
F1 

Appendix F. Natural Groundwater Recharge and Discharge in
 
the Wood River Valley Aquifer System, South-Central Idaho
 

Contents 

Introduction . .. . .. . .. .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. . . . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. .. . .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. ... .. . .. . .. .. . .. F3 
Natural Groundwater Recharge and Discharge . .. . .. . .. .. . .. . .. . .. .. . .. . .. . . . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. F3 
Precipitation .. . .. .. . .. . .. . .. .. . .. . .. . .. .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. . . . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. F6 
Evapotranspiration .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . . . .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. .. . .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. ... .. . .. . .. .. . .. F9 

Estimation Methods . .. . .. . .. ... .. . .. . .. .. . .. . .. .. . .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. F11 
Allen and Robison method . . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. . .. .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. . . . .. . .. . .. .. . .. . .. ... .. F11 
METRIC model.. . .. . .. . . . .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. . .. .. F14 
NDVI method .. .. . .. . .. .. . .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. . .. .. F15 
Interpolation method ... .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. F16 
METRIC-NDVI method .. . .. . .. ... .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. . . . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. F16 

Distribution and Statistics . .. . .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. . . . .. F17 
Percolation Rate ... .. . .. . .. .. . .. . .. .. . .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. . .. .. F22 
Groundwater Recharge and Discharge Rate .. . .. .. . .. . .. ... .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. . . . .. F22 
References Cited ... .. . .. . .. .. . .. . .. .. . .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. . .. .. F29 

Figures 

F1. Maps showing irrigated, semi-irrigated, and non-irrigated lands in the Wood River Valley, Idaho, during (A) 
November through March, and (B) April through October, 2008. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. F4 

F2. Map showing spatial distribution of precipitation zones and weather stations in the Wood River Valley, Idaho. . .. . . . .. F7 
F3. Graph showing daily average snow water equivalent recorded at weather stations in the Wood River Valley and 

surrounding areas, Idaho. . . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. F8 
F4. Diagrams showing monthly precipitation depth at the (A) Ketchum, (B) Hailey, (C) Picabo weather stations, Idaho. F9 
F5. Graph showing methods used to estimate evapotranspiration. . .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. . . . .. F11 
F6. Maps showing spatial distribution of evapotranspiration during (A) February and (B) August of 2008, Wood River 

Valley, Idaho. .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. F18 
F7. Graphs showing monthly evapotranspiration rate statistics during (A) 1995–1998, (B) 1999–2002, (C) 2003–2006, 

and (D) 2007–2010, Wood River Valley, Idaho. . . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. F20 
F8. Map showing spatial distribution of surficial soil types in the Wood River Valley, Idaho. . ... .. . .. . .. .. . .. . .. . .. .. . .. . .. . . . .. F23 
F9. Map showing spatial distribution of percolation in the Wood River Valley, Idaho. .. ... .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. . . . .. F24 
F10. Maps showing natural groundwater recharge during (A) February and (B) August of 2008, Wood River Valley, 

Idaho. . . . . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. F25 
F11. Graphs showing monthly natural groundwater recharge rate statistics during (A) 1995–1998, (B) 1999–2002, (C) 

2003–2006, and (D) 2007–2010, Wood River Valley, Idaho. .. .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. F27 



F2 Groundwater-Flow Model for the Wood River Valley Aquifer System, South-Central Idaho 

Tables
 

F1. Average monthly land cover evapotranspiration rates at the Picabo AgriMet weather station as calculated by the 
Allen and Robison method. . . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. F12 

F2. Applied land cover land use maps during the model simulation period (1995–2010). . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. . . . .. F13 
F3. Ratio of monthly land cover evapotranspiration rates estimated at the Hailey HADS weather station to those esti­

mated at the Picabo AgriMet weather station. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. F13 
F4. Average monthly land cover evapotranspiration rates at the Mackay HADS weather station as calculated by the 

Allen and Robison method. . . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. F14 
F5. Availability of METRIC estimates of evapotranspiration in the Wood River Valley (WRV) during the model simu­

lation period (1995–2010). .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. F15 
F6. Availability of NDVI estimates of evapotranspiration in the Wood River Valley (WRV) during the model simulation 

period (1995–2010). .. ... .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. F16 
F7. Availability of interpolated estimates of evapotranspiration in the Wood River Valley (WRV) during the model 

simulation period (1995–2010).. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. ... .. . .. . .. .. . .. . .. ... .. F17 
F8. Soil classes and corresponding percolation rates in the Wood River Valley, Idaho. .. ... .. . .. ... .. . .. . .. .. . .. . .. . .. .. . .. . .. . . . .. F22 



Natural Groundwater Recharge and Discharge F3 

Introduction 

The process of natural groundwater recharge and discharge occurs at the water-table surface. Natural groundwater recharge 
is the fraction of precipitation (rain, snow, sleet, etc.) that infiltrates the land surface and percolates downward through the soil 
and rock to fill the aquifer below. Whereas, natural groundwater discharge is water that is removed from the aquifer by means of 
evaporation processes. For this study, the areal recharge rate is dependent on the rate and duration of precipitation and evapotran­
spiration (ET), land cover land use, and soil type. All other factors that affect natural recharge and discharge rates (such as the 
antecedent soil moisture, slope, and aspect) are neglected. The purpose of this document is to describe the water-balance model 
used to calculate estimates of natural groundwater recharge and discharge rates on non-irrigated lands during the model simula­
tion period (1995–2010). 

