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In the Western United States where 50-70% of annual precipitation comes in the form 

of winter snowfall, water supplies may be particularly sensitive to a warming climate. 

We worked with a network of stakeholders in the Big Wood Basin, Idaho, to explore 

how climate change may affect water resources and identify strategies that may help 

mitigate the impacts. The 8,300 square kilometer region in central Idaho contains a 

mixture of public and private land ownership, a diversity of landcover ranging from 

steep forested headwaters to expansive desert shrublands to a concentrated area of 

urban development that has experienced a quadrupling of population since the 1970s. 

With nearly 60% of precipitation falling as winter snow, stakeholders expressed 

concern regarding the vulnerability of the quantity and timing of seasonal snowpack 

as well as surface water supplies used primarily for agricultural irrigation under 

projected climate change. 

Here, we achieve two objectives. The first is the development of a hydrologic model 

to represent the dynamics of the surface water system in the Big Wood Basin. We use 

the semi-distributed model Envision-Flow to represent surface water hydrology, 

reservoir operations, and agricultural irrigation. We calibrated the model using a 

multi-criteria objective function that considered three metrics related to streamflow 

and one metric related to snow water equivalent. The model achieved higher an 



 

 

efficiency of 0.74 for the main stem of the Big Wood River and 0.50 for the Camas 

Creek tributary during the validation period. 

The second objective is an analysis of the Big Wood Basin hydrology under 

alternative future climate scenarios. We forced the calibrated model with three 

downscaled CMIP5 climate model inputs representing a range of possible future 

conditions over the period 2010-2070. The climate models simulate an increase in 

basin average annual air temperature ranging from 1.6-5.7
o
C in the 2060s compared 

to the 1980-2009 average. The climate models show less of a clear trend regarding 

precipitation but in general, one model simulates precipitation patterns similar to 

historic, one is slightly wetter than historic, and one is slightly drier than historic by 

the mid-21st century.  

Under these future climate scenarios, the depth of April 1 SWE may decline by as 

much as 92% in the 2060s compared to the historic average. Mid to high elevations 

exhibit the largest reductions in SWE. Simulated streamflows show a shift in timing, 

with peak flows occurring up to three weeks earlier and center of timing from two to 

seven weeks earlier in the 2050-2069 period compared to the historic period. Reduced 

peak flows of 14-70% were simulated by mid-century. The simulated total annual 

streamflow, though, fell within the historic interquartile range for most years in the 

future period. 

These and other metrics considered suggest that the surface water hydrology of the 

Big Wood Basin is likely to be impacted by climate change. If the natural water 

storage provided by the annual snowpack is reduced and timing of streamflows shifts, 

water resource use and management may need to change in the future. This work 

provides a foundation from which to explore alternative management scenarios. The 

approach used here can be transferred to other watersheds to further assess how water 

resources may be affected by climate change. 
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1 Introduction 

In the western United States, water supply for agriculture, municipal and industrial uses, 

hydropower, forests, and aquatic ecosystems is primarily driven by winter temperature and 

precipitation (Miles et al., 2000; Serreze et al., 1999). In fact, approximately 50-70% of annual 

precipitation comes in the form of winter snowfall (Serreze et al., 1999). The annual snowpack 

acts as a natural reservoir, storing precipitation through the winter and releasing it throughout the 

spring and summer (Mote et al., 2005). This relationship means that annual water supplies are 

closely tied to weather and climate patterns and could therefore be particularly sensitive to 

climate change. Much research has been conducted to assess how snow and surface water 

resources in the West have changed over the period of historical record in an attempt to predict 

how resources may change under projected climate change (e.g., Kalra et al., 2008; Lettenmaier 

et al., 1992; Leung and Wigmosta, 1999; Miles et al., 2000; Mote et al., 2005; Nijssen et al., 

2001; Stewart, 2009).  

One of the most well-documented trends is a 20-80% decline in April 1 snow water equivalent 

(SWE) throughout most of the Pacific Northwest (PNW) over the second half of the 20
th

 century 

(Mote et al., 2005). This metric is important for water management because SWE on April 1 is a 

good indicator of total winter precipitation and can thus be used to predict summer streamflows 

(Bohr and Aguado, 2001; Mote et al., 2005). Despite annual and decadal climate variability, this 

decrease is well-correlated with long-term temperature increases (Hamlet et al., 2005; Mote et 

al., 2005). Highest SWE declines have been observed near the snow line elevation where these 

temperature increases cause more melt events (Mote et al., 2005; Mote, 2003; Nayak et al., 

2010; Nolin and Daly, 2006; Stewart, 2009). See Stewart (2009) for a review of observed 

changes in snow across North America.  

Changes in the seasonal snowpack consequently affect the timing and magnitude of the 

corresponding stream runoff. Although basin-scale differences exist due to influences of local 

factors, general trends over the second half of the 20
th

 century across the West have shown a 

shift toward earlier streamflows (e.g., Cayan et al., 2001; Kalra et al., 2008; McCabe and Clark, 

2005; Moore et al., 2007; Regonda et al., 2005; Stewart et al., 2005). In terms of streamflow 

volume, Luce and Holden (2009) identified reductions in flow for the lowest 25
th

 percentile of 
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flow, meaning the driest 25% of years are getting drier. Regonda (2005) and Stewart et al. (2005) 

found little or no significant change in flow volumes while Kalra (2008) identified a decrease in 

both water year and spring/summer flows for several locations in the PNW. This is confounded 

by the fact that most meteorological records indicate little change in total annual precipitation 

over these time periods. Recent work has suggested that assumptions of constant precipitation 

may have been misinformed due to the fact that meteorological gages span a narrow elevation 

band that could not have captured precipitation reductions at higher elevations. Luce (2013) 

related earlier streamflows to reductions in high elevation snowpack and Moore (2007) proved 

that reduced streamflow timing could be shifted earlier due to annual volume of flows 

independent of temperature changes. These lead to the conclusion that both precipitation and 

temperature may influence streamflows and thus should both be considered in an assessment of 

climate impacts. 

Despite the general agreement of trends observed in the PNW, regional differences have been 

identified. These anomalies may be caused by factors such as elevation, location, or local 

precipitation or temperature (Stewart, 2009). Thus, to provide relevant information for resource 

managers, it is important to conduct finer scale analyses to assess how climate change may affect 

a particular basin (e.g., Chang and Jung, 2010; Elsner et al., 2010; Gao et al., 2011; Graves and 

Chang, 2007; Leung and Wigmosta, 1999; Sridhar et al., 2013). Similar to these efforts, the 

Climate Impacts Research Consortium – a research organization focused on climate change in 

the PNW – has worked to provide useable information about climate impacts in the PNW for 

resource managers. A regional outreach effort identified concerns about the impacts of future 

climate on water supply and demand in the Upper Snake River in Idaho. Local stakeholders there 

suggested studying the Big Wood River Basin, a tributary to the Snake River, as a case study. 

Considering the dynamic influences on water from the local population, land use, and industries, 

as well as the climate, a coupled human and natural systems model was developed to simulate 

hydrology, population dynamics, and land use into the mid-21
st
 century. The model was 

developed to represent the major components and interactions of the basin, and then projected 

forward to 2070 to assess potential changes due to climate change. Through the use of alternative 
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scenarios, stakeholders were able to explore how different management strategies might help to 

mitigate the impacts of climate change.  

This paper describes the hydrologic model that served as the foundation for the coupled human 

and natural systems model. The two objectives of this work were: 1) to develop a hydrologic 

model that accurately represents the dynamics of the water resources system in the Big Wood 

Basin; and 2) force the model with future climate projections to assess how the hydrology may 

change in the future.  
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2 Study Area  

2.1 Location 

The study area encompasses the Big Wood River, Little Wood River, and Camas Creek 

drainages in central Idaho totaling approximately 8,300 square kilometers (see Figure 1). The 

primary focus of the study is on the water resources of the Big Wood River basin, which includes 

the Big Wood River and Camas Creek (approx. 6,000 square kilometers). However, 

approximately 100 square kilometers in the Little Wood River drainage are irrigated from the 

Big Wood River so that basin is included in the study area for the purpose of simulating 

irrigation although otherwise it is not studied in detail. The study area lies within portions of 

Blaine, Camas, Elmore, Gooding and Lincoln counties and the major population centers include 

Ketchum, Sun Valley, Hailey, Bellevue, Fairfield, and Gooding. 

Land ownership in the study area is approximately 66% public and 34% private (see Figure A1 

in the Appendix). The majority (58%) of the public land is managed by the U.S. Bureau of Land 

Management with the U.S. Forest Service overseeing 35% and the State of Idaho managing 

approximately 5% (U.S. Bureau of Land Management, Idaho State Office, Geographic Sciences, 

2009). 
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Figure 1. Map of Study Area.  

 

2.2 Land Use/Land Cover 

In 2010, the land use/land (LULC) cover of the study area consisted mainly of 

shrubland/grassland (71%), forest (14%), and agriculture (13%), with developed lands, barren, 

wetlands, and water/snow/ice comprising the remaining 2% (see Figure A2 in the Appendix). 

The LULC can also be examined at a finer scale as shown in Table 1 (data from National 

Agricultural Statistics Service (2010), aggregated and analyzed using Envision (Bolte, 2013)). 
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Table 1. 2010 Coarse- and medium-resolution land use/land cover classification of the study 

area. 

Land Use/Land 

Cover Coarse 

Resolution 

Percent of 

Study Area 

Land Use/Land Cover  

Medium Resolution 

Percent of Study 

Area 

Shrubland/Grassland 70.5 
 Shrubland 56.5  

 Grassland/Herbaceous 14.0  

Forest 14.1 
 Evergreen Forest 14.1  

 Deciduous Forest <0.01  

Agriculture 12.9 

 Alfalfa 6.37  

 Pasture 4.5  

 Spring Grain 1.4  

 Corn 1.2  

 Other Crops 0.3  

Developed 1.1 

 Developed Open Space 0.69  

 Developed Low-Intensity 0.38  

 Developed Medium-Intensity 0.06  

 Developed High-Intensity 0.01  

Barren 0.73  Barren 0.73  

Wetlands 0.40  Wetlands 0.40  

Water/Snow/Ice 0.25 
 Open Water 0.21  

 Snow/Ice 0.04  

 

2.3 Water Resources 

2.3.1 Surface Water 

The major rivers within the study area are the Big Wood River, Little Wood River, and Camas 

Creek, but for the purpose of this study, only the resources of the Big Wood River and Camas 

Creek were considered in detail (Figure 2). The Little Wood drainage area was included in the 

larger study area only to encompass approximately 100 square kilometers that are irrigated using 

water from the Big Wood River drainage. The Big Wood River (Hydrologic Unit Code 
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17040219) runs primarily from north to south, beginning near Galena Summit, running southeast 

through a narrow valley bordered by the Smoky, Boulder, and Pioneer mountains, and past the 

towns of Ketchum, Hailey, and Bellevue before entering a wider valley known locally as the 

Bellevue Triangle. It continues south along the western side of the Timmerman Hills where it is 

dammed to form Magic Reservoir. The Big Wood receives streamflow from numerous 

tributaries, the largest of which are shown in Figure 2. Characteristics and flows of the tributaries 

in the northern portion of the basin are further discussed in Bartolino (2009). Many of these 

larger tributaries flow perennially but water generally only flows seasonally or in response to 

large precipitation events in the smaller tributary canyons (Bartolino, 2009).  

