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ABSTRACT 

Warming trends in near-surface air temperature across the Southwestern U.S. have been 

observed over the last century and are projected to continue over the 21st century. This warming 

trend will result in decreased snowpack and earlier snowmelt in mountainous basins throughout the 

West; however, predictions of future precipitation in the Southwest are much more uncertain among 

global climate models (GCMs).  In this study, the objective was to quantitatively evaluate the impacts 

of projected warming on streamflow in the Lehman and Baker Creek drainages. The drainages are 

located in Great Basin National Park that encompasses the highest elevations in the southern part of 

the Snake Range in eastern Nevada. The Precipitation-Runoff Modeling System (PRMS) was used to 

evaluate impacts of warming on streamflow. Calibration and validation periods had total errors 

between 0.6 and 12 percent in simulated streamflow.  Daily maximum and minimum temperatures 

for a future 90-year period were used in the model to evaluate how warming temperatures may affect 

streamflow. Daily temperatures were statistically downscaled and bias corrected using daily 

projections from the National Center for Atmospheric Research Community Climate System Model 

4.0 for four representative greenhouse gas concentration trajectories. A 30-year record of historical 

precipitation was repeated three times over the 90-year simulation. Results from the 90-year 

simulation were divided into three 30-year periods (water years 2009ð2038, 2039ð2068, and 2069ð

2098) and were compared among the four greenhouse gas concentration trajectories such that 

volumes and variations in precipitation were identical and changes could be directly related to 

different projected warming temperatures. The study area was sensitive to small increases in 

temperature; results include shifts to earlier snowmelt timing for most warming trajectories from May 

to April with an increase in winter streamflow. For a temperature rise of 5.5°F by the end of the 

century, mean annual streamflow was reduced more than 10 percent and resulted in a corresponding 

increase in evapotranspiration; also a significant decrease in peak snowpack and May runoff was 
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simulated. Reduced snowpack and earlier snowmelt affected the snow-dominated watersheds by 

reducing soil moisture and evapotranspiration in July and August. 
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INTRODUCTION 

 
 Global climate models (GCMs) forced by increasing atmospheric CO2 concentrations 

forecast warming trends over the southwestern US (IPCC 2011, Barnett et al. 2004). This climatic 

shift could strain surface and groundwater resources, significantly affecting soil moisture and 

mountain ecosystems in the Great Basin physiographic region. Additional pressure is placed on 

groundwater and surface water resources throughout the southwest caused by increased agricultural 

demands and population growth. Groundwater flow to large basin-fill aquifers in semi-arid eastern 

Nevada is largely derived from mountain snow-melt and mountain-front recharge. The snow-melt 

dynamics in the mountain ranges of the Great Basin could be affected by a warming climate. The 

region of study for this research is the mountainous Lehman and Baker Creek drainages (LBCD) 

within the Great Basin National Park (GBNP) (Figure 1), an area where streamflow is highly 

dependent on snowpack. The majority of annual precipitation in GBNP is in the form of snow at 

high altitudes and water supply is dominated by snowmelt (Prudic, Sweetkind 2014). Most GCMs 

predict a warming trend over the 21st century within this region, and evidence over the last 200 years 

show increases in temperatures with high correlation to decreased snow cover over the region and 

surrounding area. Important hydrologic impacts of a warming climate may include changes to annual 

runoff, peak runoff, and snowmelt timing. Here we use a distributed parameter watershed model to 

investigate the future state of water resources in the LBCD under different warming trajectories. 
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      Figure 1 Map of study area and surrounding area with locations of weather stations (Prudic, Sweetkind 2014). 
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Motivation 

 The snowmelt-dominated hydrology of the mountainous LBCD makes it particularly 

susceptible to impacts associated with projected climate warming. Although future precipitation in 

the region is uncertain, studies of warming temperatures on similar snowmelt-dominated basins in 

the Southwestern U.S. have indicated earlier peak runoff, decreased summer and fall baseflow, and 

increased winter flooding (Huntington, Niswonger 2012, Dettinger, Cayan 2006, Stewart, Cayan & 

Dettinger 2005, Barnett et al. 2004).  

A warming trend in near-surface average air temperatures has been observed over the Great 

Basin region over the last century (NOAA 2013); the most recent warming (past 30 years) has been 

directly correlated to radiative forcing caused by anthropogenic greenhouse gas (GHG) emissions 

(IPCC 2011).  This warming is expected to continue into the 21st century (IPCC 2011). Quantifying 

and understanding future climate impacts on the LBCD is not only important for predicting changes 

in streamflow, but also for future ecological health and aquifer recharge in Snake Valley. In order to 

create reasonable hydrologic estimates at the local scale, a distributed-parameter, physically-based 

watershed model was developed for the LBCD. This model was then forced by downscaled GCM 

projections of daily temperature and historical daily precipitation. The modeling efforts and 

simulation results may serve as a reference to water managers in the region and those potentially 

affected at and near the Great Basin National Park.  

Background 

The Intergovernmental Panel on Climate Change (IPCC) 4th assessment report (2007), states 

global average air temperature has increased significantly over the last 100 years with a 100-year linear 

trend (1906ð2005) of 1.33  πȢσς°F. Warming increases with latitudes both in historical 

observations and simulated results from GCMs. Radiative forcing from anthropogenic emissions of 

long-lived GHGs is thought to be the dominant cause of this warming, although natural causes may 
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drive a small part of this change (IPCC 2011). The most important GHGs include: carbon dioxide 

(CO2), methane (CH4), nitrous oxide (N2O), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) 

and sulphurhexafluoride (SF6). Of these gases, CO2 makes up over 75% of the total with CH4 making 

up ~14% and N2O ~8%. The relative strengths of each GHG varies greatly, refer to IPCC 4th 2007 

for further review. Major global contributors of total GHGs as of 2004 include:  

1. Energy Supply (25.9%) 
2. Industry (19.4%) 
3. Forestry (17.4%)  
4. Agriculture (13.5%) 
5. Transport (13.1%)  
6. Residential and Commercial Buildings (7.9%)  
7. Waste and Wastewater (2.8%)      (Data from (IPCC 2011)) 
 

An increase in average temperature over the western US and most of northern North 

America have been recorded from a large number of weather stations, satellite data, and have been 

suggested from tree ring paleo-climate reconstruction. From 1940 to around 1991, the average 

temperatures in these regions increased by 1.8ð3.6°F (Karl et al. 1993). A decrease in snowpack was 

highly correlated to this rise in temperature in the region with 78 percent of the variance in regional 

snow cover explained by the anomalies of monthly mean maximum temperature (Karl et al. 1993). 