Natural Groundwater Recharge and Discharge 

Precipitation that is not consumed by ET either infiltrates the subsurface and recharges the aquifer (as deep percolation), or 
becomes surface runoff and drains into rivers and streams. The volumetric flow rate of natural groundwater recharge and dis­
charge is defined using the following water balance approach: 

Qnat = A(P − ET) − R (1) 

where 

Qnat is the natural groundwater recharge and discharge rate, where positive values are flow into the aquifer system, and 
negative values are flow out of the system, in cubic meters per month; 

A is the land-surface area, in square meters; 

P is the precipitation rate, in meters per month; 

ET is the evapotranspiration rate, in meters per month; and 

R is the surface runoff rate, in cubic meters per month. 

There are no known published estimates of the spatial distribution and duration of surface runoff across the landscape in the 
WRV because they are very difficult to measure directly. Equation (1) can alternatively be expressed using the percolation rate 
(that is, the rate at which soil moisture moves downward toward the water table), thus eliminating the need for an estimation of 
the surface runoff. The rate at which the ground can absorb water is limited by the percolation rate of the soil, with any surplus 
water tending to become surface runoff. The water-balance model used to calculate estimates of the volumetric flow rate of natu­
ral groundwater recharge and discharge is expressed as:  

A(P − ET) if P − ET < p,
Qnat = (2)A p if P − ET ≥ p 

where 

p is the estimated percolation rate for the soil type, in meters per month. 

And estimates of surface runoff can be expressed as:  
A(P − ET − p) if P − ET > p,

R = (3)0 if P − ET ≤ p. 

Natural groundwater recharge and discharge are only applicable on non-irrigated lands, where areal recharge is unaffected 
by irrigation and water diversions. The spatial distribution of irrigated lands (including semi-irrigated lands) changes throughout 
the model simulation period (1995–2010). During the non-growing season (November through March), all land-surface areas of 
the WRV are classified as non-irrigated; whereas, during the growing season (April through October) much of the land surface 
is irrigated. For example, the distribution of irrigated and non-irrigated lands during the 2008 non-growing season and growing 
season are shown in figures F1A and F1B, respectively. The spatial distribution of irrigated lands changes annually. See appendix 
G for a description of (1) the land-use irrigation classification for 1995–2010, and (2) the calculation of incidental groundwater 
recharge on irrigated lands. The methods used to estimate precipitation, ET, and percolation rate in the WRV during 1995–2010 
are described in the following sections. 
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(A) November through March 
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Figure F1. Irrigated, semi-irrigated, and non-irrigated lands in the Wood River Valley, Idaho, during (A) November through 
March, and (B) April through October, 2008. 
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(B) April through October 
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Figure F1. —Continued 
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Precipitation 

Precipitation estimates (P in equations 1, 2 and 3) are derived from precipitation data recorded at three weather stations in the 
WRV. The weather stations are as follows: (1) a Hydrometeorological Automated Data System (HADS) located at the Ketchum 
Ranger Station near Ketchum (Ketchum HADS), (2) a HADS located at the Hailey Ranger Station at Hailey (Hailey HADS), and 
(3) an AgriMet station located near Picabo (PICI) on the Silver Creek Nature Conservancy property (Picabo AgriMet) (fig. F2). 
The HADS is a real-time data acquisition and data distribution system operated by the National Weather Service (NWS) Office 
of Dissemination (National Oceanic and Atmospheric Administration, 2015), whereas AgriMet is a satellite-telemetry network of 
automated agricultural weather stations operated and maintained by the Bureau of Reclamation, that collect weather data for use 
in crop water-use modeling, and other weather-related research and monitoring (U.S. Bureau of Reclamation, 2015). 

The spatial distribution of precipitation is based on precipitation zones, areas with uniform precipitation rates that together 
cover the entire extent of the WRV aquifer system (fig. F2). Boundaries between zones have been chosen based on geographic 
similarities that preserve the elevation-precipitation relationship observed in the data. 

Colder winter temperatures during the months of November through March result in frozen precipitation (snow). Precipita­
tion recorded during these months often remains frozen for extended periods of time and is unavailable for deep percolation and 
surface runoff. Winter snowfall, and the subsequent springtime melting, is accounted for in the model by temporally redistribut­
ing the recorded precipitation values. The melting and infiltration of frozen precipitation is a function of air and soil temperature, 
wind, precipitation, snow cover, soil moisture and frozen soil moisture, and the thermal and hydrologic characteristics of the soil 
(Harshburger and others, 2010). Because most of this data are unavailable in the study area, a simplified monthly precipitation 
redistribution model was constructed to account for springtime snowmelt in the model. The redistribution algorithm reduces the 
precipitation values recorded during the winter months (November through February) and redistributes the excess precipitation 
to springtime months (March and April), thus maintaining mass balance. The amount of redistribution is based on the accumu­
lation of snowpack, measured as Snow Water Equivalent (SWE), recorded at the Picabo AgriMet, Hailey HADS, and Chocolate 
Gulch Snow Telemetry (SNOTEL) weather stations (figs. F2 and F3). SNOTEL is an automated system of snowpack and related 
climate sensors operated by the Natural Resources Conservation Service (NRCS) (U.S. Department of Agriculture, 2015b). 
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Figure F2. Spatial distribution of precipitation zones and weather stations in the Wood River Valley, Idaho. 
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Figure F3. Daily average snow water equivalent recorded at weather stations in the Wood River Valley and surrounding areas, 
Idaho. 