Camas Creek (Hydrologic Unit Code 17040220) is the largest tributary to the Big Wood River, 

joining in Magic Reservoir. This river runs primarily from west to east through an approximately 

16 kilometer-wide valley known as the Camas Prairie (Claire, 2005). The basin is bordered on 

the south by the Bennett Hills and on the north by the Soldier Mountains. 

Below Magic Reservoir, the Big Wood River flows south before heading west near the town of 

Shoshone. It joins the Little Wood River near the town of Gooding to form the Malad River, a 

tributary to the Snake River.  

Elevation in the Big Wood River catchment ranges from a minimum of approximately 900 

meters above sea level at the mouth of the Malad River to nearly 3,600 meters in the Pioneer 

Mountains in the northeast portion of the drainage (Buhidar, 2001). The Camas Creek drainage 

has elevations above mean sea level ranging from about 1,460 meters at the confluence with the 

Big Wood to nearly 3,100 meters in the peaks of the Soldier Mountains (Claire, 2005).  
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Figure 2. Map of major surface water bodies within the study area and USGS streamgages used 

for model calibration. Data from NHDPlus V2 (U.S. Environmental Protection Agency and U.S. 

Geological Survey, 2012) 

Figure 3 shows the average daily discharge from water years 1980-2009 for the USGS gages 

13139510 Big Wood River at Hailey ID Total Flow and 13141500 Camas Creek near Blaine ID. 

Over this time period, peak flows for the Big Wood at Hailey generally occurred around May 29, 

but occurred as early as May 8 and as late as June 18. Date of peak flow for Camas Creek near 

Blaine ranged from February 25 – May 20, with the average peak flow occurring on April 4. The 

mean annual discharge for the entire period of record at both gages is 4.4 m
3
/s in Camas Creek 

and 11.4 m
3
/s in the Big Wood River (USGS). 
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Figure 3. Average daily discharge for the Big Wood River at Hailey and Camas Creek near 

Blaine, water years 1980-2009. Data from USGS. 

Both the Big Wood River and Camas Creek are influenced by human development. Diversions, 

return flows, and dams all impact the natural flow regime of the rivers (Brown, 2000; Skinner et 

al., 2007). The largest allocation of surface water rights is for irrigation (Idaho Department of 

Water Resources, 2009a; b). Approximately 8% of land in the Big Wood drainage is irrigated, 

with 5% irrigated in the Camas Creek basin (Natural Resources Conservation Service, 2006a; b). 

This number includes lands that are irrigated with either surface water or groundwater. Eighty-

nine percent (139 m
3
/s) of the irrigation water rights in the Big Wood Basin come from surface 

water (Natural Resources Conservation Service, 2006a). In Camas Creek, 82% (28 m
3
/s) of 

irrigation water rights are for surface water (Natural Resources Conservation Service, 2006b). 

Additional surface water rights are used on lands outside the Big Wood and Camas Creek 

drainages. Figure A3 in the Appendix maps the irrigation water rights places of use (POU) 

within Basin 37 that have at least one point of diversion (POD) in the study area of this project. 

Note that water rights may have more than one POD and some of the POUs outside the study 

area have PODs in the Big Wood River, Little Wood River, or Snake River basins.  

Although several reservoirs are located in the Big Wood and Camas Creek drainages, only one, 

Magic Reservoir, is included in this study. Magic Reservoir is the largest of the reservoirs and is 
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located on the main stem of the Big Wood River at the confluence of the Big Wood River and 

Camas Creek (Figure 2). It was identified by stakeholders as an integral part of the water 

management system. Magic Reservoir is privately owned and is managed for irrigation, flood 

control, and power generation by the Big Wood Canal Company; however, meeting irrigation 

needs is the primary operating objective. The dam was originally constructed in 1909 and was 

raised to its current height of 34.4 meters in 1917. Power generating features were added to the 

dam in 1988. The earth and rock dam has the capacity to hold over 236 million cubic meters 

(191,500 acre-feet) of water. In an average water year, the reservoir fills in the spring due to 

snowmelt runoff, with maximum storage generally occurring in May. During the agricultural 

growing season, stored water is released and routed through a series of canals below the reservoir 

to irrigate approximately 148 kilometers (36,500 acres) in the Big Wood and Little Wood river 

basins (L. Harmon, personal communication, July 2014). Since inflow to the reservoir is 

dependent on annual precipitation which can be highly variable, outflows from year to year may 

vary greatly but management decisions aim to meet irrigation demands to the extent possible 

(USDA Natural Resources Conservation Service, 1996). To illustrate this variability, Figure 4 

shows the daily stream discharge just below the reservoir at USGS gage 13142500 for the 

wetter-than-normal year of 1995, the drier-than-normal year of 2001, and the 30-year average 

from 1980-2009. 

The Idaho Department of Water Resources water rights database indicates that after irrigation, 

power generation has the next most appropriated water followed by recreation, wildlife, 

aesthetic, and stock water. Many other water uses are appropriated that comprise smaller 

proportions of the total basin water (Idaho Department of Water Resources, 2009a; b). Note that 

some uses are consumptive while others are not and water rights may be allocated for different 

lengths of time within a year. Also of note, the State of Idaho holds three water rights on the Big 

Wood River for minimum flow requirements totaling 11 m
3
/s (Idaho Department of Water 

Resources, 2009a).  
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Figure 4. Discharge at Big Wood River below Magic Reservoir: 1980-2009 average and the 

individual water years of 1995 and 2001. Data from USGS. 

 

2.3.2 Groundwater 

At least two aquifer systems underlay the upper portion of the study area – the Wood River 

Valley Aquifer System and the Camas Prairie Aquifer. The scope of this project does not include 

groundwater but for more information on the Wood River Valley aquifer, see ongoing 

groundwater resource studies by the United States Geological Survey and the Idaho Department 

of Water Resources (Bartolino, 2009; Bartolino and Adkins, 2012; Bartolino and Vincent, 2013; 

Skinner et al., 2007). The lower basin is underlain by the Snake River Plain Aquifer system 

(Whitehead, 1994); more information can be found in the Eastern Snake Plain Aquifer 

Comprehensive Aquifer Management Plan (Idaho Department of Water Resources, 2009c).  

The largest water uses of groundwater in the study area are irrigation, municipal, stock water, 

domestic, and commercial; these uses account for 97% of appropriated groundwater (Idaho 

Department of Water Resources, 2009a; b).  
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2.4 Climate 

The climate within the study area is characterized as continental, with temperature and 

precipitation varying with elevation. Buhidar (2001) identifies three elevation-ecological zones 

in the Big Wood Basin. The zones include high elevation, or areas greater than 5,800 feet (1,768 

meters), mid-elevation with areas between 4,000 and 5,800 feet (1,219-1,768 meters), and low 

elevation consisting of areas under 4,000 feet (1,219 meters). Table 2 summarizes the average 

annual precipitation and temperature ranges for these elevation zones based on Buhidar (2001). 

Table 2. Summary of annual precipitation and temperature in the Big Wood River Basin. Data 

from Buhidar (2001). 

Elevation Zone 

Average Annual 

Precipitation 

(cm) 

Average Temperature Range 

Minimum (
o
C) Maximum (

o
C) 

High (>1768m) 51.8  -6.17  12.11  

Mid (1219-1768m) 34.0  -1.44  14.50  

Low (<1219m) 25.9  2.00  17.90  

 

Nearly 60% of the annual precipitation falls as snow during the months of November to March. 

Annual snowfall also varies with elevation, ranging from approximately 51 centimeters in the 

low elevations to 133 centimeters in the mid elevations to 355 centimeters in the high elevations 

(Buhidar, 2001). 

Camas Creek can also be split into elevation zones – areas greater than 5,250 feet (1,600 meters) 

in elevation and areas less than 5,250 feet in elevation (Claire, 2005). Table 3 summarizes the 

temperature and precipitation data for the Camas Creek watershed. The majority of the 

precipitation occurs during the winter and early spring months, with the mid elevations receiving 

an average of 168 centimeters of snow each year (Claire, 2005).  
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Table 3. Summary of annual precipitation and temperature in the Camas Creek Basin. Data from 

Claire (2005). 

Elevation Zone 

Average Annual 

Precipitation 

(cm) 

Average Temperature Range 

Minimum (
o
C) Maximum (

o
C) 

High (>1600m) 58.7  -4.96  17.65  

Mid (<1600m) 36.1  -8.19  17.78  

 

The total amount of annual precipitation can vary greatly from year to year. Figure 5 shows the 

basin average annual precipitation for the study area from 1980-2009 using data from 

Abatzoglou (2013) summarized with the Envision model (Bolte, 2013). The horizontal lines 

indicate the 25
th

 and 75
th

 percentiles for the period. Precipitation values between the 25
th

 and 75
th

 

percentiles represent the normal range of basin average annual precipitation over this time 

period. 

 

Figure 5. Average annual precipitation in the study area from 1980 to 2009. The dashed lines 

indicate the 25
th

 and 75
th

 percentiles. Years with precipitation above the 75
th

 percentile are 

considered wetter than normal; years with precipitation below the 25
th

 percentile are considered 

drier than normal. Summarized with Envision (Bolte, 2013) using data from Abatzoglou (2013).  
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3 Methods  

3.1 Development of a Hydrologic Model of the Big Wood Basin 

In this study we used Envision, a spatially-explicit alternative futures modeling platform (Bolte, 

2013) to first represent the dynamics of the study area and then to explore the possible impacts of 

climate change on the water resources of the Big Wood Basin. Envision couples any number of 

systems models (i.e., hydrological models; vegetation dynamics models) with a range of 

management strategies (i.e., zoning restrictions) or dynamic boundary conditions (i.e., population 

growth rate; economic drivers) to explore the integrated feedbacks that affect the landscape of 

interest over time (Bolte et al., 2007). In this application, we employed Flow, an Envision 

module supporting semi-distributed hydrologic modeling. Within Flow, we used a conceptual 

rainfall-runoff model modified from the HBV-Light model (Seibert, 2005). One major difference 

between the models is that Flow is spatially semi-distributed whereas HBV-Light is lumped. 