Tree ring paleo-climate reconstruction suggests summer and spring temperatures over mountainous 

regions in northwestern North America have been higher in the second half of the 20th century than 

any other period over the last 900 years (Jones, Osborn & Briffa 2001, Luckman et al. 1997, 

Luckman 1998). 

Although near-surface air temperatures projections using GCMs show a generally consistent 

increase in temperatures over the next century, considerable uncertainty exists in future precipitation 

projections throughout the Southwest with some GCMs indicating a decrease, whereas others 

indicating an increase in precipitation. The Coupled Model Intercomparison Project phase 3 and 5 

(CMIP3 and CMIP5) GCM ensemble means both predict significant increases in temperature over 
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the 21st century under most GHG emission scenarios (IPCC 2014, Hay, Markstrom & Ward-

Garrison 2011, IPCC 2011, Seager, Vecchi 2010). Assuming this prediction holds true, increasing 

temperatures could have profound impacts on snowpack accumulation, and snowmelt timing in mid-

altitude areas (elevations between 6,000 and 11,000 feet above mean sea level) of mountainous 

watersheds where winter temperatures are near 32 °F because a slight increase in temperature would 

decrease snow accumulation.  Snow accumulation in high-altitude areas (elevations in excess of 

11,000 feet above mean sea level) where winter air temperature stay well below freezing for longer 

periods, may be less affected by small increases in temperature. The LBCD contains mainly high- and 

mid-altitude areas and is expected to be affected more by increasing temperatures and the associated 

effects on snowpack energy balance as opposed to the highly uncertain forecasts of future 

precipitation. 

Analysis of observed streamflows for many snowmelt-dominated basins across the western 

US has revealed a shift to earlier peak runoff by one to two weeks over the second half of the 20th 

century (Dettinger, Cayan 2006, Stewart, Cayan & Dettinger 2005). This hydrologic shift is due to a 

warming trend which has resulted in less snow accumulation and earlier snowmelts, especially in mid-

altitude watersheds during the months between January and March (Dettinger, Cayan 2006). 

Climate and stream hydrology in the Lehman and Baker Creek watersheds play a critical role 

for local ecology. Bristle Cone Pines inhabit an extreme alpine niche in the LBCD and small changes 

in climate may allow other pine and fir species to encroach and out compete them. This area also 

supplies a large fraction of the runoff that either recharges the larger basin-fill aquifer in Snake Valley 

or is used for agricultural irrigation. Groundwater flow to Snake Valley is critical for the Southern 

Nevada Water Authority who has proposed extracting 50,679 acre-ft/ year to supply municipal water 

to Las Vegas, NV (SNWA 2008). The LBCD may be similar to other mountain-block recharge zones 

that are underlain by rocks of low permeability throughout the Great Basin. Therefore some 

watershed responses here may be positively correlated with changes in other similar watersheds in 
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the region. Understanding the effects of climate warming on the future water resources in the LBCD 

is important for all of these reasons.  

A large part of this thesis involved the development of a distributed parameter watershed 

model, to be used as a tool for understanding future water resources. Other climate impact studies 

conducted over the western US have used lumped parameter or statistical models as opposed to a 

spatially distributed model (Lettenmaier, Gan 1990, Flaschka, Stockton & Boggess 1987). Results 

from these studies include reduced winter and spring snowpack, earlier peak runoff timing, and 

increased winter flooding caused by a shift in winter precipitation form from snow to rain. Lumped-

parameter models may be appropriate when data is limited or in watersheds that are ungagged or at 

regional scales. However, spatial interactions of hydrologic processes are lost and the processes 

themselves are often simplified. Furthermore, the processes involved in snowpack accumulation and 

energy balance is often simplified in lumped-parameter models. These models lack spatial variation 

for important processes such as snowpack energy balance, evaporation and transpiration (ET), 

canopy interception, soil and groundwater infiltration, discharge and storage, and runoff. Thus, 

spatial parameterization in models is more important for physically diverse and topographically 

complex watersheds such as the LBCD. 

By using GCM projections to force a watershed hydrologic model, this study will provide 

additional insight into the hydrologic response due to warming in the region. In the later part of the 

21st century this studyõs results should be verified and its effectiveness at predicting hydrologic 

impacts evaluated.  

Objective, Scope, and Approach 

The research objective was to assess the impact of transient increases of air temperature on 

the water resources of the LBCD over a 90-year period from water years 2009ð2098. A water year 
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begins October 1 of a previous year and ends September 30 of the year identified. Thus, water year 

2009 begins October 1, 2008 and ends September 30, 2009.  

The study focused on temporal variations and long-term trends in simulated snowpack, 

runoff, and ET caused by warming. To achieve this, a site specific watershed model was developed in 

ArcGIS 10.0. The GIS model was then used to build a distributed parameter, numerical watershed 

model, specifically a Precipitation-Runoff Modeling System (PRMS) model (Leavesley et al. 1983). 