The monthly precipitation redistribution model is mathematically expressed as:

⎧ ⎪⎪ PK for m = 10,
 
 ,m  ⎨ PK,m 0.25 for m = 11, 12, 1, 2, or 3,
 

PK,m = ⎪ (4a)⎪⎩ PK,m + (PK,11 + PK,12 + PK,1 + PK 2 + PK , ,3)0.75 for m = 4, 
for  = 5, 6, 7, 8, or 9,
 

 ⎪⎧ PK,m m

⎪⎪ P⎪ H,m for m = 10,
 
PH,m 0 m = 11,
  ⎨⎪⎪ .75 for 

 PH,m 0.25 for m = 12 or 1,
 
PH,m = ⎪ (4b)⎪⎪ PH,m 0.50 for m = 2, ⎩⎪⎪⎪ PH,m + PH,11 0.25 + (PH,12 + PH,1)0.75 + PH,2 0.50 for m = 3, 

 ⎧ PH,m for m = 4, 5, 6, 7, 8, or 9, 
 ⎪⎪⎪⎪⎪ PP,m for m = 10, ⎨⎪ PP,m  0.75 for m = 11,  PP,m 0.25 for m = 12 or 1, 

PP,m = (4c)⎪⎪⎪ PP,m 0.75 for m = 2, ⎪⎪⎪⎩ PP,m + PP,11 0.25 + (PP ,12 + PP,1)0.75 + PP,2 0.25 for m = 3, 
PP,m for m = 4, 5, 6, 7, 8, or 9, 

where 

m is the month as a counting number (1-12) where 1 is January and 12 is December;   PK,m, PH,m, PP,m
 

of m, in meters per month, respectively; and
 

PK,m, PH,m, PP,m are the precipitation rates recorded at the Ketchum, Hailey, and Picabo weather stations during the month 
of m, in meters, respectively. 

The precipitation-redistribution model assumes that at least 25 percent of a recorded winter-month precipitation is available for 
immediate deep percolation and surface runoff during the same month. 

are the precipitation rates applied to the Ketchum, Hailey, and Picabo precipitation zones during the month 
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(A) Ketchum 
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Figure F4. Monthly precipitation depth at the (A) Ketchum, (B) Hailey, (C) Picabo weather stations, Idaho. 

SWE measurements recorded at the Chocolate Gulch SNOTEL weather station are used as a proxy for snow accumulation 
and melt in the Ketchum precipitation zone. The Chocolate Gulch SNOTEL weather site is located at an elevation of 1,962 m 
(6,440 ft). This is a relatively high elevation when compared to the elevation of the Ketchum NWS weather station at 1,795 m 
(5,890 ft). The effect of which is that snow accumulation at the Chocolate Gulch SNOTEL weather station will likely occur 
somewhat earlier than in the model area (which is located at a lower elevation on the valley floor), and snowmelt will likely begin 
later. SWE measurements recorded at the Chocolate Gulch SNOTEL weather station indicate that snow accumulation begins in 
early October; assuming snow begins to accumulate within the model domain a short time later, indicates that 25 percent of the 
November precipitation recorded at the Ketchum HADS weather station can be applied to the Ketchum precipitation zone. At the 
Hailey HADS and Picabo AgriMet weather stations, snow begins to accumulate in the middle of November; thus indicating that 
75 percent of the recorded precipitation can be applied to the Hailey and Picabo precipitation zones. 

The SWE data shown in figure F3 indicate that at the Picabo AgriMet and Hailey HADS weather stations the majority of 
snowmelt occurs during the month of March. Snowmelt at the Chocolate Gulch SNOWTEL weather station begins during the 
first week of April and continues into the latter part of May. Recall that the Chocolate Gulch SNOTEL weather station is located 
at a higher elevation than the valley floor, and it assumed that the snowmelt within the model domain occurs at an earlier date. 
Therefore, the month of April is assumed appropriate for valley-floor snowmelt in the Ketchum precipitation zone. 

Figure F4 shows the redistribution of precipitation data recorded at the Ketchum HADS, Hailey HADS, and Picabo AgriMet 
weather stations. Although the monthly precipitation redistribution model is somewhat subjective with respect to the reallocation 
of precipitation during the November through April months, it is thought to be generally consistent with the theoretical behavior 
of frozen soil and frozen precipitation (Contor, 2004; Idaho Department of Water Resources, 2013). 

Evapotranspiration 

Evapotranspiration (E T in equations 1, 2 and 3) is the sum of evaporation and plant transpiration, and accounts for as much 
as 47 percent of the annual outflow from the WRV aquifer system (Bartolino, 2009). The component of evaporation in ET is the 
movement of water to the atmosphere from the land surface, surface-water bodies, and the capillary fringe of the groundwater ta­
ble, whereas plant transpiration is the uptake of water by plant roots and the subsequent loss of water as vapor through its leaves. 
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(B) Hailey 
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Figure F4. —Continued 

(C) Picabo 

1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
0

0.05

0.1

0.15

0.2

0.25

M
on

th
ly

 p
re

ci
pi

ta
tio

n,
 in

 m
et

er
s

0

0.2

0.4

0.6

0.8

M
on

th
ly

 p
re

ci
pi

ta
tio

n,
 in

 fe
et

Adjusted for spring melt
Recorded at weather station

Figure F4. —Continued 
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Figure F5. Methods used to estimate evapotranspiration. 