Flow was used to represent surface water hydrology, reservoir operations, and agricultural 

irrigation. Irrigation transfers to areas outside the study area were not modeled but were included 

as boundary conditions. The following sections further describe the development of the model, 

calibration, and data sets used. 

3.1.1 Spatial Representation 

Two spatially explicit model inputs were developed to represent spatial heterogeneity within the 

model. The first represented the landscape of the basin, with the outer extent defined by the Big 

Wood River, Camas Creek, and Little Wood River watershed boundaries. The second was the 

stream network, consisting of the Big Wood River, Camas Creek, and Little Wood River 

drainage networks. Common attributes link the landscape coverage to the stream network in 

order to simulate hydrologic processes and routing. Note that the Little Wood River basin was 

included only for the purpose of simulating a small area of agricultural land that is irrigated with 

water from the Big Wood River; otherwise, the hydrology of that basin was not studied in detail. 

The landscape coverage was divided into many small polygons ranging in size from less than 

3,000 to over 31,000,000 square meters, with each polygon having distinct attributes. These 
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polygons are called Integrated Decision Units, or IDUs, and represent the finest resolution that 

model algorithms can be applied. In this application, the IDUs were developed using ArcMap 10 

(ESRI, 2012). 2010 was selected as the base year for the analysis, so time-varying characteristics 

were assigned the value as of 2010 whenever possible. The IDU geometries were generated by 

intersecting polygon-based shapefiles representing the land cover with stream catchments 

derived from the NHDPlus Version 2 catchment coverage (U.S. Environmental Protection 

Agency and U.S. Geological Survey, 2012). This produced a single shapefile of 115,978 

polygons within the study area, each with known land cover and catchment. Additional attributes 

such as slope, elevation, soils, and water right places of use were then added to the polygons 

using ArcMap.  

The stream network was defined using data from NHDPlus Version 2 for the Big Wood River, 

Camas Creek, and the Little Wood River (U.S. Environmental Protection Agency and U.S. 

Geological Survey, 2012). NHDPlusV2 represents stream networks as node-based line 

coverages, with segments between nodes considered stream reaches. In this study, only reaches 

with known flow direction were used in order to be compatible with the hydrologic model; this 

excluded artificial channels such as irrigation canals. Each reach has a corresponding catchment 

in the IDU coverage so hydrologic processes simulated on the landscape route into the 

appropriate stream reach. To-nodes and from-nodes for each reach dictate the direction of flow 

throughout the network. 

The spatial unit used in Flow consists of aggregations of IDUs. Individual IDUs that would be 

expected to behave similarly in a hydrologic sense are merged into groups called Hydrologic 

Response Units (HRUs); this is the spatial scale to which Flow algorithms apply. In this instance 

13,819 HRUs were developed by merging IDUs with the same land cover and irrigation status 

(irrigated or non-irrigated). Each HRU lies within a single catchment but there may be many 

HRUs within each catchment. At the HRU spatial scale and a daily time step, Flow uses inputs 

of precipitation, air temperature, humidity, solar radiation, and wind speed to simulate snow 

accumulation and melt, infiltration, soil water storage, evapotranspiration, and percolation. For 

each HRU, state variables represent the volume of water contained in the snowpack, snowmelt, 
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and three soil water boxes: soil water available for vegetation, shallow soil water, and deep soil 

water. Water may move vertically between the state variables, evapotranspire, or become runoff 

which moves laterally through the stream network. The following sections further detail these 

processes. 

3.1.2 Processes Represented 

Flow simulates several hydrologic processes for each HRU, including snow accumulation and 

melt, infiltration, evapotranspiration, percolation into deep soil water storage, and runoff (see 

Figure 6). At each time step, water moves vertically through the five virtual reservoirs 

represented for each HRU. Horizontal flow between HRUs is not represented. Runoff generated 

from each HRU is transferred to the corresponding stream reach where it is routed through the 

stream network in subsequent time steps.  

 

Figure 6. Envision-Flow processes and state variables represented for each Hydrologic Response 

Unit (HRU). Boxes represent reservoirs where water may accumulate. Arrows represent flow of 

water between the reservoirs, or to/ from outside the HRU. 
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3.1.2.1 Rainfall, Snow Accumulation and Melt 

Precipitation that falls on each HRU is simulated as either rain or snow using a temperature 

threshold method. The threshold temperature (TT) is a parameter found through calibration and 

signifies the average daily air temperature above which precipitation falls as rain and below 

which precipitation falls as snow. Precipitation as rain infiltrates into the soil water for 

vegetation or shallow soil water reservoirs, as discussed in the following section. 

Precipitation as snow is multiplied by a parameter called the snow fall correction factor (SFCF), 

which ranges between 0 and 1, to account for additional processes such as sublimation and 

canopy interception that reduce the snowpack but are not explicitly modeled. SFCF is considered 

an effective parameter and is also found through calibration. Snow accumulates in the snow 

reservoir until a melting temperature is reached. The snow reservoir will retain up to 10% of the 

total snow depth as snow melt, but beyond that, melt water will be released from the snow 

reservoir using the following equation: 

     (        )        

where Tmean is the average daily air temperature (
o
C), TT is the threshold temperature (

o
C), and 

CFMAX (mm 
o
C

-1
 day

-1
) is a calibrated parameter representing the maximum daily melt rate per 

degree Celcius. The units of melt are millimeters per day. 

Melted snow enters the snowmelt reservoir where it can either refreeze or infiltrate into the soil 

water for vegetation or shallow soil water boxes. Infiltration is discussed in the next section. If 

the average daily air temperature drops below the threshold temperature (TT), refreezing occurs 

which moves water back into the snow reservoir according to the following equation: 

         (        )            

with TT, Tmean, CFMAX as described previously and CFR a dimensionless constant equal to 

0.05. The units of refreeze are millimeters per day. 
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3.1.2.2 Infiltration 

In this model, an infiltration process partitions water from precipitation as rain and snowmelt 

into the soil water for vegetation or shallow soil water boxes. This design helps to recognize that 

plants can only take up a portion of soil water that is available in their root zone. As described by 

Seibert (2005) in the section called “Soil Moisture Routine,” the partitioning is based on the 

current amount of water in the soil water for vegetation reservoir and several parameters. A 

curve is defined using the following equation: 

                             (
             

  
)

 

 

with Soil WaterVeg equal to the current amount of water in the Soil WaterVegetation reservoir (mm), 

FC a parameter representing the maximum amount of storage in Soil WaterVegetation (mm), and 

Beta (β) a dimensionless shaping parameter. Both FC and β are effective parameters found 

through calibration. Based on the current soil moisture, the fraction of water above the curve will 

be partitioned to the Soil WaterVegetation reservoir and the fraction of water below the curve will 

go to the Soil WaterShallow reservoir. 

3.1.2.3 Evapotranspiration 

Evapotranspiration (ET) is simulated daily for each IDU and is then spatially aggregated to the 

HRU level, where water is removed from the Soil WaterVegetation reservoir. The rate of daily ET is 

modeled as a dynamic function of the climate, land cover, and soil water. We first applied a 

reference evapotranspiration – crop cover approach as described in the Food and Agriculture 

Organization (FAO) Irrigation and Drainage Paper 56 (Allen et al., 1998) and further developed 

for Idaho by Allen and Robison (2007) to determine the potential evapotranspiration (PET), or 

water demand, of the crop. This value is then reduced to an actual ET based on the available 

water in the Soil WaterVegetation reservoir.  

The reference evapotranspiration – crop cover approach consists of two steps. First, the 

evapotranspiration for a theoretical, uniform, well-watered crop is calculated; this is considered 
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the reference evapotranspiration (ETr). This value is then multiplied by a crop coefficient (Kc) to 

approximate the PET for the specific crop at that location at that point in time. The governing 

equation for PET is thus: 

               

Reference evapotranspiration was calculated using the 1982 Kimberly-Penman equation as 

detailed by Dockter (1994) of the U.S. Bureau of Reclamation, using the alfalfa reference crop. 

The equation requires daily input values of air temperature, solar radiation, humidity, and wind 

speed.  

The crop coefficient, Kc, represents the ratio of the potential evapotranspiration of a specific crop 

to the evapotranspiration calculated for the theoretical reference surface (Allen and Robison, 

2007). Crop coefficient curves have been developed for many agricultural crops in the Pacific 

Northwest by the Bureau of Reclamation AgriMet program (U.S. Bureau of Reclamation) and 

others as documented in Allen & Robison (2007). The curves represent the crop coefficient at 

various times throughout the growing season. Based on the current crop growth stage, the 

appropriate coefficient can be interpolated from the curve and multiplied by the reference ET to 

find the daily PET.  

In this application, we chose to extend the reference evapotranspiration – crop cover approach 

beyond agriculture to all land covers within the study area to simulate a dynamic response to 

future climate. Whenever possible, we employed the use of crop coefficients developed by 

Agrimet as these were developed using the same reference ET equation. However, Agrimet does 

not supply crop curves for non-agricultural land covers so for these we used curves developed by 

Allen and Robison (2007). The Allen and Robison curves were developed using the ASCE-

EWRI reference ET equation (ASCE-EWRI, 2005) and represent only the portion of ET coming 

from the plant (basal crop coefficient). Given this, the modeled PET values of natural land 

covers are considered approximations, but for the purposes of this study, the additional error was 

deemed acceptable because of the benefit the method provided by dynamically simulating ET 
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and the possible responses to future climate. For the remainder of the paper, we will refer to Kc 

as a land cover coefficient instead of a crop coefficient. 

To determine the growth stage of each land cover for application of the land cover curve, we 

used a modified approach to that described by Allen and Robison (2007). Allen and Robison 

define four methods of applying crop curves; however, the scope of our project required a 

somewhat simplified approach. We estimated a planting or green-up date to start the application 

of the land cover curve, a harvest or dormancy date to end the application of the curve, and 

defined an interpolation method for applying the curve between these dates. These methods 

varied by land cover. Outside of the growing season, we applied a constant coefficient equal to 

the first value of the curve for that land cover. The following sections further describe the 

methods for applying the curves. 

One of two methods was used to estimate the planting or greenup date: 

i. Calculate T30, or the average of the daily temperatures for the thirty days prior to the 

current day. Once this value reaches a land cover-specific threshold, signal planting.  

ii. Calculate cumulative growing degree days from January 1 to the current day. Once 

this value reaches a land cover-specific threshold, signal planting. Cumulative 

growing degree days are a measure of accumulated heat units available to the plant 

for growth and are calculated using one of the following equations provided by Allen 

and Robison (2007): 

        (             ) 

 

        
   (   (       )    )      (   (       )    )

 
    

where Tmax, Tmin, and Tmean refer to the maximum, minimum, and mean daily air 

temperatures, respectively (
o
C). Tbase is a threshold temperature above which growth 
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is assumed to occur; it is specific for each land cover. Note that the first GDD 

equation was used for all land covers except corn. 

