3/sec) 

 

The following parameters should not be altered in this file: alpha, b, v, theta, wr, Qmin, W, L, n, and Q5.  These are geographic and geomorphic parameters 

inherent to the groundwater model domains and the stream channels. 

The following parameters can be altered: 

maxdiv  Canal system capacity (cfs). 

mindiv  Maximum diversion rate (cfs) at which all diverted water is lost to seepage in the current canal system.  This is equal to the canal loss rate multiplied by 

the canal area, so if either of these parameters are changed, this one should be changed if it is used in scenario modeling.  It is useful for scenarios that use the 

canal system as a recharge tool; setting diversion equal to this value (when supply is available) will result in all diverted water seeping to groundwater, with none 

left for irrigation application.  

irrarea  Irrigated area (ft^3) served by diversions from the given stream.  This can be set to any value desired, up to a total of about 60,000 acres in the main 

domain and a combined 12,000 acres for Spring Creek and the Badger Creek domain combined.  These values are the estimated maximum amount of land that 

can be irrigated with surface water from the model streams. 

canarea  Area of the current canal system (ft
2
).  This can be reduced to simulate replacement of canals with pipelines.  Alternatively, reducing the canal loss rate 

has the same effect (except for Spring Creek), because canal loss is multiplied by canal area to obtain total loss.   
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Numerical Methods 

The groundwater flow portion of the model uses finite differences, with forward differencing in time 

and centered spatial differencing.  The version of equation (5) used in the model is given by 

&'
&( � )'

*
&Q'
&�Q - )

* +&'
&�,

Q
- ���, (�

* , 

(7) 

and the derivative operators 
RS
R.S and 

R
R. are approximated by their appropriate matrix operators in the 

finite differencing scheme.  The number of spatial grid cells T for each groundwater domain is specified 

in the input file “streampars” (Table 1) and was chosen to guarantee convergence of the finite 

difference model under typical model input parameters.  The numerical code for the groundwater 

model is defined in a separate R script from the rest of the model and is called as a function with inputs 

), '�, /, *, and ���, (�.  The latter is provided as a (30*365) × T matrix of net recharge depth in each 

cell on each day generated by the main model code.  Figure 2 shows the orientation of an individual 

stream coordinate system relative to the model domain coordinate system.  The latter is discretized into 

T grid cells of width ∆� � //T.  The groundwater model generates mean water-year recharge 

averaged over the 30 water years and runs the groundwater flow model for 10 years under these mean 

recharge conditions to achieve the long-term head distribution expected at the end of the water year 

under mean conditions.  This distribution is then used as the initial condition for the 1979-2008 

simulation.  The groundwater model function returns a (30*365) × �T - 1� matrix of hydraulic head 

values (the fixed left boundary value appears in the first column) for each cell on each day, and a vector 

of specific discharge (discharge per unit length) at the left boundary on each day. 

Outputs 

The model produces two sets of outputs: 1) a large amount of very detailed data saved in an R 

workspace with a user-defined name, and 2) a set of summary outputs written to .csv files.  The latter 

are existing files that contain output from previously run scenarios and are read in at the beginning of 

model execution.  The summary output from the given scenario is appended to these files and written 

back out at the end.  In addition, the code automatically generates a set of graphs, which are described 

in the Scenario Modeling section below. 

R Objects 

The detailed data stored in the R workspace “sname.Rdata” consists of the following R objects. 

Irrig  

A list with components 1-9 (i.e., Irrig[[1]], Irrig[[2]], etc.), named "Trail", "Fox", "Darby", 

"Teton", "SLeigh", "NLeigh", "BadgerM", "BadgerB", "Spring", corresponding to the 9 canal systems 

modeled (alternatively, Irrig$Trail, Irrig$Fox, etc.).  Each of the list elements is a (30*365) × 6 

matrix with columns headers "Div", "Evap", "SurfRet", "CanSeep", "CropET", "AppSeep" containing, 

respectively, daily values (in cubic feet) of total diversion, total evaporative loss from the irrigation 

system (including to vegetation along the canals), surface return, canal seepage to the aquifer, volume 
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of crop ET supplied by irrigation, and seepage to the aquifer from irrigation application in excess of 

precipitation. 

Stream 

A list with components 1-7, named "Trail", "Fox", "Darby", "Teton", "SLeigh", "NLeigh", "Badger", 

corresponding to the 7 model streams that lose water to the aquifer (e.g., Stream[[1]] or 

Stream$Trail).  Each of the list elements is a (30*365) × 6 matrix with columns headers "Q0", "a", 

"LW", "ET", "Rchg", "Qv" containing, respectively, daily values (in cubic feet) of �� (flow in stream at top 

of losing reach), $ (minimum of point of desiccation or spring emergence; Figure 2), a binary variable 

indicating whether stream flow was continuous to the point of spring emergence, stream channel loss to 

evaporation and riparian vegetation, stream channel seepage to aquifer, and ��%� (surface flow, if any, 

remaining in channel at point of spring emergence).   