Estimation Methods 

In the WRV, estimates of ET were made using empirical calculations of indirect observations. As shown in figure F5, the 
method used to estimate ET varied throughout the duration of the model simulation period (1995–2010). The estimation method 
applied to a given time period was based on the robustness of the method and the availability of indirect observations. Five dif­
ferent methods were used to estimate ET indirectly. 

Allen and Robison method 

The Allen and Robison method for estimating ET uses the American Society of Civil Engineers (ASCE) standardized Penman-
Monteith equation to calculate reference ET values, and dual crop coefficients (Allen and Robison, 2007). The Allen and Robi­
son method is mathematically expressed as: 

ET = ∑ Kc,i ETr,i (5) 
i 

where 

ET is the estimated evapotranspiration rate, in meters per month; 

i is the day in the month as a decimal number; 

Kc,i is the crop coefficient on day i, a dimensionless quantity; and 

ETr,i is the reference evapotranspiration rate recorded at the Picabo weather station on day i, in meters per day. 

The reference ET represents the ET from a theoretical, standardized reference crop (fully watered, full cover, perfectly man­
aged alfalfa crop), and incorporates net radiation, soil heat flux, air temperature, wind speed, and vapor pressure (Allen and Ro­
bison, 2007). The crop coefficient is defined as the ratio of actual ET to the reference ET for a specific crop or land cover. An 
estimate of the crop coefficient is obtained by summing the dual crop coefficients: 

Kc = Kc,b + Kc,e (6) 

where 

Kc,b is the basal crop coefficient, a dimensionless quantity; and 

Kc,e is the evaporative crop coefficient, a dimensionless quantity. 

The basal crop coefficient is effective during the irrigation season and represents the non-weather factors of crop height, crop-
soil resistance, and surface reflectance that cause actual ET to vary from the reference ET; whereas the evaporative crop coeffi­
cient represents the evaporation because of wetting by precipitation and irrigation. 
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Allen and Robison (2007) used their method to estimate ET at the Picabo AgriMet weather station for various vegetation 
types (winter-month ET values are shown in table F1; U.S. Department of Agriculture, 2015a). Their method is reported to es­
timate irrigation-season ET within plus or minus 10 to 15 percent of the actual ET value; however, the land-cover distribution 
must be known in order for this method to work. During the growing season, the spatial and temporal resolution of land-cover 
maps is somewhat diminished by rapid crop growth and misidentification of vegetation types. Despite the unreliability of land-
cover data during the growing season, the Allen and Robison method is thought to provide robust estimates of ET during the 
non-growing season (winter months). Estimates of ET improve during the winter months because most of ET occurs as evapo­
ration (and sublimation) during this time period (Wright, 1993); additionally, because minimal transpiration takes place, the type 
of vegetated land cover is much less relevant, and the amount of mulch (dead or dormant vegetation) provides vegetative control 
on ET. Lands with full or partial mulch cover will experience less ET than bare soil because of the higher albedo and insulating 
properties of the mulch (Allen and Robison, 2007). As a result of winter conditions, land-cover identification becomes less cru­
cial to the estimation of ET because many vegetation types have similar winter vegetative-cover percentages. Furthermore, less 
energy is available to support evaporation resulting in much less winter-time evaporation. Because wintertime ET rates are small, 
and differences in wintertime ET rates between land-cover types are also small, mistakes in land-cover identification do not rep­
resent as significant an error as during the irrigation season. Therefore, the Allen and Robison method is only applied during the 
winter months (November through March). 

Table F1. Average monthly land cover evapotranspiration rates at the Picabo AgriMet weather station as calculated by the Allen 
and Robison method. [Abbreviations: mm/d, millimeters per day] 

Nov Dec Jan Feb Mar 
Land cover (mm/d) (mm/d) (mm/d) (mm/d) (mm/d) 

100 percent impervious 0.00 0.00 0.00 0.00 0.00 
Grass turf (lawns) - irrigated 0.21 0.11 0.14 0.23 0.45 
Alfalfa - less frequent cuttings 0.47 0.29 0.36 0.58 0.88 
Bare soil 0.40 0.28 0.36 0.57 0.81 
Cottonwoods 0.32 0.20 0.25 0.39 0.71 
Grass Pasture - high management 0.21 0.11 0.14 0.23 0.45 
Mulched soil (including grain stubble) 0.30 0.20 0.25 0.39 0.67 
Open water - shallow systems 0.68 0.29 0.34 0.63 1.32 
Range grass - early short season 0.30 0.20 0.25 0.39 0.70 
Sage brush 0.30 0.20 0.25 0.39 0.70 
Spring grain - irrigated 0.30 0.20 0.25 0.39 0.69 
Sweet corn - late plant 0.42 0.29 0.36 0.58 0.88 
Wetlands - narrow stands 0.32 0.20 0.25 0.39 0.71 
Willows 0.33 0.20 0.25 0.39 0.72 
Winter grain 0.44 0.28 0.35 0.57 1.07 
Range (not including impervious) 0.47 0.18 0.22 0.40 0.87 