Model calibration and validation was done using three periods of daily observed precipitation, 

maximum and minimum temperature, and stream discharge data. The first two periods (water years 

1952ð1955 and 1993ð1996) were used for model calibration and the last period, water years 2003ð

2010, was used for validation. These three periods were chosen because they had continuous records 

of daily measured streamflow. Once calibrated and verified, the model was used to evaluate the 

effects of a warming climate using downscaled and bias-corrected GCM daily temperature 

projections from the National Center for Atmospheric Research (NCAR) Community Climate 

System Model version 4.0 (CCSM4) (Gent et al. 2011). Four GHG concentration trajectories, defined 

by the CMIP5 and the IPCC 5th assessment report as representative concentration pathways (RCP), 

were used (IPCC 2014, Taylor, Stouffer & Meehl 2012, van Vuuren et al. 2011). Precipitation data 

from the historical 30-year record for water years 1970ð1999 were used three times for water years 

2009ð2038, 2039ð2068 and 2069ð2098 for each model projection to limit the factors affecting the 

hydrology to a warming climate alone. Results from all four GHG concentration trajectories were 

evaluated with the model. The PRMS projections were interpreted at monthly, annual, and 30-year 

time scales. Finally, the interrelations among major water-budget components and their dependence 

on temperature were evaluated. 
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Related Research 

Offline coupling of downscaled GCM output with a watershed hydrologic model is a 

common method for generating reasonable projections at multiple hydrologic scales (Huntington, 

Niswonger 2012, Mejia et al. 2012, Islam et al. 2012, Hay, Markstrom & Ward-Garrison 2011, 

Koczot, Markstrom & Hay 2011, Maurer et al. 2010, Walker et al. 2008, Fowler, Blenkinsop & 

Tebaldi 2007, Maurer et al. 2007, Overgaard, Butts & Rosbjerg 2007, Grantz et al. 2005, Dettinger et 

al. 2004, Barnett et al. 2004, Hay, Clark 2003, Grotch, Maccracken 1991). The concept of offline 

modeling is simple: use model output of one model as the input for another. This differs from the 

practice of full coupling, which involves feedback systems between two or more models. In this case, 

the aim is evaluating the effects of projected temperatures to changes in streamflow and ET in the 

LBCD. Offline coupling of downscaled GCM output to a watershed model fits this need. Feedback 

between surface processes and atmospheric processes was beyond of the scope of this study.  

The uncertainty in any one GCM output is largely caused by the complexity of the physical 

processes that occur in the atmosphere, ocean, and land surfaces and their feedbacks. Additional 

uncertainty develops among GCMs due to variations in initialization strategies, parameterization, and 

different model structures to represent earth systems. Evaluating these uncertainties was beyond the 

scope of this study. However, a future worthwhile endeavor would be to use an ensemble of 

downscaled GCM projections to better understand GCM uncertainties being introduced into the 

LBCD watershed model. The uncertainty associated with watershed models such as PRMS is often 

much lower than that associated with GCMs. Additional uncertainty that is introduced when 

integrating the GCM output with the watershed model may be small compared with the inherent 

uncertainty associated with the GCMs. Some geographic uncertainty and bias associated with GCM 

output resolution is reduced after downscaling and correction for bias.  



9 
 

The two main categories of downscaling techniques are: 1) dynamical downscaling that 

includes running a regional climate model (RCM) driven by boundary conditions from a GCM to 

produce finer resolution output; and 2) statistical downscaling that involves using empirical/statistical 

relationships to downscale the coarser GCM data to the spatial and temporal scales of the hydrologic 

model. A combination of the two techniques is also sometimes used.  If fine resolution (< 10 km) 

climate input is needed for a hydrologic model, additional statistical downscaling may be necessary. 

Additional statistical downscaling is often accomplished by relating the downscaled output to one or 

more climate stations. Scientists call these hybrid and double statistical downscaling techniques 

(Mejia, Huntington et al. 2012). The method used in this study was double statistical downscaling to a 

weather station in the LBCD. 

Dynamically downscaled output may produce more realistic results because they are derived 

from RCM's that are physically based. Regional climate models are similar to GCMs as they are 

governed by a set of physical equations such as conservation of mass, energy, momentum, moisture, 

etc. They typically involve solving systems of linearized partial-differential equations numerically 

using a finite-element method. On the downside, the dynamical method is highly dependent on the 

GCM output that is used as the boundary and initial conditions for the RCM. They are also 

computationally demanding, and dynamically downscaled projections are not commonly available for 

a wide range of GCMs. Statistical downscaling has the advantage of being computationally much less 

demanding, and it allows direct incorporation of observational data (Fowler, Blenkinsop et al. 2007). 

However, statistical downscaling is highly dependent on the period and quality of historical data. 

Statistical downscaling methods may not capture future variability in climate, and it is sometimes 

based on relatively short periods of historical conditions (i.e. assumes stationarity, and may not 

capture historical extremes due to limited record). Dynamical downscaling therefore may be better at 

capturing changes in future hydroclimatic conditions, assuming that the GCM and RCM preserve the 

correct trends. 
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Although the relation between changing climate and future hydrologic impacts may sound 

simple, analyzing this connection is complex and varies on a site specific basis. Hydrologic impact 

studies that integrated downscaled GCM output have been done across the U.S. and the world 

(Rajagopal et al. 2014, Hay, Markstrom & Ward-Garrison 2011, Islam et al. 2012, Mejia et al. 2012, 

Huntington, Niswonger 2012, Koczot, Markstrom & Hay 2011, Walker et al. 2008, Dettinger et al. 

2004). Although many such analyses have been reported, few if any have utilized a standard in model 

choice, development, calibration, validation, GCM selection method, and GCM downscaling 

procedures. Typically the modeling approach is decided on a site specific basis. Additionally, multiple 

methods are available to select climate projections, GCMs, downscaling techniques, timelines, and 

datasets for model parameter estimation. This does not include the fact that modeling locations have 

a varying record of quality historical observations for climate and streamflows (or other objective 

functions such as snowpack water equivalence) used for calibration and validation. All of these lead 

to difficult comparisons among the various studies. Many possible differences result not only from 

physical variations among watersheds but also from the multitude of decisions needed to successfully 

implement climate projections into a watershed model. Although difficult to compare, each well-

thought climate-integrated watershed model provides valuable insight into potential effects caused by 

a warming climate.  