MainGW 

A list with components “head” and “discharge” (i.e., MainGW$head and MainGW$discharge), 

containing, respectively, the outputs of the groundwater model for the main domain, as described 

above.  Head is given in feet, and discharge in ft
3
/day/ft.  The discharge values must be multiplied by the 

length of the domain perpendicular to the flow direction to obtain total volumetric discharge from the 

aquifer.   

BadgGW 

Same as above, but for the Badger Creek domain.   

GWoutflow 

A (30*365) × 3 matrix containing daily groundwater outflow (cfs), respectively, above the South Leigh 

Creek gage, below the South Leigh Creek gage, and total. 

SWoutflow 

A (30*365) × 3 matrix containing daily surface water outflow (cfs), respectively, above the South Leigh 

Creek gage, below the South Leigh Creek gage, and total.  Net consumptive use of irrigation water 

diverted from Spring Creek is subtracted from model-predicted outflow below South Leigh Creek, as 

explained earlier. 

rchgmain 

Daily net recharge (ft) across all grid cells in the main domain. 

rchgb 

 Daily net recharge (ft) across all grid cells in the Badger Creek domain. 
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.csv Files  

The following .csv files read, updated, and written for each given scenario.  

“GWflow.csv”  Daily time series of total groundwater outflow (cfs). 

“OutflowSL.csv”  Daily time series of total model outflow (cfs) to Teton River above South Leigh gage. 

“OutflowSA.csv”  Daily time series of total model outflow (cfs) to Teton River above St. Anthony gage, 

lagged one day to account for travel time and accounting for consumptive use from South Leigh Creek. 

“TetonRSL.csv”   Daily time series of model-predicted flow in Teton River at South Leigh gage. 

“TetonRSA.csv”   Daily time series of model-predicted flow in Teton River at South Leigh gage. 

“GWtotalWY.csv”   Mean water year hydrograph (cfs) of total groundwater outflow. 

“TetonRSLWY.csv”  Mean water hydrograph (cfs) for Teton River at South Leigh gage. 

“TetonRSAWY.csv”  Mean water hydrograph (cfs) for Teton River at St. Anthony gage. 

 “GWlevel.csv”  Mean groundwater elevation profile (ft) above spring level ('�) across main domain 

cross section. 

“AnnTotalsAF.csv” Mean annual totals (acre-feet) of diversion, irrigation system evaporative loss, canal 

canal seepage to groundwater, application seepage to groundwater, volume of applied irrigation water 

used by crop ET, stream flow into Teton River as surface flow through the tributary streams (not 

counting South Leigh Creek), stream channel seepage to groundwater, and net groundwater recharge 

(total recharge minus pumping).  These totals are taken across all model components. 

R Instructions 

1. Have the following files all in the same directory: 1) seven input and ten output .csv files 

described above, 2) R script “GWmodel.R” and R script “ScenarioModel.R”. 

2. Run the command “rm(list=ls())”.  This will clear the R workspace to avoid confusion 

among R objects of the same name arising from different scenarios. 

3. Run the script “GWmodel.R” to define the numerical groundwater model function. 

4. Run “ScenarioModel.R” as it is currently coded.  This will generate a new scenario and 

illustrate model output and features.  Look at the output files before and after running this 

scenario to see what is generated by the model. 

5. After running the existing version of “ScenarioModel.R”, execute steps 2 and 3 again, and 

then make any desired edits to the code in “ScenarioModel.R” to define a new scenario.  

Make sure to specify a scenario name “sname” that is different than that used for previous 

scenarios to keep outputs unique and saved in different workspaces. 

6. Run “ScenarioModel.R”.  One complete scenario run requires about 5-10 minutes, 

depending on computer speed and scenario.  The most costly part of the model is 

computing stream channel seepage into each grid cell on each day for each stream.  This 
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routine will require more time in scenarios in which more water is left in the streams after 

diversion. 

7. If you want to access the detailed R objects following several scenario runs, use 

rm(list=ls()) to clear the existing workspace, and then load the desired workspace 

“sname.Rdata”.  This must be done because object names are the same across scenarios; 

the only way to keep them separate is to save and work with them in separate workspaces.  

Of course, you can always change the names of objects after they are loaded. 

Scenario Modeling 

Pre-defined Scenarios 

The output files contain results of four pre-run scenarios.  The script “ScenarioModel.R” is coded to 

simulate a fifth scenario and write its results to the output files.  These five scenarios are described here. 

All hydrologic inputs (stream flow and precipitation) are the same across all scenarios. 

Actual 

This scenario models actual 1979-2008 conditions, including temporal conversion from flood to sprinkler 

irrigation (including temporal reduction in “historic” canal system extent to “current” according to this 

conversion) and increase in groundwater pumping due to population growth in Teton County. 

Natural 

This scenario assumes no diversion, no irrigation, and no groundwater pumping.   