Equations (5) and (6) were reparameterized to best represent the dominant processes during the winter months, evaporation 
and sublimation. The reference ET (ETr in equation 5) is changed to represent snow cover instead of a perfectly managed alfalfa 
crop, the basal crop coefficient (Kc,b in equation 6) is decreased to 0.1, and the evaporative crop coefficient (Kc,e in equation 6) 
changed to account for the evaporative effect of mulch cover. The smaller basal crop coefficient results in an ET estimate that is 
dominated by evaporation and much more sensitive to the distribution of mulch cover and precipitation events (Allen and Robi­
son, 2007). In summary, the Allen and Robison method is used to estimate ET for winter months by employing a reference ET 
for snow covered surfaces, which primarily represents ablation due to temperature and wind, and is strongly dependent on the 
amount of snow cover, mulch cover, and precipitation. 

Because winter-time ET is relatively insensitive to vegetation type, when compared to growing-season ET estimates, it is 
assumed that land cover land use maps are sufficient for calculating ET during this time period (table F2). Land cover land use 
maps are provided by the National Land Cover Database (MRLC, 2013) and the Cropland Data Layer (National Agriculture 
Statistics Service, 2013). 
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Table F2. Applied land cover land use maps during the model simulation period (1995–2010). [Abbreviations: NLCD, National 
Land Cover Dataset; CDL, Cropland Data Layer; NA, not applicable] 

Year Proxy year Data source Year Proxy year Data source 

1995 2001 NLCD 2003 2005 CDL 
1996 2001 NLCD 2004 2005 CDL 
1997 2001 NLCD 2005 NA CDL 
1998 2001 NLCD 2006 NA NLCD 
1999 2001 NLCD 2007 NA CDL 
2000 2001 NLCD 2008 NA CDL 
2001 NA NLCD 2009 NA CDL 
2002 2001 NLCD 2010 NA CDL 

Allen and Robison ET estimates are available for the Picabo AgriMet weather station during 1995 through 2010 and applied 
to the Picabo precipitation zone. However, Allen and Robison ET estimates were not available for the Hailey HADS or Ketchum 
HADS weather stations during this time period. Because wintertime ET is strongly dependent on temperature and snow cover, 
U.S. Department of Agriculture (2015a) estimates of ET at the Picabo AgriMet weather station (table F1) are not directly appli­
cable the Hailey and Ketchum precipitation zones. To address this issue, long-term average monthly ET estimates for the Hailey 
HADS (1894–1988) and Picabo AgriMet (1994–2011) weather stations where used to develop a regression model between these 
two site. Table F3 provides the monthly ratio between land cover ET rates estimated at the Hailey HADS and Picabo AgriMet 
weather stations. These ratios were then used to estimate ET in the Hailey precipitation zone. 

Table F3. Ratio of monthly land cover evapotranspiration rates estimated at the Hailey HADS weather station to those estimated 
at the Picabo AgriMet weather station. 

Nov Dec Jan Feb Mar 
Land cover (1) (1) (1) (1) (1) 

Grass turf (lawns) - irrigated 0.95 1.09 1.00 0.91 0.71 
Alfalfa - less frequent cuttings 1.02 0.97 0.97 0.90 0.78 
Bare soil 1.03 0.93 1.00 0.91 0.77 
Cottonwoods 1.03 1.00 0.92 0.92 0.73 
Grass Pasture - high management 0.95 1.09 1.00 0.91 0.71 
Mulched soil (including grain stubble) 1.00 0.90 0.96 0.92 0.72 
Open water - shallow systems 0.99 1.14 1.24 1.11 0.94 
Range grass - early short season 1.10 1.05 0.92 0.92 0.74 
Sage brush 1.03 1.00 0.92 0.92 0.71 
Spring grain - irrigated 1.03 1.00 0.92 0.92 0.72 
Sweet corn - late plant 1.05 1.00 0.94 0.88 0.77 
Wetlands - narrow stands 1.03 1.00 0.96 0.90 0.73 
Willows 1.06 1.00 0.92 0.92 0.72 
Winter grain 1.02 0.93 0.91 0.91 0.72 

The Ketchum HADS weather station has no available estimates of ET. Although the conditions are not identical, the Mackay 
HADS weather station (located about 50 km [81 mi] north-west of the Ketchum HADS weather station) has ET estimates based 
on the Allen and Robison method that are available for the 1995–2010 period (table F4). Because the elevation difference be­
tween the Ketchum and Mackay HADS weather stations is small (6 m [20 ft]), and both weather stations are located in a south-
central Idaho mountain valley, the Mackay ET estimates are used as a proxy for ET in the Ketchum precipitation zone. 
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Table F4. Average monthly land cover evapotranspiration rates at the Mackay HADS weather station as calculated by the Allen 
and Robison method. [Abbreviations: mm/d, millimeters per day] 

Nov Dec Jan Feb Mar 
Land cover (mm/d) (mm/d) (mm/d) (mm/d) (mm/d) 