To calculate harvest date, or dormancy date for perennials, we used one of four methods: 

i. Calculate the accumulated growing degree days from planting/green-up date. Once 

this reaches a land cover-specific threshold, signal harvest/dormancy. 

ii. Mark the date of the first killing frost as harvest/dormancy date.  

iii. The earlier of i. or ii. listed above.  

iv. Symmetry around July 15. Used only for desert vegetation, we first calculate the 

number of days between green-up and July 15. This value is then added to July 15 to 

determine the dormancy date. 

The planting and harvest dates mark the temporal endpoints for which the land cover curve is 

applied. One of two interpolation methods is then used to apply the individual land cover 

coefficients: 

i. Accumulated growing degree days between planting and termination dates. 

ii. Accumulated growing days between planting and termination dates.  

For both interpolation methods, land cover-specific threshold values were defined that allow the 

model to identify what percentage of growth the land cover is in relative to the total growing 

season. Table 4 lists the land cover types with the corresponding methods of determining 

planting date; harvest date; and applying the land cover curve. Threshold values for each of these 

methods are also provided.  
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Table 4. Evapotranspiration model parameter values by land use/land cover type 

Land Use/Land Cover Crop Curve Basisa 
Planting 

Threshold 

GDD Base 

Temp. (oC) 

Term. 

Method 

CGDD Planting to 

Harvest 

Killing Frost 

Temp (oC) 

Crop Curve App. 

Method 

Alfalfa Agrimet - Alfalfa Mean CGDD = 240 0 
 

2 
 700 Planting to Full 

Cover 
-7 

 1 until Full Cover, 

then constant 

Barren Allen - Bare soil T30 = -6oC 0  2  N/A  -10   2  

Corn Agrimet - Corn T30 = 10oC 10  3  1200  -4  1  

Deciduous Forest Agrimet - Poplar (3+ Yr) T30 = 8oC 0  2  N/A  -5  2  

Developed- Open Space Agrimet – Lawn * 0.80 T30 = 5oC 0  2  N/A  -5  2  

Developed- Low Intensity Agrimet – Lawn * 0.51 T30 = 5oC 0  2  N/A  -5  2  

Developed- Med. Intensity Agrimet – Lawn * 0.21 T30 = 5oC 0  2  N/A  -5  2  

Developed- High Intensityb N/A                  

Evergreen Forest c Agrimet – Poplar (3+Yr) * 3 T30 = 3oCa 0  2  N/A  -6  2  

Grassland/Herbaceous 
Allen – Cheatgrass; Bunch 

Grass; Bromegrass 

T30 = 5oC – 

10 days 
N/A 

 
4 

 
N/A 

 
N/A 

 
2 

 

Other Crops 
Agrimet -  Beans; Beets; 

Potatoes 
T30 = 8oC 5 

 
3 

 
1276 

 
-3 

 
1 

 

Open Water 
Allen - Open water (shallow 

systems) 
T30 = -6oC 0 

 
2 

 
N/A 

 
-10 

 
2 

 

Pasture Agrimet - Pasture CGDD = 103 0  2  2328  -7  1  

Shrub/Scrub Allen - Sage 
T30 = 5oC – 

10 days 
N/A 

 
4 

 
N/A 

 
N/A 

 
2 

 

Snow/Iceb N/A                  

Spring Grain Agrimet - Spring Grain T30 = 4.7oC 0  1  2160  N/A  1  

Wetlands 
Allen – Cottonwoods; 

Narrow Wetlands 
T30 = 8oC 0 

 
2 

 
N/A 

 
-3 

 
2 

 

a 
When more than one land cover type is listed, these land cover curves were averaged together to approximate the land cover in the study area. 

b
 Evapotranspiration was not calculated for land covers of snow/ice or developed high-intensity. It was assumed that evaporation from perennial snow/ice is negligible. 

Following Bartolino and Adkins (2012), developed high-intensity is assumed to be 100% impervious with all water returning to groundwater. 

c
 Neither Agrimet nor Allen & Robison (2007) have crop curves for evergreen forest. Therefore, the Agrimet crop curve for 3+ year old poplars was used as a basis. 

Information from forest hydrology suggests that forests in central Idaho should exhibit an annual ratio of Evapotranspiration to Precipitation (ET:P) of approximately 0.6 

(D. Turner, personal communication, Jan. 2014). Therefore, through a calibration process, the poplar crop curve was adjusted by a constant value of 3 and the green-up 

and dormancy values were adjusted to achieve the desired ET:P ratio over a ten-year historic period.  
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The process described above produces a potential evapotranspiration value for each IDU for each 

day. This is assumed to be the maximum water demand from that IDU if there were no water 

limitations. Given that the Soil WaterVegetation reservoir is finite, an additional step was used to 

convert the PET to an actual ET. Seibert (2005) outlines this function as part of the soil moisture 

routine used in the HBV-Light model. The ratio of actual ET to PET is a function of the soil 

moisture available for vegetation defined by the following equations modified from Seibert 

(2005):   

                     

                          
 

     
 (                ) 

                       

FC and LP are parameters representing the maximum soil moisture storage and the amount of 

soil moisture storage above which the actual ET equals the PET, respectively. WP is a parameter 

representing the minimum value of soil water at which ET can occur. If the Soil WaterVegetation 

amount is less than WP, no ET occurs. If the Soil WaterVegetation amount is greater than LP, actual 

ET is equal to PET. At Soil WaterVegetation values between WP and LP, actual evapotranspiration 

is reduced linearly. FC, WP, and LP are effective parameters that are found during calibration; 

therefore, they are not assumed to represent actual soil properties. Once the value of actual ET is 

calculated at the IDU level, the value is aggregated to the HRU level where water is removed 

from the Soil WaterVegetation reservoir. 

3.1.2.4 Percolation 

In Flow, percolation is the process that transfers water from the shallow soil water reservoir to 

the deeper soil water reservoir using a calibrated parameter, PERC, which dictates the maximum 

rate of exchange. This process is also governed by the amount of water in the Soil WaterVegetation 

reservoir according to the following equation: 
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where Soil WaterVegetation is the amount of water in the soil water for vegetation box at that time 

step (mm) and PERC is a calibrated parameter (day
-1

). The units of percolation are mm/day.  

3.1.2.5 Runoff Generation & Streamflow Routing 

Runoff is generated from the shallow and deep soil water boxes according to the process 

described by Seibert (2005) and illustrated in Figure 7, also adapted from Seibert (2005).  

 

Figure 7. Processes affecting shallow and deep soil water reservoirs. 

Three linear equations are used to simulate runoff, with two removing water from the shallow 

soil water reservoir (Q0 and Q1), and one removing water from the deep soil water reservoir 

(Q2). The equations are as follows: 

       (   (                     )  ) 

                        

                     

with K0, K1, and K2 as calibrated recession coefficients (day
-1

); Soil WaterShallow and Soil 

WaterDeep as the depth of water in the shallow soil water and deep soil water reservoirs, 

respectively (mm); and UZL a threshold parameter that represents the depth of water (mm) that 
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must be held in the shallow soil water reservoir for Q0 to generate streamflow. If the current 

storage is below UZL, Q0 will be 0.  

Thus, for any timestep, total runoff for an HRU is: 

           

with Q in units of millimeters.  

Given the spatial nature of the model, these processes are simulated for every HRU for every 

time step. At the end of the time step, streamflow (Q) for all of the HRUs within each catchment 

are summed, multiplied by the area of the catchment, and transferred to the corresponding stream 

reach in units of cubic meters per second. Figure 8 illustrates the relationship between HRUs, 

catchments, and reaches. 

 

Figure 8. Nesting of HRUs within catchments and transfer of simulated runoff into stream 

reaches. 

To route discharge through the stream network, each reach has a specified “to node” and “from 

node” which links the reaches together and signifies the direction of flow. For each time step, the 
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water balance for a reach will include water from the upstream reach plus water generated from 

the catchment minus water passed on to the downstream reach. 

3.1.2.6 Reservoir Operations 

The reservoir module simulates storage and release of water from a location within the stream 

network. In this application, we simulated the operation of Magic Reservoir by specifying the 

location and physical constraints of the dam using an area-capacity curve. We specified a time-

varying minimum flow target at a downstream control point which generates a feedback to the 

reservoir to release water if the target flow is not being met. At each time step, the module 

evaluates flows at the control point. If the flow is above the target, water is not released from the 

reservoir. If the flow is below the target, water is released from the reservoir. In effect, this 

causes the reservoir to release water during the summer when irrigation withdrawals are 

removing water from the system and the downstream flow targets are not being met. 

3.1.2.7 Agricultural Irrigation 

The irrigation module simulates surface water irrigation within the study area boundaries. The 

water rights POU spatial dataset was used to identify IDUs with surface water irrigation rights 

(Idaho Department of Water Resources, 2009b). Any IDUs with these water rights also 

correspond to a stream reach in which the water right POD lies; these were also identified using 

the water rights spatial dataset (Idaho Department of Water Resources, 2009a). For these IDUs, 

irrigation was simulated during a defined irrigation season. For the Bellevue Triangle area, the 

irrigation season was defined as April 1 – September 30 per the assumptions in Bartolino (2009, 

p. 16) while all other irrigation was assumed to occur from May 1 – September 30 (L. Harmon, 

personal communication, July 2014). Within the irrigation season, water is transferred from the 

stream reach containing the POD to the IDU containing the POU on a daily basis at an amount 

equal to:  
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where I is the volume of irrigation water diverted from the stream to a particular IDU (m
3
), PET 

is the potential evapotranspiration for the IDU (m), A is the area of the IDU (m
2
), and e is the 

scheme irrigation efficiency expressed as a fraction, further described below. To simulate the 

system inefficiencies, only the amount of PET * A is delivered to the IDU; the remaining water 

diverted is removed from the model and considered lost to the system. This is meant to simulate 

losses to evapotranspiration and deep groundwater that are effectively removed from the surface 

water system.  