Despite the variations in modeling approaches and implementations, important findings 

have emerged among studies involving watersheds of similar scale, locality, and physical 

characteristics. Comparisons for this study are other watersheds that encompass mid to high-altitudes 

and are snow dominated. Ideally the model results from the LBCD would be best compared to 

watersheds in the Great Basin that have a similar climate and geology. Findings from similar studies, 

primarily in the Sierra Nevada on the western end of the Great Basin include: 1) A decrease in annual 

snowpack as temperatures rise; 2) Increased winter runoff along with earlier peak runoff resulting in 

water scarcity and reduced soil moisture in late summer growing seasons; and 3) Increased potential 
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evapotranspiration (PET) and an increase in actual evapotranspiration (AET) when soil moisture is 

available (Huntington, Niswonger 2012, Mejia et al. 2012, Hay, Markstrom & Ward-Garrison 2011, 

Barnett et al. 2004, Dettinger et al. 2004). These results are generally from studies using both lumped 

parameter or statistical models and more complex distributed parameter and integrated surface water  

and groundwater models. Integrated surface water and groundwater models generally produce more 

realistic results, especially in watersheds that contain a large variety of physical characteristics 

pertaining to topography, soil, geology, and vegetation/ land cover.  

STUDY LOCATION  

Introduction  

The LBCD is located on the east slope of the Southern Snake Range and drains to Snake 

Valley. Runoff from the LBCD is used to irrigate cropland in Snake Valley. Some of the runoff 

becomes groundwater recharge to the basin-fill aquifer in Snake Valley where it also is extracted for 

local irrigation or follows the closed regional-flow system northward to the Great Salt Lake Desert. 

The study area is situated entirely within the GBNP and is mostly unpopulated except for a handful 

of residents who work or live near the Lehman Cave visitor center, which is near the drainage outlets 

of the study area. Land use is not expected to change significantly over the modeling time frame of 

the next century. The drainage area includes high-altitude alpine tundra and forests (including 

bristlecone pine), coniferous forests (fir, spruce, and pine) and deciduous forests (e.g. aspen), juniper-

pinyon-sagebrush woodland, meadows, lakes, springs, streams, and delicate karst ecosystems (Prudic, 

Sweetkind 2014). Elevation in the study area ranges from 13,061 ft. above mean sea level at the top 

of Wheeler Peak to 6,700 ft. near the stream gage on Lehman Creek.   
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Hydrogeology 

The geology of the study area creates a complex framework for water routing between 

surface and groundwater systems. Prudic and Sweetkind (2014) classified five hydrogeologic zones 

within the LBCD based on topography, geology, climate, surface runoff, and groundwater. Namely: 

(1) mountain upland; (2) karst limestone; (3) upper piedmont; (4) lower piedmont; and (5) valley 

lowland. Here the focus is the first two zones, because the upper- and lower-piedmont and valley-

lowland zones are downstream of the stream gages that are located near the park boundary (Figure 

2). 
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Figure 2 Map of the study area showing hydrogeologic zones, locations of weather stations, and streamflow gages used for model 
calibration (Prudic, Sweetkind 2014). 

 

Starting in the mountain-upland zone, geology consists primarily of Precambrian and 

Cambrian Prospect Mtn. Quartzite which is massive and relatively impervious. Mesozoic granite 

intruded into the area during uplift of the Snake Range and outcrops primarily along the southern 

part of the Baker Creek watershed. Alpine glaciations beginning in the Pleistocene and continuing 
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until the present has carved a large cirque in the Lehman Creek drainage and a U-shaped valley in 

upper Baker Creek. Glacial deposits of boulders and outwash are spread throughout the study area 

and in as ground moraines in the upper parts. Small ponds formed from ice scour are found in both 

watersheds including Baker, Teresa, Stella, and Browns Lakes.  

The high-altitude area (primarily alpine tundra) in the mountain upland is cold, wet, and 

steep; it consists of little or no vegetation or soil. When precipitation falls here it is mostly routed as 

surface runoff. Only shallow, minor groundwater flow occurs within this area. At slightly lower 

elevations, within the mountain upland, glacial deposits and some alluvium offer minor groundwater 

recharge through macrofractures and coarse sediments. Storage is small because of short flow paths 

caused by the steepness of the slopes and the subsurface porous bodyõs depth is restricted by shallow 

and impervious quartzite and granite. Prudic and Sweetkind (2014) estimated on average only 2 

percent of incoming precipitation to the mountain-upland zone is routed as groundwater flow to 

spring discharge, whereas 55 percent is lost to evaporation and 43 percent is routed as surface runoff. 

A conceptual diagram illustrating the geology and flow paths in the mountain-upland zone is shown 

in Figure 3.  
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Middle Cambrian Pioche Shale and Tertiary Granite separate the mountain-upland zone 

from the karst-limestone zone. The karst-limestone zone is moist and cool, moderate in altitude, and 

has moderate to steep slopes. It is composed of thin deposits of soil, glacial, and/or  alluvial 

sediments above karst and fractured middle Cambrian Pole Canyon Limestone.  The thickness of the 

Figure 3  Hydrogeologic profile of mountain upland zone (Prudic, Sweetkind 2014). 
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sediments within this zone ranges from 10 to more than 200 ft. and is generally thicker at higher 

elevations where the drainage area is wide with lower topographic relief. The underlying limestone 

has undergone long periods of dissolution that has resulted in abundant caves and large tubular 

openings within the unit. This zone is also distinguished by losing stream reaches on both Lehman 

and Baker Creeks near the upper end and gaining reaches near its lower end. Groundwater flow 

occurs both in the glacial and alluvial deposits and the underlying karst limestone. The glacial and 

alluvial deposits are typically unsaturated except in locations where the underlying granite is near the 

surface. The granite intrusions direct shallow subsurface flow in limestone upward into the relatively 

thin glacial deposits (Figure 3). The karst limestone has sufficient permeability to drain the alluvium 

particularly near the mountain-upland zone.  