Grass turf (lawns) - irrigated 0.16 0.11 0.14 0.21 0.33 
Alfalfa - less frequent cuttings 0.33 0.26 0.34 0.45 0.46 
Bare soil 0.28 0.26 0.34 0.43 0.41 
Cottonwoods 0.24 0.18 0.23 0.33 0.50 
Grass Pasture - high management 0.16 0.11 0.14 0.21 0.33 
Mulched soil (including grain stubble) 0.22 0.18 0.23 0.32 0.40 
Open water - shallow systems 0.57 0.27 0.32 0.60 1.33 
Range grass - early short season 0.22 0.18 0.23 0.33 0.43 
Sage brush 0.22 0.18 0.23 0.33 0.43 
Spring grain - irrigated 0.22 0.18 0.23 0.32 0.42 
Sweet corn - late plant 0.29 0.26 0.34 0.44 0.46 
Wetlands - narrow stands 0.24 0.18 0.23 0.32 0.50 
Willows 0.24 0.18 0.23 0.33 0.50 
Winter grain 0.28 0.25 0.33 0.47 0.67 

METRIC model 
The METRIC (Mapping Evapotranspiration at high Resolution using Internalized Calibration) model uses an energy balance 

approach to estimate ET (Allen and others, 2010b). The energy consumed during the ET process is calculated by METRIC as the 
total energy available minus heat fluxes to the ground and air (Allen and others, 2010a). Remote sensing data (heat, reflectance, 
radiation) as measured by a Landsat satellite, are used to indirectly estimate the components of the energy balance equation. The 
remote sensing data are available as raster images (gridded data) and only for snapshots in time when a satellite passed over the 
WRV. Cloud cover and smoke can obscure ground features from satellite imagery and make it unusable, although images with 
partial cloud cover may still be used by masking, or removing, those areas of the image that are obscured by clouds. ET esti­
mates in the masked regions of images are rendered using data from different Landsat satellites passing over at different times. 

The ratio of instantaneous ET (calculated from a satellite image) to the hourly reference ET (recorded at a local weather sta­
tion) is called the realized fraction of ET, and expressed as: 

ETinstantFr,metric = (7)
ETr,hour 

where 

Fr,metric is the realized fraction of evapotranspiration, a dimensionless quantity; 

ETinstant is the instantaneous evapotranspiration, in meters; and 

ETr,hour is the hourly reference evapotranspiration, in meters. 

The realized fraction of ET is relatively constant throughout the day (Allen and others, 2010a). Therefore, multiplying the 
realized fraction of ET by the daily reference ET gives a daily estimate of ET using the METRIC model. ET estimates based on 
the METRIC model are expressed as: 

ET = ∑Fr,metric,i ETr,i (8) 
i 

where 

ETr,i is the reference evapotranspiration rate recorded at the Picabo AgriMet weather station on day i, in meters per day. 

An interpolation method based on vegetative growth and senescence is used to estimate ET on days when satellite images 
are not available; that is, days between image snapshot dates. Monthly ET estimates using the METRIC model are reported to be 
within plus or minus 10 percent of actual ET (Mokhtari and others, 2012). Table F5 gives the availability of METRIC ET esti­
mates during 1995–2010 period. 
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Table F5. Availability of METRIC estimates of evapotranspiration in the Wood River Valley (WRV) during the model simula­
tion period (1995–2010). 

Year Month Land cover 

1996 
2000 
2002 
2006 
2008 
2009 
2010 

Apr–Oct 
Apr–Oct 
May–Oct 
Apr–Oct 
Apr–Oct 
Apr–Oct 
Apr–Oct 

WRV 
WRV 
South of Bellevue 
WRV 
WRV 
WRV 
WRV 

NDVI method 

The Normalized Difference Vegetation Index (NDVI) is an indicator used to analyze remote sensing measurements (plant 
reflectance) and assess whether the land surface contains live green vegetation or not. The NDVI is calculated as the difference 
between red and infrared wavelengths reflected from the earth’s surface as sensed from a satellite-borne sensor, and expressed as: 

ref nir − ref red NDVI = (9)
ref nir + ref red 

where 

NDVI is the normalized difference vegetation index, a dimensionless quantity; 

ref nir is the spectral reflectance measurement acquired in the near-infrared region, in nanometers; and 

ref red is the spectral reflectance measurement acquired in the visible (red) region, in nanometers. 

The dependence of ET on vegetation provides evidence for a strong correlation between NDVI and the realized fraction of 
ET (Fr,metric in equation 8). For each WRV crop type, a linear regression model was established between the NDVI and the real­
ized fraction of ET. An analysis of these models indicates that all crop types exhibited a similar functional relationship; therefore, 
a single generalized linear regression model was established (Allen and others, 2010b), and expressed as: 

Fr,ndvi = 1.06NDVI + 0.15 (10) 

where 

Fr,ndvi is the regressed estimate of the realized fraction of evapotranspiration, a dimensionless quantity. 

ET estimates based on the NDVI method are then expressed as: 

ET = ∑Fr,ndvi,i ETr,i (11) 
i 

where 

ETr,i is the reference evapotranspiration rate recorded at the Picabo AgriMet weather station on day i, in meters per day. 