The calculation of irrigation efficiency follows guidelines developed by the Food and 

Agriculture Organization (FAO) (Brouwer et al., 1989, p. Annex I). The guidelines calculate the 

overall scheme irrigation efficiency (e) using estimates of the conveyance efficiency (ec) and the 

field application efficiency (ea) as follows: 

  
     
   

 

with e, ec and ea expressed in percentages. Conveyance efficiency is influenced by the length and 

type of conveyance system. For example, long open canals in sandy soils have lower conveyance 

efficiency than short canals in clay soils. Lining any length of canal greatly increases the 

efficiency. Conveyance efficiency values were estimated from three sources. For irrigated areas 

in the Bellevue Triangle, we used the value of 12% loss (or 88% efficient) identified for the 

majority of canals in Bartolino (2009, p. 18); Richfield and North Shoshone conveyance 

efficiencies were estimated by the irrigation company (L. Harmon, personal communication, July 

2014); and in the Camas Prairie it was assumed that the canal systems were generally short so 

the most conservative efficiency value for short canals from FAO (80%) was used. Field 

application efficiency is estimated based on the irrigation method, although it can also be highly 

dependent on the management practices of the grower. Drip irrigation has the highest efficiency 

while surface gravity-fed irrigation has significantly lower efficiency. Here it was assumed that 

all irrigation is done via sprinklers which achieve about 75% efficiency per the FAO guidelines. 

Table 5 summarizes the efficiency values used in the model. 
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Table 5. Conveyance, field application, and scheme irrigation efficiency values used in the 

model. 

Agricultural 

Area 

Conveyance 

Efficiency (ec) 

Field Application 

Efficiency (ea) 

Scheme Irrigation 

Efficiency (e) 

Bellevue Triangle 88% 75% 66% 

Camas Prairie 80% 75% 60% 

Richfield 55% 75% 41% 

North Shoshone 60% 75% 45% 

Other 
a
 80% 75% 60% 

a
 Other refers to all agricultural areas that do not lie within a designated Agricultural Area 

An important caveat must be made about this methodology. Idaho operates under the prior 

appropriation doctrine which uses priority dates to establish the order in which water rights are 

satisfied in times of shortage. This model does not consider priority dates and therefore better 

approximates water allocation at the basin scale rather than individual IDUs or sub-regions. 

Despite these drawbacks in the methodology, we included this module because water is, in fact, 

removed from the rivers in the basin. Exclusion of irrigation would erroneously simulate higher 

streamflows.  

3.1.3 Parameters 

As noted in the previous sections, the algorithms governing rates of exchange between the state 

variables were customized through a set of 14 parameters. These parameters are listed in Table 6. 

Conceptually, the parameters are based on physical characteristics of the system; however, in 

this model they are considered effective parameters that are defined through a calibration 

procedure.  

In this application, the parameters were spatially uniform within each river network; therefore, 

the Big Wood River drainage had one set of parameters and Camas Creek used a different set of 

parameters. Because the Little Wood River system was not studied in detail, the Big Wood River 

parameters were used. The selection of parameter values is discussed in the section about model 

calibration.  
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Table 6. Hydrologic model parameters 

Process Parameter Description Units 

Rainfall, Snow 

Accumulation and 

Melt 

TT  Threshold Temperature   

CFMAX 
 Degree-day factor governing 

maximum snowmelt rate 

  

     
 

SFCF  Snowfall correction factor - 

CFR  Refreeze coefficient - 

CWH 
 Water holding capacity of 

snowpack 
- 

Infiltration β  Shaping factor - 

Infiltration, 

Evapotranspiration 
FC 

 Maximum depth of water in 

Soil WaterVeg reservoir 
   

Evapotranspiration 

LP 
 Soil WaterVeg value above 

which actual ET = PET 
   

WP 
 Minimum depth of water in 

Soil WaterVeg for ET to occur 
   

Percolation PERC 
 

Percolation coefficient 
 

   
 

Runoff Generation 

& Streamflow 

Routing 

UZL 

 Minimum depth of water in 

shallow soil water reservoir for 

Q0 to occur 
   

K0 
 

Recession coefficient 
 

   
 

K1 
 

Recession coefficient 
 

   
 

K2 
 

Recession coefficient 
 

   
 

  

3.1.4 Data Inputs 

In this application, historic daily precipitation, minimum and maximum air temperature, specific 

humidity, shortwave radiation, and windspeed from what is referred to as the METDATA dataset 

(Abatzoglou, 2013) were used to force the hydrologic model during the calibration and 

validation phases. This dataset is spatially explicit in 4-kilometer grids over the United States. 

We processed the data to obtain a spatial subset of the study area in a format that could be input 

to the Envision model.  
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3.1.5 Calibration and Validation  

Because Flow is a conceptual model that is customized through a set of parameters, calibration 

must be conducted in order to identify the appropriate parameter values for the basin. Many 

studies note the difficulty in addressing equifinality within conceptual models whereby multiple 

combinations of parameters may produce simulations that replicate the observed data equally 

well, making it difficult to select a single best parameter set (Abebe et al., 2010; Aronica et al., 

1998; Gupta et al., 1998; Seibert, 1997). The selection of a single parameter set is dependent on 

the objective function used since certain parameter values may lead to model results that perform 

well according to some criteria but may perform poorly according to another criteria (Seibert, 

1997). For example, a certain parameter set could simulate observed streamflow well yet provide 

unreasonable estimates of other model outcomes, such as snowpack or soil moisture. An 

additional problem often arises with parameterizing conceptual models because wide ranges of 

individual parameter values may lead to equally acceptable model results. This indicates that the 

parameters are not well-defined, increasing the amount of uncertainty when trying to apply the 

model to a different time period. Seibert (1997) and Seibert and McDonnell (2002) note that 

parameter uncertainty decreases with the addition of information about the system. Lastly, 

parameter values may not be independent (Seibert, 1997). In other words, if one parameter is 

increased, another parameter value may need to change in order to compensate for that increase.  

To address these concerns regarding model parameterization, we calibrated Envision-Flow using 

four specific techniques. We used two types of observed data, streamflow and snow water 

equivalent, to incorporate more information about the system. During calibration runs, we varied 

all parameters simultaneously to incorporate parameter dependency. We employed a multi-

criteria objective function to select the best parameter set. Lastly, we separated an eight year data 

set into a four-year calibration period and a four-year validation period; considering only 

parameter sets that performed well in both periods. 

During the calibration period, we identified twelve of the fourteen parameters listed in Table 6. 

CFR and CWH were held constant. The Big Wood River and Camas Creek were calibrated as 

separate sub-basins, each having a separate set of parameters. For each sub-basin, we defined 
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1,000 parameter sets which were then each used to force the model over the calibration period of 

1993-1996. Each parameter value was randomly selected from a uniform distribution; the 

minimum and maximum values of these distributions, listed in Table 7, were mimicked from 

those used by Steele-Dunne et al. (2008) and Abebe (2010). Observed streamflow and SWE data 

were obtained for each basin (see Table 8) using data from the USGS streamflow gages and 

NRCS Snowpack Telemetry (SNOTEL) gages.  

Table 7. Parameter ranges used for hydrologic model calibration. 

Parameter Minimum Value Maximum Value 

TT -2  2  

CFMAX 2  6  

SFCF 0.5  1  

CFR 0.05  0.05  

CWH 0.1  0.1  

FC 50  500  

LP 5  50  

WP 1  25  

β 1  6  

PERC 0  3  

UZL 0  100  

K0 0.05  0.5  

K1 0.01  0.4  

K2 0.001  0.15  
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Table 8. Sources of historic data used for calibration 

Basin Streamflow Gage(s) SNOTEL Site(s) 

Big Wood 
USGS 13139510 Big Wood 

River at Hailey ID Total Flow 

489 Galena 

490 Galena Summit 

601 Lost Wood Divide 

895 Chocolate Gulch 

537 Hyndman 

450 Dollarhide Summit 

Camas Creek 
USGS 13141500 Camas Creek 

Nr Blaine ID 

769 Soldier Ranger Station 

382 Camas Creek Divide 

 

At the end of each four-year calibration run, four objective functions were calculated for each 

river basin. The Nash-Sutcliffe Efficiency (NSE) (Nash and Sutcliffe, 1970) was calculated for 

streamflow, the logarithmic transformation of streamflow, and snow water equivalent. The fourth 

function was a volume error function.  The NSE is calculated as: 

       
 (         )

 

 (         ̅̅ ̅̅ ̅̅ ) 
 

where Reff is the NSE value, Qobs is the observed value at the current time step; Qsim is the 

simulated value at the current time step, and     ̅̅ ̅̅ ̅̅ ̅ is the mean observed value over the entire 

run. A Reff value of 1 would indicate a perfect fit between the modeled dataset and the observed 

dataset. Here we calculated ReffQ to represent NSE of streamflow, LReffQ to represent NSE of the 

logarithmic transformation of streamflow, and ReffSWE to represent NSE of SWE. In the case of 

SWE we individually calculated Reff for each SNOTEL location, then averaged all of the values 

for each sub-basin into one value referred to as ReffSWEavg. By calculating multiple instances of 

NSE, we were able to identify parameter sets that not only performed well on streamflow, but 

also for SWE and the log transformation of streamflow which better represents periods of low 

streamflow. 
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The relative volume error (VE) criterion was calculated as: 

   
 (         )

     
 

with Qobs and Qsim as defined above. For this criterion, a value of 0 would indicate a perfect fit.  

Similar to Seibert and McDonnell (2002) and Lindström (1997), we calculated a combined 

model efficiency term (Objavg) by first reducing ReffQ by a factor of VE, then averaging that with 

the other two objective functions. 

       
 

 
 (                              ) 

 

The 10 parameter sets (99
th

 percentile) that obtained the highest Objavg for each sub-basin were 

then used to force Envision during a separate validation period of 1999-2002. The same four 

objective functions were calculated for the validation runs and Objavg was again calculated. The 

single parameter set that produced the highest values of Objavg in each sub-basin during the 

validation period were selected for use in the future runs.  

3.1.6 Boundary Conditions 

Two types of boundary conditions were applied in this model. The first represents the transfer of 

water for irrigation to the Dietrich agricultural area which lies outside the study area boundary 

(see Figure A3 in the Appendix for a map of surface water right POUs with a POD in the Big 

Wood or Camas Creek drainages). During the irrigation season, water is removed from the 

stream network at the POD and transferred out of the model at a rate of 3.94 m
3
/s, estimated by 

the irrigation company as the peak season diversion rate (L. Harmon, personal communication, 

July 2014). This was assumed to be the most conservative estimate of irrigation transfers to the 

Dietrich agricultural area. 
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The second hydrologic boundary condition was used for the losing reach of the Big Wood River 

between Hailey and Stanton Crossing. Bartolino (2009, p. 23) approximated the rate of loss at 

2.55 m
3
/s (90cfs). Thus, in this model we simulate a flux that removes water from this reach to 

capture the surface water loss that the model would not otherwise capture. 