Where granitic intrusions or shale contact the limestone, groundwater flow is diverted 

towards the land surface and around these low permeability bodies. This often results in spring 

discharges within the LBCD, e.g. this occurs at the boundary between the mountain-upland and 

karst-limestone zones. Stream loss from Baker Creek is routed northward through the karst 

limestone where it discharges at Rowland Spring just south of Lehman Creek (Figure 2) (Prudic, 

Sweetkind 2014). The interconnection of surface and groundwater flow within the karst limestone is 

quite significant, complex, and has been studied in detail by Prudic and Sweetkind (2014). The karst-

limestone zone receives about 79 percent of its inflow as streamflow from the mountain-upland zone 

streamflow, whereas about 18 percent of inflow is from direct precipitation, and 3 percent is routed 

from spring or shallow groundwater flow through alluvial deposits beneath the streams. A conceptual 

diagram illustrating the geology and flow paths in the karst-limestone zone is shown in Figure 4. 
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Figure 4 Hydrogeologic profile of the karst-limestone zone (Prudic, Sweetkind 2014).  
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The Southern Snake Range Detachment (SSD) fault marks the lower boundary of the karst-

limestone zone with the upper-piedmont zone. The SSD does not exactly align with the downstream 

model boundary but it is close; the model boundary actually lies totally within the karst-limestone 

zone.    

Surface Hydrology  

Lehman and Baker Creeks are located on the eastern side of the southern Snake Range and 

drain to Snake Valley. The Lehman Creek watershed is on the north side of Wheeler and Jeff Davis 

Peaks whereas the Baker Creek watershed is on the south side (Figure 2). Streamflow in both 

watersheds is dominated by snowmelt and is strongly influenced by climate and geology. Streamflow 

has been measured periodically at two gages since 1947. Periods of continuous records are: water 

years 1948ð1955; water years 1993ð1997, and water years 2003ð2010 (Figure 5). Streamflow at these 

gages represents the sum of all snowmelt, direct precipitation, interflow, and groundwater inflow to 

the streams (from springs and diffuse groundwater seepage along the streambed) minus ET. 

Streamflow measured at these gages also accounts for some streamflow loss to groundwater, which 

upstream of the gages occurs primarily in the karst-limestone zone (Prudic, Sweetkind 2014). 

Because of similar topography, location, and climate, Lehman and Baker Creeks share similar 

snow dominated hydrographs over the period of record. The majority of melting occurs during 

spring and summer; the highest flows are recorded between May and July. Lowest flows are typically 

between December and February because most water is in the form of snow or ice. Baker Creek has 

a larger range in streamflow compared with Lehman Creek, especially during May and June. Both 

creeks lose and gain flow at specific locations upstream and downstream of the gages (Prudic, 

Sweetkind 2014). 
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Figure 5 Hydrographs showing statistics of daily mean discharge at streamflow gages on Baker and Lehman Creeks for water years 
1948ð55, 1993ð97, and 2003ð10 (Prudic, Sweetkind 2014). 

 

Climate 

 The study area has low relative humidity and large diurnal-temperature fluctuations typical of 

areas in the Great Basin. The large topographic relief within the study area is a major factor in the 

local climate; climate varies from dry and warm in low elevations in Snake Valley to wet and cold in 
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higher altitudes. This topographic gradient often creates spring and summer conditions where snow 

has not melted at high altitudes yet it is hot and dry downstream near the stream gages. Mean annual 

precipitation ranges from less than 8 inches on the valley floor of southern Snake Valley to more 

than 32 inches on top of the highest peaks in the study area and is based on averages for 1971ð2000 

(PRISM Climate Group 2014). 

Most storm systems in the study area are brought from westerly winds from November 

through April that carry warm moist air from the Pacific Ocean. Most moisture carried from these 

systems is lost as the air cools and condenses over the west slopes of the Sierra Nevada where it falls 

as precipitation. As the remaining moisture descends the Sierra Nevada Range compression and 

warming produces drier conditions in the valleys of NV. This same effect occurs throughout the 

Basin and Range Province in NV, resulting in snow accumulation in mountain ranges during winter 

such as the Snake Range. Two other storm types also occur in the study area: continental storms and 

convective thunderstorms (Houghton, Sakamoto & Gifford 1975). Continental storms occur when 

low-pressure systems build over Nevada and Utah along cold fronts that are influenced by polar-air 

masses brought by northerly winds. Convective thunderstorms often occur in late summer and fall 

causing intense rainfall for short periods over the study area. An average of 40 days per year (between 

May and September) experience thunderstorms with more than 20 during July and August. These 

storms develop from moist air moving northward from the Gulf of California and the Gulf of 

Mexico (Houghton, Sakamoto & Gifford 1975). 

A weather station near Lehman Caves (altitude of 6,850 ft) has been operated as part of the 

National Weather Service cooperative program since 1950 (Western Region Climate Center, 2011). 

Two high-elevation precipitation gages in the Snake Range (one located on the west side of Mt. 

Washington, altitude 10, 440 ft and the other northwest of Mt. Moriah, altitude 9,300 ft.) have been 

operated by the U.S. Geological Survey (USGS) from October 1984 through 2011 (data published in 

the USGS Annual Water-Data Reports for Nevada (http://waterdata.usgs.gov/nv/nwis/)).  Precipitation 

http://waterdata.usgs.gov/nv/nwis/)
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from these high-elevation gages are bulk measurements taken biannually, typically in May or June and 

again in October or November (Prudic, Sweetkind 2014). Three snow courses in the Baker Creek 

drainage have been used to estimate the annual snowpack since the winter of 1942 (Natural 

Resources and Conservation Service, 2011). Snow water equivalence (SWE) is measured annually at 

the end of March or beginning of April. Figure 1 shows the locations of all weather stations 

mentioned.  