The availability of NDVI ET estimates during the model simulation period is provided in table F6. The NDVI method is con­
sidered less robust than the METRIC model because of the added uncertainty introduced by the regression estimate of realized 
fraction of ET (equation 10). An analysis of ET estimates calculated using the METRIC model and NDVI method for concurrent 
dates in the WRV indicate that the NDVI ET estimates are on average 9 percent larger. 
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Table F6. Availability of NDVI estimates of evapotranspiration in the Wood River Valley (WRV) during the model simulation 
period (1995–2010). 

Year Month Land cover 

1995 July WRV 
1997 Sep–Oct WRV 
1998 Aug–Oct WRV 
1999 Aug–Oct WRV 
2001 Jun–Oct WRV 
2003 Jun–Sep WRV 
2004 Apr, Jul, and Oct WRV 
2005 Apr–Oct WRV 
2007 Apr–Oct WRV 

Interpolation method 

The interpolation method uses METRIC data from the nearest available year and scales it to the month and year of interest 
using NDVI data. The interpolated realized fraction of ET is expressed as:   

Fr,ndvi,m1,y0Fr,intrpl,m0,y0 = Fr,metric,m0,y1 (12)
Fr,ndvi,m1,y1

where 

m0, y0 are the month and year where evapotranspiration is interpolated, respectively; 

m1 is the month in year y0 where NDVI evapotranspiration estimates are available; 

y1 is the year where METRIC evapotranspiration estimates are available in month m0; 

Fr,intrpl is the interpolated realized fraction of evapotranspiration, a dimensionless quantity; and 

Fr,metric, Fr,ndvi are the realized fraction of evapotranspiration from the METRIC model (equation 8) and NDVI method 
(equation 10), respectively, dimensionless quantities. 

The rationale for this approach is that the realized fraction of ET from the METRIC model implicitly reflects long-term ET 
trends; however, there exists no data pertaining to crop-mix changes and acute stresses available for use in the METRIC model 
during the month without satellite imagery (Contor, 2012). Crop-mix changes and acute stresses are correlated to the vegetative 
index, and are represented in the ratio of the NDVI realized fraction of ET between the same month in different years. In sum­
mary, the interpolated estimates of ET encapsulate long-term trends using METRIC data, acute crop differences and stresses us­
ing NDVI data, and appropriate weather conditions using the reference ET from a local weather station. The ET estimates based 
on the interpolation method are expressed as: 

ET = Fr,intrpl ETr (13) 

where 

ETr is the reference evapotranspiration rate recorded at the Picabo AgriMet weather station, in meters per month. 

The availability of interpolated ET estimates during the model simulation period is provided in table F7. The interpolation 
method is considered less robust than both the METRIC model and the NDVI method because of the added uncertainty intro­
duced by the interpolated estimate of realized fraction of ET (equation 12). 

METRIC-NDVI method 

From May through October 2002, METRIC data are only available in the area south of the city of Bellevue (commonly re­
ferred to as the Bellevue Triangle); whereas NDVI estimates are available for the entire WRV. METRIC ET estimates are directly 
applied in the Bellevue Triangle during this time period because of the robustness of this method. In areas where only NDVI data 
are available (north of the city of Bellevue), a scaled NDVI ET estimate based on a comparison between METRIC and NDVI 
ET estimates in the Bellevue Triangle was applied. In the Bellevue Triangle, the comparison between estimates is expressed as a 
ratio: 



∑ET
r ndvi  = (14)

∑ETmetric 

where 

r is the ratio between evapotranspiration estimates in the Bellevue Triangle using the NDVI method (ETndvi) and METRIC 
model (ETmetric), a dimensionless quantity. 

The ET estimates based on the METRIC-NDVI method are expressed as:  
ETmetric if located in the Bellevue Triangle, 

ET = (15)ETndvi r if located north of the city of Bellevue. 

The METRIC-NDVI method assumes that the ratio r is constant throughout the WRV. 

Distribution and Statistics 

ET estimates are available for every month in the model simulation period (1995–2010) and spatially cover most of the WRV; 
a small area in the very northern part of the WRV, located outside the model domain, is missing. For example, figure F6 shows 
the spatial distribution of ET rates in February (fig. F6A) and August (fig. F6B) of 2008. Descriptive statistics for ET rates dur­
ing each month of the model simulation period are shown by a box-and-whisker plot (fig. F7), in which the bottom and top of 
a box are the first and third quartiles, and the band inside the box is the second quartile (the median). The ends of the whiskers 
represent the minimum and maximum ET rates. As expected, the largest ET rates were measured during the peak of the growing 
season (June through August) and the lowest rates during the winter months (November through March). 
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Table F7. Availability of interpolated estimates of evapotranspiration in the Wood River Valley (WRV) during the model simula­
tion period (1995–2010). 

Year Month Land cover 

1995 Apr–Jun and Aug–Oct WRV 
1997 Apr–Aug WRV 
1998 Apr–Jul WRV 
1999 Apr–Jul WRV 
2001 Apr–May WRV 
2002 Apr WRV 
2003 Apr–May and Oct WRV 
2004 May–Jun and Aug–Sep WRV 
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(A) February 2008 
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Figure F6. Spatial distribution of evapotranspiration during (A) February and (B) August of 2008, Wood River Valley, Idaho. 
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(B) August 2008 
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Figure F6. —Continued 
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(A) 1995 through 1998
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Figure F7. Monthly evapotranspiration rate statistics during (A) 1995–1998, (B) 1999–2002, (C) 2003–2006, and (D) 2007– 
2010, Wood River Valley, Idaho. 