3.2 Assessment of climate change impacts on the Big Wood Basin 

The second objective of this project was to force the completed hydrologic model of the Big 

Wood Basin over the time period 2010-2070 with a range of future climate projections in order 

to explore how the water resources may be affected by climate change. Downscaled data sets 

from three global climate models from the Coupled Model Intercomparison Project Phase 5 

(CMIP5) were selected as the model forcing (Taylor et al., 2011). These datasets represent 

historic conditions in the PNW reasonably well (Rupp et al., 2013) and simulate a range of 

possible climate change scenarios during the 21st century. The climate models selected were 

HadGEM2-ES from the Met Office Hadley Center in the United Kingdom; CSIRO-Mk3-6-0 

from the Commonwealth Scientific and Industrial Research Organization/ Queensland Climate 

Change Centre of Excellence, Australia; and GFDL-ESM2M from NOAA Geophysical Fluid 

Dynamics Laboratory, USA. For the first two models, we used the Representative Concentration 

Pathway (RCP) 8.5 and for the last model we used RCP 4.5. The global climate models were 

initially downscaled using the Multivariate Adaptive Constructed Analogs (MACA) process at 

the University of Idaho (Abatzoglou and Brown, 2012); datasets obtained from the MACA 

website were then further processed to obtain a spatial subset of the study area in a format that 

was compatible with the Envision model. 

All three datasets simulate an increase in average annual air temperature over the period from 

2010-2070. The models estimate that the basin average annual air temperature may be from 

1.6
o
C to 5.7

o
C higher in the 2060s than the 1980-2009 average, with the GFDL model indicating 

the least amount of change, HadGEM2 indicating the most change, and CSIRO in between.  

However, simulated annual variability suggests that any given year may not be hotter than the 

previous year (Figure 9). Simulated precipitation change does not show such a clear trend 

(Figure 10). The GFDL model simulates future precipitation trends similar to the historic period, 
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with most years within or above the 1980-2009 interquartile range (also referred to as the historic 

normal range). The CSIRO model simulates more of a mixture of wet and dry years, but overall, 

most years lie within the historic normal range. By the latter half of the simulation period, most 

years are within or above the historic normal range. For the first half of the simulation period, the 

HadGEM2 model simulates most years within or above the normal precipitation range; however, 

the latter half of the period indicates more drier-than-normal years than were seen in the historic 

period.  

 

Figure 9. Simulated future basin-average annual air temperature from three downscaled CMIP5 

global climate models. Dashed horizontal lines represent the 25
th

 and 75
th

 percentiles from 1980-

2009 basin average annual temperatures. 
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Figure 10. Simulated future basin-average annual precipitation (cm) from three downscaled 

CMIP5 global climate models: a) GFDL, b) CSIRO, and c) HadGEM2. Dashed horizontal lines 

represent the 25th and 75th percentiles from 1980-2009 basin average annual precipitation. 

Years with precipitation below the 25th percentile are considered drier than the historic normal 

and years with precipitation greater than the 75th percentile are considered wetter than the 

historic normal.  
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4 Results 

4.1 Development of a Hydrologic Model of the Big Wood Basin 

The Big Wood and Camas Creek basins were calibrated separately using basin-specific 

streamflow and SWE data, resulting in a unique set of parameters for each basin. Model 

efficiency metrics were calculated by comparing simulated data to observed data from USGS 

streamgages or NRCS SNOTEL gages for a historic period. The results for each basin are 

described below. 

4.1.1 Big Wood River  

The Big Wood River calibration and validation procedure considered streamflow at the Big 

Wood at Hailey location and SWE at six SNOTEL locations. Figure 11 plots the simulated and 

observed streamflow for the Big Wood River at Hailey over the calibration period, 1993-1996. 

The NSE of streamflow for this period was 0.83. Figure 12 plots the observed and simulated 

snow water equivalent data for the six SNOTEL locations over the same time period. The 

average NSE for the six SNOTEL locations was 0.80 over the calibration period. 

 

Figure 11. Observed (green dots) and simulated (black line) daily streamflow for the Big Wood 

River at Hailey location, 1993-1996. Observed data from USGS. 
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Figure 12. Observed (blue dots) and simulated (black lines) daily snow water equivalent at 6 

SNOTEL locations, 1993-1996: a) Chocolate Gulch, b) Dollarhide, c) Galena Summit, d) 

Galena, e) Hyndman, and f) Lost Wood Divide. Observed data from (USDA Natural Resources 

Conservation Service). 

Table 9 summarizes the objective function values obtained by the hydrologic model from the 

calibration (1993-1996) and validation (1999-2002) periods. The combined model efficiency 

term, Objavg, was 0.83 for the calibration period and 0.74 for the validation period for the Big 

Wood Basin.  
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Table 9. Values of objective functions obtained during calibration and validation period for the 

Big Wood Basin. 

Basin Objective Function 
Calibration Period 

(1993-1996) 

Validation Period 

(1999-2002) 

Big Wood River 

at Hailey 

 ReffQ 0.83  0.62  

 LReffQ 0.86  0.82  

 ReffSWEavg 0.80  0.78  

 VE 0.07  0.01  

 Objavg 0.83  0.74  

 

4.1.2 Camas Creek 

Figure 13 and Figure 14 plot the simulated and observed data for streamflow at Camas Creek 

near Blaine and SWE at two SNOTEL locations for the calibration period 1993-1996, 

respectively. The NSE for streamflow for this period was 0.61, with the average for the SWE 

sites 0.54. The combined objective function was 0.57 during the calibration period and 0.50 

during the validation period. Table 10 lists the objective function values obtained for the Camas 

Creek basin during the calibration and validation periods.  

 

Figure 13. Observed (green dots) and simulated (black line) daily streamflow for Camas Creek 

near Blaine, 1993-1996. Observed data from USGS. 
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Figure 14. Observed (blue dots) and simulated (black lines) daily SWE at two SNOTEL 

locations, 1993-1996: a) Soldier RS and b) Camas Divide. Observed data from USDA Natural 

Resources Conservation Service. 

Table 10. Values of objective functions obtained during calibration and validation period for the 

Camas Creek Basin. 

Basin Objective Function 
Calibration Period 

(1993-1996) 

Validation Period 

(1999-2002) 

Camas Creek near 

Blaine 

 ReffQ 0.61  0.73  

 LReffQ 0.57  0.19  

 ReffSWEavg 0.54  0.57  

 VE -0.27  0.01  

 Objavg 0.57  0.50  

 

4.2 Impacts of Climate Change on the Big Wood Basin 

The second objective of this project was to force the hydrologic model with a range of future 

climate datasets to explore how the basin hydrology might be affected. The following sections 

discuss how the climate datasets influenced SWE, streamflow, agricultural water demand, and 

reservoir inflows in the model for the simulated period 2010-2069. 

4.2.1 Snow Water Equivalent 

The first metric used to explore possible changes in snow was April 1 SWE. Figure 15 maps 

April 1 SWE over the study area for the 1980-2009 average as well as three future periods: 2010-

2030, 2030-2050, and 2050-2070. The first column represents the GFDL model; the middle 
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column is the CSIRO model; and the last column is HadGEM2. Darker shades of blue indicate 

more SWE on April 1 averaged over the time period. The maps indicate how the spatial 

variability of the snowpack might differ in future time periods. Many areas of the basin have not 

historically had a high value of April 1 SWE and this is not expected to change. Areas in mid- 

and high-elevations have historically received most of the snowfall and these areas are predicted 

to experience the most change. Figure 16 plots the annual April 1 SWE for the three climate 

model inputs averaged over the higher elevations of the basin (elevations >1,700 m) along with 

the 1980-2009 interquartile range. From 2010 to approximately 2030, all three models simulate 

April 1 SWE values that primarily lie within the historic interquartile range. However, all but 

one value during time period is below the historic median value of 171mm. Beginning in 

approximately 2035, the model outputs begin to diverge, with the GFDL model results remaining 

within the historic interquartile range and the CSIRO and HadGEM2 model results consistently 

falling below the historic 25
th

 percentile. Over the entire time period, CSIRO and HadGEM2 

predict a consistent decrease in April 1 SWE such that the 2060s have 52% (CSIRO) to 89% 

(HadGEM2) less April 1 SWE than 2000-2009. 
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Figure 15. April 1 SWE for historic period (a) and three simulated future time periods: 2010-

2030 (b, c, d); 2030-2050 (e, f, g); and 2050-2070 (h, i, j) for three climate models: GFDL (b, e, 

h); CSIRO (c, f, i); and HadGEM2 (d, g, j). 
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Figure 16. Simulated high elevation April 1 SWE, 2010-2069 for the three climate model 

forcings. Dashed lines represent the 1980-2009 interquartile range. 

 

April 1 SWE has historically been used as an estimate of the annual maximum SWE but because 

the Flow model operates on a daily timestep, we were able to extract an additional metric of the 

actual date of maximum SWE. Figure 17 shows boxplots for each decade from 1980-2069 of the 

date when peak SWE was observed or simulated. The boxes indicate the first quartile, median, 

and third quartile and the whiskers indicate the minimum and maximum values of each decade. 

Over the entire time period, the decadal median generally shifts earlier in the year, starting at 

March 14 in the 1980s, shifting to March 8 by the early 2000s, and further shifting by the 2060s 

to as early as January 29 per the HadGEM2 model, February 11 in the CSIRO model, or 

February 19 in the GFDL model. This is a three to six week shift in the median date of peak 

SWE. 
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Figure 17. Date of annual maximum SWE in high elevations, averaged per decade from 1980-

2069 by three climate models: a) GFDL, b) CSIRO, and c) HadGEM2. Historic decades are 

shown in gray while the simulated future decades are colored for each model input. 
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Given the observation that April 1 SWE may not accurately estimate the annual maximum SWE 

in the future, Figure 18 plots the annual maximum depth of SWE averaged over elevations 

greater than 1,770 meters over the study period. These data indicate less of a decline in peak 

SWE than exhibited by the April 1 SWE values; in fact, the GFDL model simulates a slight 

increase over time with most years lying within the historic interquartile range. Through the 

2030s, the CSIRO and HadGEM2 climate models also simulate most years within the historic 

interquartile range, but after 2030 these models indicate a reduction in the annual peak SWE 

resulting in a decadal average of 36% less (CSIRO model) to 69% less (HadGEM2 model) peak 

SWE in the 2060s compared to the historic period.  
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Figure 18. High elevation annual maximum SWE, 2010-2069 for three climate model inputs: a) 

GFDL, b) CSIRO, and c) HadGEM2. Dashed lines represent the 1980-2009 interquartile range. 
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4.2.2 Streamflow 

This section explores the impacts of the three climate model forcings on streamflow in the Big 

Wood River and Camas Creek from 2010-2069 in comparison to the historic period 1980-2009. 