Mean monthly climate for the period 1950ð2013 at the weather station near Lehman Caves 

is shown in Figure 6 (Western Regional Climate Center 2014). Although no long-term temperature 

data has been collected at the highest elevations in the Park, Reinemann et al. 2011 calculated the 

mean annual temperature at the top of Wheeler Peak to be 24.8 °F. The mean winter lapse rate 

during 2007ð2009 between the valley floor near Baker and Wheeler Peak was 2.4 °F per 1,000 ft. and 

mean summer lapse rate was 3.9 °F per 1,000 ft. (Reinemann et al. 2011).  
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Figure 6 Mean monthly precipitation and temperature at the National Weather Service cooperative weather station near Lehman 
Caves V isitor Center, 1950ð2013 (Western Regional Climate Center 2014).  
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Precipitation in the study area is altitude dependent with high-altitude sites getting much 

more precipitation than lower-altitude sites. Mean annual precipitation ranges from 6.2 in. at Eskdale 

(water years 1968ð2010) on the valley floor, 13.2 in. at Lehman Caves (water years 1938ð1947; 1949; 

and 1951ð2010), 17.9 in. at the gage on top of an unnamed peak northwest of Mt. Moriah (water 

years 1985ð2010), and 25.4 in. at Mt. Washington (water years 1985ð2010). Mean annual 

precipitation of the high-altitude gages were divided into summer (June-October) and winter 

(November-May) and compared with comparable periods for weather stations at Eskdale, Utah and 

Lehman Caves (Figure 7). Mean winter precipitation for water years 1985ð2010 increases 

dramatically from 2.8 in. at Eskdale, Utah to about 20 in. at the high-altitude gage on Mt. 

Washington, whereas summer precipitation is nearly constant between the low-altitude sites in Snake 

Valley and adjacent high-altitude sites in the southern Snake Range. This seasonal shift in 

precipitation is caused by moist air moving up from the south parallel to the mountain ranges and 

when combined with rising air from the heated land surface results in generally equal quantities of 

precipitation in the mountains and valleys.  
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Analysis of temperatures over the region surrounding the LBCD has shown a long-term 

warming trend over the period 1895ð2012. Anthropogenic GHGs likely have contributed to this 

warming since around 1970 (IPCC 2011). The mechanisms for the significant long-term warming in 

the region are not exactly known but could be attributed partially to anthropogenic sources or to a 

large scale climatic shift similar to the medieval warm period. Regional mean monthly and annual 

temperature data was collected from the National Oceanic and Atmospheric Associationsõ (NOAA) 

climate divisions (NOAA 2013). The ensemble mean was calculated for 3 climate zones: NV 2, NV 

3, and UT 1 (Figure 8). A Mann-Kendall non-parametric test was calculated to estimate warming 

trends for annual mean and monthly mean temperatures over the region (Table 1) (Kendall 1975). 

Figure 7 Variations in mean winter and summer precipitation at varying altitudes, altitude increases from 4,984 feet above 
mean sea level at Eskdale to 10,440 feet at Mount Washington, see Figure 1 for station locations (Prudic, Sweetkind 2014). 
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The Mann-Kendall test is calculated on a sequence of data: ὼȟὼȟὼȟȣ ὼ where ὼ represents the 

data point at time k, and n is the sample size. This trend test is calculated as follows: 

Ὓ  ίὭὫὲὼ ὼȟ 

where S is the Mann-Kendall statistic; a large S indicates an increasing trend, an S near zero indicates 

no trend and a large negative S indicates a decreasing trend. In Table 1 D is the maximum value of S 

and † is the Kendall correlation coefficient, defined as the ratio of S to D. To calculate a probability 

associated with S and the sample size the variance of S is first calculated followed by a normalized z-

score, which can be used to find the associated probability. The probability was calculated using the 

NORMSDIST function in Microsoft Excel assumaing a normal distribution with mean zero and 

standard deviation of one. . 

                                           

Figure 8 Map of NOAA climate divisions used to test historical warming trends. 
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Table 1 Mann-Kendall trend test results on mean annual and monthly air temperature near study area. 

Variable Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

S 746 680 1722 740 2744 1216 1716 1550 1908 1152 408 694 2628 

† 0.11 0.10 0.25 0.11 0.40 0.18 0.25 0.22 0.28 0.17 0.06 0.10 0.39 

F(z) 0.96 0.94 0.99 0.96 1.00 0.99 0.99 0.99 0.99 0.99 0.83 0.95 1.00 
Increasing?* yes no yes yes yes yes yes yes yes yes no yes yes 

*ǟ <0.05, n = 118 for January through November, 117 for December and Annual 

Much of the winter precipitation in the alpine regions (altitudes greater than 10,200 ft.) 

accumulates as snow beginning in October or November and continuing through March. Snowmelt 

usually begins in April and continues into the summer, with snow at the highest altitudes melting last. 

Snow can remain in some north slopes and high-altitude areas throughout the year. This has resulted 

in a perennial ice field in a cirque on the north side of Wheeler Peak in the Lehman drainage (Prudic, 

Sweetkind 2014). A significant trend (Mann-Kendall ǟ = 0.01) towards less snow water equvilence 

(SWE) measured in inches on or near April 1st at the Natural Resources Conservationõs Baker Creek 

snow course 2 relative to annual winter precipitation in inches from October through March at the 

weather station at Lehman Caves Visitors Center was determined for the period 1949ð2012 (Figure 

9). Location of snow courses and the weather stations are shown in Figure 1 and Figure 2. 
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METHODS 

PRMS Model Background 

 The Precipitation-Runoff Modeling System (PRMS) is a modular, distributed parameter, 

deterministic, watershed model, first released by the USGS in 1983 (Leavesley et al. 1983). The 

modelõs main function is to simulate the effects of various combinations of precipitation, climate, 

and land use on watershed response. Response to normal and extreme rainfall or snowmelt can be 

simulated to evaluate changes in water-balance relations, streamflow regimes, soil-water relations, 

ET, snow-energy balance, and other processes (Markstrom et al. 2008).  