(B) 1999 through 2002
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Figure F7. —Continued 
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(C) 2003 through 2006
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Figure F7. —Continued 

(D) 2007 through 2010
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Figure F7. —Continued 
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Percolation Rate 

The percolation rate indicates how quickly water moves through the soil. Estimates of percolation rates ( p in equations 1, 
2 and 3) are based on the saturated hydraulic conductivity of surficial soil types in the WRV. Soil types are classified using the 
Unified Soil Classification System (USCS), a classification system that describes soils based on grain size and texture. Figure F8 
shows the spatial distribution of USCS soil types in the WRV (NRCS, 2013). Percolation rates associated with each soil type 
are given in table F8 and shown in figure F9. The assigned percolation rate for a given USCS soil type is based on a weighted 
average of measured percolation rates (Iowa Department of Natural Resources, 2009). 

The estimation of percolation rate assumes that the rate is dependent only on the grain size and texture of the soil type (Ward, 
2004). In fact, antecedent soil moisture, soil temperature, soil condition, land use, and soil chemistry also effect the distribution 
of percolation rates. These variables are not considered in the percolation rate estimate because of the scarcity of measurements 
in the WRV. 

Table F8. Soil classes and corresponding percolation rates in the Wood River Valley, Idaho. [Abbreviations: m/mo, meters per 
month; ft/mo, feet per month] 

Expected interval for Percolation Percolation 
percolation rate rate rate 

USCS soil class Symbol (m/mo) (m/mo) (ft/mo) 

high-plasticity clay CH 2.4 × 10−6 to 2.4 × 10−4 2.44 × 10−5 8.00 × 10−5 

low-plasticity clay CL 2.4 × 10−4 to 2.4 × 10−2 2.41 × 10−3 7.90 × 10−3 

clay and silt CL-ML 2.4 × 10−4 to 1.2 × 10−2 6.04 × 10−3 1.98 × 10−2 

clayey gravel GC 2.4 × 10−3 to 2.4 × 10−1 2.42 × 10−2 7.93 × 10−2 

clayey-silty gravel GC-GM 2.4 × 10−3 to 2.4 × 10−1 2.42 × 10−2 7.93 × 10−2 

silty gravel GM 2.4 × 10−3 to 2.5 × 102 1.21 × 10−1 3.97 × 10−1 

poorly-graded gravel with silt GP-GM 3.4 × 10−3 to 3.1 × 10−1 1.69 × 10−1 5.55 × 10−1 

well-graded gravel GW 4.9 × 10−1 to 4.8 × 101 2.42 × 101 7.93 × 101 

well-graded gravel with silt GW-GM 2.4 × 10−3 to 2.5 × 102 1.21 × 10−1 3.97 × 10−1 

high-plasticity silt MH 2.4 × 10−5 to 2.4 × 10−4 1.22 × 10−4 4.00 × 10−4 

clayey sand SC 2.4 × 10−4 to 1.3 × 101 2.42 × 10−2 7.93 × 10−2 

silty sand SM 2.4 × 10−3 to 1.3 × 101 6.04 × 10−2 1.98 × 10−1 

Groundwater Recharge and Discharge Rate 

The water-balance model (equation 2) was used to calculate the volumetric flow rate of areal recharge beneath non-irrigated 
lands (Qnat) during each month of the transient simulation (1995–2010). For example, figure F10 shows the spatial distribution 
of natural groundwater recharge and discharge rates in February (fig. F10A) and August (fig. F10B) of 2008. Recall that a posi­
tive volumetric flow rate represents groundwater entering the aquifer system, and a negative value represents groundwater leav­
ing the system. Descriptive statistics for natural groundwater recharge and discharge rates during each month of the model sim­
ulation period are shown by a box-and-whisker plot (fig. F11), in which the bottom and top of a box are the first and third quar­
tiles, and the band inside the box is the second quartile (the median). The ends of the whiskers represent the minimum and max­
imum rates. The largest groundwater recharge rates were estimated during the month of March, and were the result of spring­
time snowmelt. Recall that most of the precipitation occurs during the winter months (November through March) and is frozen 
or unavailable for recharge during the month in which it fell. The largest groundwater discharge rates were estimated during the 
growing season (June through August) and resulted from the smaller precipitation rates (mostly as rainfall) and larger evapotran­
spiration rates that are characteristic for this time of year. 
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Figure F8. Spatial distribution of surficial soil types in the Wood River Valley, Idaho. 
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Figure F9. Spatial distribution of percolation in the Wood River Valley, Idaho. 
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(A) February 2008 
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Figure F10. Natural groundwater recharge during (A) February and (B) August of 2008, Wood River Valley, Idaho. 
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(B) August 2008 
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Figure F10. —Continued 
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(A) 1995 through 1998
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Figure F11. Monthly natural groundwater recharge rate statistics during (A) 1995–1998, (B) 1999–2002, (C) 2003–2006, and 
(D) 2007–2010, Wood River Valley, Idaho. 

(B) 1999 through 2002
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Figure F11. —Continued 
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(C) 2003 through 2006
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Figure F11. —Continued 

(D) 2007 through 2010
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Figure F11. —Continued 
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