4.2.2.1 Daily Average Streamflow 

The historic 1980-2009 daily average streamflow over the water year for the Big Wood River at 

Hailey is plotted alongside the simulated streamflow averaged in 20-year bins for the three future 

climate model forcings in Figure 19. Over all three time periods, the GFDL climate simulates a 

similar magnitude of base flows and peak flows as the historic period, although the entire 

hydrograph is shifted earlier. The CSIRO climate also simulates an earlier hydrograph as well as 

reduced magnitude of peak flows by the 2030s. The HadGEM2 climate simulates the most 

dramatic shift in magnitude of peak flows. Historically, the average date of peak flow was May 

31; for the 2010-2030 period it ranges from May 12-17 depending on the climate model; in 

2030-2050 it ranges from May 4-May 31; and from 2050-2070 it ranges from May 10-28. The 

historic average magnitude of peak flow was 49.9 m
3
/s. During the first 20 years, the models 

simulate from 45.9 to 53.8 m
3
/s; from 2030-2050, peak flows of 37.5-50.6 m

3
/s are simulated; 

and from 2050-2070, all simulated peak flows are below the historic average, ranging from 29.3 

to 43.1 m
3
/s. 

Figure 20 plots historic and simulated daily streamflow averaged in 20-year periods for Camas 

Creek near Blaine for the 3 climate models. The climate models simulate dramatic changes in 

streamflow beginning in the first twenty years. The historic date of peak flow averaged at April 

9; the future simulations indicate peak flows occurring from April 1-13 depending on the climate 

model in the 2010-2030 period; March 15-March 31 in the 2030-2050 period; and March 25-

April 2 in the 2050-2069 period. Only the GFDL simulation averaged over 2010-2029 predicted 

a date of peak flow later than the historic period; all other models for all three time periods 

predicted peak flows earlier than historic by 6 to 25 days. The magnitude of peak flows were 

simulated to be lower than the historic average for all models for all simulated periods, ranging 
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from 38-47% lower in the 2010-2030 time period; 41-70% lower in the 2030-2050 time period 

and 48-52% lower in the 2050-2069 time period depending on the climate model.  

 

Figure 19. Big Wood River at Hailey daily historic (1980-2009) and simulated future streamflow 

(m
3
/s) for GFDL, CSIRO, and HadGEM2 climate models, averaged in 20-year increments: a) 

2010-2029, b) 2030-2049, and c) 2050-2069. 
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Figure 20. Camas Creek near Blaine daily historic (1980-2009) and simulated future streamflow 

(m3/s) for GFDL, CSIRO, and HadGEM2 climate models, averaged in 20-year increments: a) 

2010-2029, b) 2030-2049, and c) 2050-2069. 

4.2.2.2 Center of Timing of Streamflow 

The center of timing (CT) of annual streamflow was quantified for each decade from 1980-2069. 

Figure 21 plots the CT date for both Big Wood River at Hailey and Camas Creek near Blaine for 
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the three future climate model forcings. The boxplots indicate the minimum, maximum, median, 

and interquartile range of CT for each decade. 

Historically, the decadal median Big Wood River at Hailey CT was May 24 in the 1980s, June 1 

in the 1990s, and May 23 for the 2000-2009 period. For 2010-2069, the models in general 

indicate a shift toward earlier CT dates although the extent of the shift and the amount of inner-

decadal variability depend on the model. By the 2060s, the climate model forcings indicate a 

shift of 2-7 weeks in CT compared to the 1980s, ranging from April 5 (HadGEM2) to May 11 

(GFDL). 

In Camas Creek, the historic decadal median CT was April 9 in the 1980s then shifted later to 

April 14 in both the 1990s and 2000-2009. The GFDL model shows little shift in the decadal 

median CT from 2010-2060. The CSIRO model simulates an earlier shift in CT such that by the 

2060s it is around March 29, about 1.5 weeks earlier than the 1980s. The HadGEM2 climate 

model forcing also generally shows a shift toward earlier CT; by the 2060s, this model estimates 

the median CT at March 19, 3 weeks earlier than the 1980s.  
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Figure 21. Big Wood at Hailey (a, c, e) and Camas Creek near Blaine (b, d, f) center of timing of 

annual streamflow, shown by decade for the three climate model inputs: GFDL (a,b); CSIRO 

(c,d) and HadGEM2 (e,f). Historic data from USGS. 
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4.2.2.3 Total Annual Streamflow 

In addition to exploring observed and simulated changes in the daily flows and center of timing 

of flows, we analyzed total volume of annual streamflow over the water year. Figure 22 plots the 

simulated total annual streamflow from 2010-2069 for the three climate model forcings. The 

solid horizontal line indicates the 1980-2009 historic median and the dashed lines encompass the 

25
th

 and 75
th

 percentiles over the historic period. Values above the 75
th

 percentile line are wetter 

than the historic normal and values below the 25
th

 percentile line are drier than normal. From 

2010-2069, 79% of the simulated annual streamflow values from all three climate model forcings 

fall within the historic interquartile range (between the 25
th

 and 75
th

 percentiles). The GFDL 

model simulates 15 excessively wet years and no excessively dry years; the CSIRO model 

simulates 8 wet years and 9 dry years; and the HadGEM2 model simulates 3 wet years and 3 dry 

years.  
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Figure 22. Big Wood River at Hailey total annual streamflow (cubic meters), 2010-2069 for 

three climate model forcings: a) GFDL, b) CSIRO, and c) HadGEM2. Solid horizontal line 

depicts the 1980-2009 historic median and dashed lines represent the historic interquartile range. 
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4.2.3 Agricultural Water Demands 

In addition to assessing how future climate change may affect water supply in the Big Wood 

Basin, we explored how the demand for water for agriculture, currently the largest water use, 

might change in the future. Figure 23 plots the simulated annual PET for all agricultural areas in 

the study area with the three climate model forcings assuming the same crop mix that was 

observed in 2010. Using the GFDL model forcing, agricultural PET on average stays 

approximately the same as in 2010. The CSIRO and HadGEM2 models simulate increases in 

agricultural PET over the simulation period. By the 2060s, average annual PET is 6-14% higher 

in the CSIRO and HadGEM2 models than in the 2010s, respectively. The ensemble mean 

indicates an increase in PET of 7% over the 60-year study period. 

 

Figure 23. Simulated annual potential evapotranspiration (m) per unit area of agriculture in the 

study area, 2010-2069 for the three climate model forcings: GFDL, CSIRO, and HadGEM2. 

Also shown is the ensemble 5-year running average. 

 

4.2.4 Reservoir 

Figure 24 plots the annual inflow to Magic Reservoir by water year from 2011-2069 for the three 

climate model inputs along with the 1980-2009 interquartile range. The GFDL model simulates 
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no years below the 25
th

 percentile, 13 years above the 75
th

 percentile, and 46 years within the 

historic normal. The CSIRO model simulates 9 dry years, 7 wet years, and 43 normal years. The 

HadGEM2 model simulates 4 dry years, 2 wet years, and 53 normal years. Overall, the majority 

of simulations lie within the historic normal.   

 

Figure 24. Annual inflow to Magic Reservoir by water years, 2011-2069 for the three climate 

model inputs: a) GFDL, b) CSIRO, and c) HadGEM2. Dashed lines indicate 1980-2009 

interquartile range.  
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5 Discussion  

5.1 Hydrologic model 

The first objective of this project was to create a model to represent the surface water hydrology 

of the Big Wood Basin. The Envision-Flow model used here is a spatially-explicit, conceptual, 

rainfall-runoff model. In order to simulate hydrology over a large geographic area over a long 

period of time at a daily time step, the model dynamics are simplified by design. This means that 

certain physical processes are not explicitly simulated here and thus, the model will not be able 

to represent all aspects of the hydrology of this basin. Additionally, we decided that simulating 

the groundwater dynamics of the area was outside the scope of this project, which means that we 

were unable to explore the impact of groundwater pumping on surface water resources. Despite 

these simplifications, the model performed well in simulating historic dynamics of the surface 

water hydrology of the upper Big Wood River and Camas Creek. The calibration and validation 

periods to which the model was optimized included a range of wet and dry years that the model 

captured equally well. By considering streamflow, logarithmic transformation of streamflow, 

volume of streamflow, and snow water equivalent during model calibration, we aimed to ensure 

that the model simulated the historic dynamics for the right reasons. Two objective functions 

helped in optimizing the timing of flows: the Nash-Sutcliffe model efficiency of streamflow 

helped optimize the model for annual streamflow timing and peak streamflows and the model 

efficiency of the logarithmic transformation of streamflow helped optimize the model during the 

lower flow periods. The volume error function assisted in optimizing the quantity of streamflow 

simulated.  

For the Big Wood River at Hailey, the model captured the timing and magnitude of both high 

and low flows well over the calibration and validation periods. The volume error ranged from 1-

7%. The model did not perform as well regarding the timing and magnitude of streamflows for 

the Camas Creek near Blaine location, although it was deemed acceptable for this application 

because the volume error function was quite low and thus we could maintain confidence in the 

simulated volume of water entering the Big Wood River and Magic Reservoir. It was outside the 

scope of this work to conduct additional investigation into why the model did perform The 
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reduced performance is likely due to the fact that this gage is located lower in the watershed 

below several irrigation diversions. Overall, it captured the timing of flows in both wet and dry 

years, but consistently under-estimated peak flows. Per the LReffQ model efficiency criterion, it 

did not perform particularly well during low flows periods, but considering that during much of 

the year, flows are nearly zero, this discrepancy did not result in a large difference in overall 

volume of streamflow. In fact, the volume error during the validation period was only 1%.  

We utilized snow water equivalent data to incorporate an additional data source in the model 

calibration and validation process. The model simulated the historic timing and magnitude of 

annual SWE accumulation and melt well over both wet and dry years, although certain locations 

were captured better than others. The SNOTEL locations in the Big Wood basin were better 

represented than those in the Camas Creek basin. This could be due to location-specific 

differences in the SNOTEL locations. For example, some locations may be more affected by 

wind loading or scouring than others, which this model would not be able to capture. Our 

parameterization procedure considered the average model efficiency at all locations within each 

basin in order to best represent the snow water equivalent dynamics in a variety of conditions. 

Overall, this application of the Flow model was able to simulate the dynamics of surface water in 

the Big Wood Basin reasonably well, achieving a NSE of 0.74 for the Big Wood River and 0.50 

for Camas Creek during the model validation period. It is understood that the surface water and 

groundwater are strongly connected in this basin. Modeling this interconnection was not feasible 

within the scope of this project, but this surface water model could be further improved with the 

coupling of a groundwater model to further explore how future climate may affect groundwater 

recharge as well as the impacts of groundwater pumping on surface water flows. 