Figure 9 Ratio of annual winter precipitation in inches (October through March) at Lehman Caves to snow-water equivalence 
(SWE) in inches measured on or near April 1st at Baker Creek snow course #2 
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 Model parameterization and discretization is distributed over predetermined hydrologic 

response units or HRUs. These units should represent areas of similar physical characteristics 

because they are assigned their own set of parameters. Almost all hydrologic processes that comprise 

the water-energy balance in PRMS are computed at each HRU using a daily time step. Excess water 

is then routed to adjacent HRUs using a cascading-flow method or directly to the nearest stream 

segment. Therefore, HRU discretization choice is a large factor on the outcome of PRMS 

simulations. Traditionally, HRUs have been delineated as polygons that represent areas with similar 

physical characteristics. Another method is to use a uniform grid with medium or high resolution as a 

set of HRUs. Figure 10 shows examples of both types of discretization methods. A uniform grid was 

used for this study. One benefit of using uniform gridded HRUs is that it makes coupling PRMS to 

MODFLOW using GSFLOW easier, if the need to do so arises (Markstrom et al. 2008).      
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Figure 10 Example of PRMS HRU discretization methods (Markstrom et al. 2008). 

 

Climate variables such as precipitation, maximum and minimum daily temperature, and solar 

radiation (observed or estimated) constitute the main input drivers to PRMS (Figure 11). Some 

optional variables such as precipitation form and pan evaporation can be used if data are available. 

The current version of PRMS (3.05) has a myriad of output variables available. Some of the most 

commonly used output variables include: basin runoff, interflow, overland runoff, groundwater flow, 

PET, AET, SWE, snowmelt, and soil moisture. These variables are available over basin wide, sub-

basin wide, or HRU specific areas. The ability to view simulated variables at a specific HRU is useful 

for calibration when comparing simulated results to measurements at a weather station or stream 

gage.  
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Figure 11 Conceptualization of PRMS processes, water reservoirs, and flow paths (Markstrom et al. 2008). 

 

The routing of water in PRMS uses a sequence of reservoirs, which represent a volume of 

finite or infinite water capacity (Figure 11). Water is routed and contained in various reservoirs in 

each HRU for simulation of flow, ET, sublimation, or groundwater loss. Water flow in PRMS 

consists of simulated surface runoff, interflow, and ground-water discharge to a stream or a lake. 

Groundwater can also be lost to a conceptual groundwater sink. Water that has been routed to a 

stream will exit the watershed within one daily time step.  
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Major processes in the hydrologic cycle such as snowpack-energy balance, ET, canopy interception, 

and soil processes are calculated in PRMS using various systems of functions derived from physical 

laws or empirical relations with measured or estimated data. The functions representing physical 

processes in PRMS utilize many parameters that are input by the model developer. Most of these 

parameters are calculated from measured or estimated spatial data, although some may come from 

the literature. Some parameters such as soil type are needed for each HRU whereas, other parameters 

are not spatially distributed but depend on temporal dimensions such as the month or Julian date. A 

basic description of PRMS processes will follow, for an in depth description on all PRMS 

calculations, the reader is referred to the GSFLOW and PRMS documentations (Markstrom et al. 

2008, Leavesley et al. 1983). 

Snowpack accumulation and depletion is computed at each HRU twice daily for two 12-hour 

periods representing day and night. Snowpack is computed on the basis of both water balance and 

thermal conditions in a conceptual dynamic heat reservoir (Figure 12) (Obled, Rosse 1977). The 

conceptual snowpack contains two layers; an upper layer representing the top 1ð3 in. (3ð5 cm), and 

an underlying layer. Snowpack begins when precipitation is distributed as snow on a HRU; 

accumulation occurs on any existing snow that was deposited earlier. If the snowpack is below 32 °F 

any additional snow precipitation will be accumulated. If the temperature is above freezing for 5 

consecutive days or the Julian date reaches a user defined melt force date the pack enters a melt 

phase. The snow-energy balance is represented as the sum of net shortwave and longwave radiation, 

sensible and latent heat losses from the snowpack, and the heat content of precipitation. Net 

shortwave is estimated using incoming solar radiation (minus albedo) and a canopy transmission 

coefficient, and longwave emissions from clear skies and from the vegetation canopy. Sensible and 

latent heat losses from the snowpack are computed as the product of a monthly coefficient and the 

mean air temperature.  Heat transfer occurs between the two snow layers when the surface layer is 

less than 32 °F. Snow covered area is calculated using Anderson's (1968) areal depletion curve. Seven 
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subroutines are used to calculate all components in the PRMS snow-energy balance processes, for a 

more detailed explanation see Leavesley, Lichty et al. (1983).  

 

Figure 12 PRMS conceptual snowpack energy balance schematic (Markstrom et al. 2008). 

 

Three methods are available to estimate PET in PRMS; a modified Jensen and Haise (1969) 

method was chosen for this study. This method calculates PET daily at each HRU using (1) a 

specified monthly air temperature coefficient, (2) daily mean air temperature, (3) an air temperature 

correction for saturation vapor pressure differences among HRUs, and (4) daily solar radiation. Solar 

radiation at each HRU can be estimated in PRMS if data is not available. A modified degree-day 

method was used to estimate solar radiation that depends on slope, aspect, and the daily air 

temperatures (Leavesley et al. 1983). Evaporation is derived from (1) the upper part of PRMSõs soil 
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zone, (2) canopy-interception storage, (3) sublimation, (4) impervious surface and (5) lake 

evaporation. Transpiration rates depend on vegetation type and elevation of each HRU (Markstrom 

et al. 2008, Leavesley et al. 1983). Actual ET is calculated from PET but constrained by soil water 

content. Ideally PET would be estimated from solar radiation, air temperature, vapor pressure, and 

wind speed explicitly, as done in the Penmen-Monteith equation. However, problems occur when 

attaining projections of these variables from GCMs, and all PET methods have been found to have 

uncertainties when used with climate-change projections (Kingston et al. 2009).  