Flood 

This scenario uses the historic extent of the canal system, which has a total area of about 13% greater 

than the current system (Table 1).  All water is applied with direct methods, so there is no sprinkler 

evaporation.  During the April 15 – October 31 irrigation season, all available streamflow is diverted, up 

to the current canal system capacity (Table 1).  These capacities were taken to be the maximum 

diversion over the 1979-2008 diversion data set.  It is possible that the historic canal system had a 

slightly higher capacity, but given that most application was still applied via flooding at the beginning of 

the 1979-2008 time period, the maximum diversion over this time period is probably very close to the 

historic system capacity.  Groundwater withdrawal was set at 200 acre-feet per year, its estimated value 

prior to the late 1970s. 

Current 

This scenario models current conditions, which are essentially those existing at the end of the actual 

scenario.  Actual 1979-2008 diversions and the current canal system are used, sprinkler fraction is fixed 

at 90%, and groundwater pumping for Teton County is fixed at 2589 acre-feet per year. 

Pipeline 

This scenario assumes that all irrigation conveyance occurs in pipelines, so there is no evaporation from 

canal surfaces and no canal seepage to groundwater.  All irrigation application occurs via sprinklers, so a 

uniform 2% sprinkler evaporation rate is applied.  Diversion is assumed to be the smaller of gross crop 

ET plus 2% sprinkler loss, supply, and capacity.  Thus, up to supply and system capacity, there is no 
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diversion in excess of crop demand plus the 2% evaporative sprinkler loss.  A small amount of 

application seepage occurs on days during the growing season when precipitation meets crop demand.  

Groundwater pumping is set at its current level of 2589 acre-feet per year in Teton County.  The 

automated graphical output is shown here.  These graphs will be produced by R when you run 

“ScenarioModel.R” as it is currently coded. 

 

Figure 6.  Net difference in Teton River flow at the South Leigh gage between pipeline and actual 

scenarios.  Note that the pipeline scenario results in higher flow during runoff because less water is 

diverted, but flow the rest of the year is lower because groundwater recharge is so much less than 

under actual conditions. 
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Figure 7.  Net difference in Teton River flow at the St. Anthony gage between pipeline and actual 

scenarios.   

 

Figure 8.  Mean water-year hydrographs for Teton River at the South Leigh gage under pipeline, natural, 

flood, and actual conditions.   
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Figure 9.  Mean water-year hydrographs for Teton River at the St. Anthony gage under pipeline, natural, 

flood, and actual conditions. 

 

Figure 10.  Mean groundwater elevation above spring emergence level in the main domain under 

pipeline, natural, flood, and actual scenarios.  Kilburn (1964) observed groundwater elevations in the 

early 1960s, when all irrigation was practiced with flooding and other surface methods.  It is worth 

noting that he estimated that groundwater elevations at the tops of the alluvial fans were about 200-

250 feet higher than at the elevation of the springs, providing some validation of our model.  
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Figure 11.  Mean water-year hydrographs of total groundwater discharge for pipeline, natural, flood, 

and actual scenarios.   

Defining New Scenarios 

The code in “ScenarioModel.R” is well documented and indicates places in the model where 

modifications can be made to define new scenarios.  The user can easily define different canal loss rates, 

fraction in sprinkler application, and groundwater pumping rates at the beginning of the code. Because 

Spring Creek is not modeled to interact with groundwater, outputs are affected only very slightly by 

modifications to its irrigation model.  Modifications can be made to the code and to the four irrigation 

system parameters described in the footnotes to Table 1.  If desired, different values of hydraulic 

conductivity, specific yield, and fixed-boundary condition can be specified in the function call to 

“GWmodel.R”. 

The primary place to make modifications to the model is in defining diversions from the other seven 

streams.  In the case of Badger Creek, the allocation of total diverted water between the main and 

Badger Creek domains can also be modified.  The model will run and produce meaningful results under 

any type of diversion scenario, as long as diversion does not exceed supply.  The code prevents negative 

values from entering the stream flow model and thus will run if diversion exceeds supply, but in this 

case, outputs are meaningless because they would result from a model in which hydrologic inputs 

exceeded stream flow plus precipitation.  When using conditional statements in R, it is much more 

efficient to apply the functions “pmin” and “pmax” to arrays of equal size than to compare elements one 

at a time in a loop.  For example, if you want to divert the smaller of supply and capacity, the latter of 

which is a fixed constant, multiply the scalar “capacity” by a (30*365) × 1 matrix of ones to obtain a 
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matrix the same size as the time series of supply values (daily flow over 30 water years), and then use 

the function “pmin” applied to these two matrices rather than looping through all 30*365 days and 

using the “min” function to compare supply on each day to the scalar “capacity.”  The code generates 

two constant (30*365) × 1 matrices, named “one” and “zero”, that contain, respectively, ones and zeros, 

for this purpose.  The column “Season” in the input file “miscinputs.csv” can also be used in this way; its 

values are 1 during irrigation season and 0 otherwise.  The code for the “pipeline” scenario that is 

currently written in the “Scenario.R” file provides a good example of using these features to model 

diversion. 
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