5.2 Impacts of future climate 

By selecting a range of climate forcings that simulate long-term climatic changes as well as 

incorporate annual and decadal variability, we aim to represent a range of future possibilities for 

the study area. We explored those changes by assessing the future snowpack, streamflow, 

agricultural water demand, and reservoir inflows. 
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5.2.1 Snowpack 

Winter snowpack is an important metric for water resource managers in the Big Wood Basin as it 

is the primary source of the annual water supply. We looked at April 1 SWE, date of maximum 

SWE, and annual maximum SWE for the high elevation areas to assess impacts of the climate 

model forcings. The historic data show a steady decrease in April 1 SWE from a decadal average 

of 23.4 centimeters in the 1980s to 18.8 centimeters in the 1990s to 13.7 centimeters between 

2000-2009. For the time period 2010-2069, the depth of April 1 SWE is either predicted to 

decrease or stay approximately the same as historic. The GFDL model simulates trends similar to 

those seen from 1990-2009 while the CSIRO and HadGEM2 models both indicate steadily 

decreasing decadally-averaged April 1 SWE. The average April 1 SWE depth for the HadGEM2 

scenario is 1.5 centimeters, a 92% decrease from the 30-year historic average. Inner-decadal 

variability remains similar to the historic variability for all three models through about 2030 

indicating that the basin may continue to experience both wet and dry winters. After 2030, the 

HadGEM2 and CSIRO models simulate less annual variability in the April 1 SWE. After about 

2030, the wettest years per decade show less April 1 SWE than the historic wet years and the 

driest years per decade show less April 1 SWE than the historic dry years. The spatial patterns of 

SWE appear to change under all three climate models with the mid to high elevations exhibiting 

the largest reductions in SWE. In particular, the models simulate drastic reductions in April 1 

SWE in the Camas Creek basin, which is likely the driver of the changes in streamflow 

simulated there. 

April 1 SWE has historically been used to estimate the peak annual SWE, yet the difference 

between April 1 SWE and annual maximum SWE shown here may highlight a need for water 

managers to consider using a different metric. The date of annual maximum SWE has shifted 

earlier in time over the historic period and appears likely to continue to shift earlier in the year by 

three to six weeks by the 2060s. Like the April 1 SWE metric, two of the three climate models 

(CSIRO and HadGEM2) simulated decreases in annual maximum SWE by the mid-21
st
 century, 

although the amount of change is less for the annual maximum SWE than the April 1 SWE. 

Although many of the simulated data for all three climate model inputs lie within the historic 
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interquartile range, few years are simulated to be above the range and many years are simulated 

to be below the range. The HadGEM model estimates the most drastic decline in annual peak 

SWE. 

The SWE results indicate that the natural storage purposes that have been served by the winter 

snowpack may not continue in the same capacity into the future, even if annual precipitation 

amounts stay relatively similar to the historic period. More precipitation may fall as rain instead 

of snow and in many years much of the snowpack may be melted by April 1 which was 

historically an estimate of the maximum annual snowpack.  

5.2.2 Streamflow 

To assess future impacts of climate change on streamflow, we looked at metrics for daily average 

streamflow, center of timing of streamflow, and total annual streamflow. For the Big Wood 

River at Hailey, the hydrograph is simulated to shift earlier in the year, with peak flows 

occurring up to three weeks earlier in the 2050-2069 period than in the 1980-2009 historic 

period. Two of the three models simulate reductions in peak flows ranging from 14-41% by mid-

century. Camas Creek simulations showed even more drastic changes beginning in the first few 

decades, likely due to the large simulated changes in SWE. All except one model in one time 

period simulated a shift in peak flows of 6-25 days earlier and the magnitude of peak flows was 

simulated to be less than historic for all climate models in all time periods, ranging from 38-70% 

lower than historic peak flows.  

Likely tied to the simulated earlier snowmelt, the center of timing of streamflows showed a shift 

toward earlier in the year for the future simulations. The Big Wood at Hailey CT was simulated 

to shift from 2-7 weeks earlier in the 2060s than was observed in the 1980s, with Camas Creek 

near Blaine CT simulated to occur 3 weeks earlier. This shift could affect the timing of water 

available for use later in the year. Water management strategies may need to consider whether 

storage capacities and operating constraints are capable of holding more water earlier in the year. 

The simulated total annual streamflow results were of interest because they highlighted that in 

most years in the future, total annual streamflow volume is likely to fall between the 25
th

 and 75
th
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percentiles of the historic period, or within the historic “normal.” However, this does not 

inherently mean that there will be enough water to support the current uses since the flows may 

occur at different times and in a different regime than historically observed.  

5.2.3 Water Demand 

We explored how the current primary water use, agriculture, might be impacted by future climate 

change. Due to increased temperatures, the models simulate that annual PET could increase by 6-

14% by the mid-21
st
 century if the crop mix were to stay the same as in 2010. Considering that 

water resources are already fully allocated, agricultural producers may need to explore drought 

tolerant crops or make improvements in irrigation water delivery to help offset this additional 

water demand. Additionally, growers should consider restrictions associated with the seasonality 

of irrigation water rights. Many rights are designated for use during specific times within the 

year, but under projected climate change these times may no longer coincide with the water 

demand of the crops. It may be necessary to explore alternative options with state regulatory 

agencies. 

5.2.4 Reservoir 

The overall trend for Magic Reservoir indicated that the volume of simulated inflows to the 

reservoir mostly fall within the historic 1980-2009 interquartile range. This may indicate that the 

future inflows may fall within the ranges seen historically; however, it does not necessarily mean 

that the reservoir will fill during those years. During the period 1980-2009, the reservoir filled 15 

years out of 30. Additionally, as previously discussed, these inflows may be arriving at the 

reservoir up to several weeks earlier than historically observed and agricultural water demands 

may also increase. Lastly, although not quantified here, increased temperatures may cause 

increased evaporative losses from the reservoir. These changes may indicate a need to closely 

analyze the effectiveness of historic reservoir operations and consider whether they will be able 

to achieve the operating objectives under a different climate regime. 
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6 Conclusion 

In this project, we achieved two objectives: constructing a hydrologic model of the Big Wood 

River basin and using the model to explore possible impacts of future climate change on water 

resources. The hydrologic model was built using Envision-Flow, a spatially-explicit, conceptual, 

rainfall-runoff model that represented surface water dynamics in the Big Wood River and Camas 

Creek. Separate modules simulated rainfall, snow accumulation, and melt; infiltration; 

evapotranspiration; percolation; runoff generation and routing; reservoir operations; and 

agricultural irrigation. A combined model efficiency term was calculated that included the Nash-

Sutcliffe efficiency of streamflow and the logarithmic transformation of streamflow, Volume 

Error of streamflow, and the Nash-Sutcliffe efficiency of snow water equivalent. The model 

efficiency values obtained during the model validation period were 0.74 for the Big Wood River 

and 0.50 for Camas Creek.  

The calibrated model was run for the period 2010-2069 using three climate model forcings 

representing a range of possible future climate changes in the basin. We explored metrics related 

to snowpack, streamflow, and water demand to assess how climate change may impact the water 

resources in the study area.  

Snowpack, as assessed through snow water equivalent, is simulated to decrease in the future 

despite a similar amount of projected annual precipitation. This is due to the increase in projected 

future temperatures that cause more precipitation to fall as rain than as snow. The worst case 

scenario indicates a 92% reduction in April 1 SWE. This decrease is not seen as drastically in the 

annual peak SWE, indicating that April 1 may not be the appropriate date to estimate peak SWE 

in the future.   

In the Big Wood River at Hailey, future simulations indicate a shift in peak flows from 0-4 

weeks earlier in the spring than in the historic period. The magnitude of simulated peak flows 

varies by decade and climate model, but ranges from 41% less to 8% higher than historic peak 

flows. For Camas Creek near Blaine, most model simulations predicted peak flows occurring 6 

to 25 days earlier than observed in the historic period. The magnitude of simulated future peak 
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flows is less than the historic observed peak flows in all time periods by 38-70%. Simulated 

future streamflow center of timing ranges from 2-7 weeks earlier in the 2060s than was observed 

in the 1980s for the Big Wood River at Hailey; for Camas Creek near Blaine, the simulated CT 

ranges from 0-3 weeks earlier in the 2060s than the 1980s. From 2010-2059, 79% of the 

simulated annual streamflow values from all three climate model forcings fall within the historic 

interquartile range. 

In addition to shifts in the water supply, we also explored shifts in the primary water demand, 

agriculture. Driven by increases in future air temperature, potential evapotranspiration is 

expected to increase from 6-14% by the mid-century. It will be imperative that water managers 

and agricultural producers consider options to mitigate these potentially compounding 

circumstances. 

Simulated future inflows to Magic Reservoir indicate that the inflows may fall within the range 

of historic variability. The time period when the historic trends were established saw the 

reservoir filling 50% of the time.  

Of importance to note is that most simulated changes are not immediate and not linear, meaning 

there could continue to be a significant amount of inter-annual variability. This may mean that 

residents experience a mix of wet and dry years, making it difficult to grasp the long-term 

changes that are occurring in the basin. Historic trends indicate that changes have been occurring 

in this basin and will continue in the future. It will be important for local decision makers to 

consider management and operating strategies in light of possible climate change and consider 

attempts to mitigate the potential adverse effects that shifts in temperature, snowpack, and 

streamflow may be likely to cause. 

This work serves as an initial assessment of climate impacts on surface water resources in the 

Big Wood Basin. A comprehensive model is being constructed using this model as the 

foundation to explore how management actions may be able to mitigate some of these impacts. 

The modeling approach here was conducted collaboratively with stakeholders in the Big Wood 

Basin and it is recommended that this network continue to collaborate on watershed studies as 
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well as considering creative strategies for dealing with projected changes to the hydrologic 

regime of the basin. The approach used here could be transferred to other basins to conduct 

additional local-scale impacts assessment that benefit water users and managers.  
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Figure A1. Map of land ownership in the study area. Data from U.S. Bureau of Land 

Management (2009).  
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Figure A2. Map of 2010 coarse-resolution land use/land cover in the study area. 
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Figure A3. Irrigation surface water right places of use (POU) with at least one point of diversion 

(POD) in the Big Wood River or Camas Creek drainages. Note that water rights may have more 

than one POD per POU. Little Wood River shown for reference. Study Area Boundary as shown 

here indicates the drainage area of the Big Wood and Camas Creek drainages only. 

 



 

 

 

 

 

 

 


	MarshallInouye_Pretext_final
	MarshallInouye_Thesis_092614_nopretext_final