The current version of PRMS (3.05) conceptualizes the soil zone as three reservoirs: the 

preferential-flow, gravity, and capillary reservoirs. The three reservoirs allow simulation of various 

soil hydrologic processes that occur at different water-content thresholds. In the capillary reservoir, 

water can be lost to ET or routed to the gravity reservoir.  The preferential-flow reservoir can lose 

water to fast interflow or, if the soil is fully saturated, surface runoff known as Dunnian runoff is 

simulated. Water in the gravity reservoir contributes to (1) slow interflow, (2) flow to the preferential-

flow reservoir, (3) replenishment of the capillary reservoir, (4) groundwater recharge, and (5) 

Dunnian runoff (Markstrom et al. 2008). 

 Surface runoff in PRMS is conceptualized as either Hortonian or Dunnian runoff. 

Hortonian runoff occurs over an area of an HRU (defined by a contributing area parameter) when 

the canopy throughfall and snowmelt surpass the specified maximum soil recharge rate in a HRU. 

The contributing area for Hortonian runoff is calculated using either a linear or nonlinear function of 

antecedent soil-moisture content, the nonlinear module was used for this study (Markstrom et al. 

2008).   

Feedbacks between the groundwater reservoir and the soil zone are limited in PRMS 

simulations. Groundwater in PRMS can be routed to streamflow, a downslope HRU, or to a 

groundwater sink where the water never returns to the system. The rate of groundwater fluxes from 
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one reservoir to another is independent of the groundwater head in the conceptual reservoir area. 

GSFLOW, which couples PRMS with MODFLOW, does much better at realistically simulating 

groundwater interactions with the soil zone and groundwater flow in general (Markstrom et al. 2008). 

The modularity of PRMS results in essential and some non-essential processes being easily 

available for any individual simulation (Leavesley et al. 1996). Some processes, for example climate 

distribution, have several modules available. The modeling site, data record, and spatial extent will 

decide which climate distribution module to choose. If  a model domain is relatively small and only 

has one weather station one must choose the temp_1sta module to distribute temperature from the 

station to each HRU. However, modules are available for two weather stations and one that 

distributes temperature and precipitation using a three-dimensional multiple-linear regression 

approach (monthly lapse rates in all three dimensions are used as regression coefficients). The 

temp_1sta module was used in this study because there is only one weather station available. Some 

processes like groundwater flow only have one module available in PRMS and it is essential to use it. 

An example of a non-essential module is the cascading flow module. This module distributes flow 

from an HRU to surrounding HRUs as opposed to directly to a stream segment. If a modeling 

domain is relatively large and contains many HRUs, the cascading flow module becomes important. 

The cascading flow module was used in this study. Some modules are designed to be used for 

specific cases or to analyze a specific concept or problem. An example of a specific concept is the 

storm-channel-flow module that computes flow for each stream segment during storm events using 

kinematic routing, reservoir routing, and sediment transport (Markstrom et al. 2008). 

Model Development 

 Model development of the LBCD study area was accomplished using a geographic 

information system, specifically ESRI ArcGIS 10.0 to visualize the LBCD and to derive parameters 

for PRMS. The first step was to use the ArcGIS spatial analyst extension tool for watershed 
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delineation. This tool involves two inputs: (1) a digital elevation model (DEM) and (2) the locations 

of watershed outlets, also known as pour points. Watershed pour points were chosen at the stream 

gages to allow for accurate model calibration, validation, and hopefully verification in the future. 

Three stream gages were used, one on Lehman Creek, one on Baker Creek, and one downstream of 

Rowland Spring. These stream gage locations lie downstream sufficiently of the upper reaches of the 

watershed, are near the GBNP boundary, and are near the end of the karst-limestone zone. The three 

pour points were used by the watershed delineation tool in ArcGIS to create sub-basins for Lehman 

Creek, Baker Creek, and Rowland Spring. The resulting model area for the entire model domain was 

about 18,273 acres or 28.6 square miles; individually Baker comprised 10,574 acres, Lehman 5,839 

acres, and Rowland Spring 1,885 acres. The three sub-basins have streams that were also developed 

using spatial analyst tools in ArcGIS, including but not limited to flow direction, flow accumulation, 

and stream link. (Figure 13). Detailed instructions for creating a conceptual model to be used for 

PRMS parameter estimation can be found on the USGS Modeling of Watersheds website, under the 

subcategory òInstructions for GSFLOW Model Input Preparationó (U.S. Geological Survey 2013). 

Streams created in ArcGIS lose some resolution when making them compatible with PRMS. A 100 

m grid was created and overlaid over the study area to discretize PRMS model parameters; the grid 

cells represent PRMS HRUs. Basin, sub-basin, and HRU delineations were used to constrain many 

parameters used by PRMS (Figure 13). Although a sub-basin was created for Rowland Spring, it was 

not investigated further in this study because the spring is largely dependent on groundwater flow 

from streamflow losses along Baker Creek through karst limestone that was not considered in 

calibration of the current PRMS model.  
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Figure 13 Conceptual model of the LBCD showing sub basins, stream segments, HRU discretization, and cascading flow vectors. 

  

The mountain-upland zone was divided into three distinct areas on the basis of altitude 

ranges and were used to represent three largely different areas of climate and vegetation (Figure 14). 

These areas consist of an alpine area (above 10,200 ft.; 5,834 acres), a subalpine area (9,550ð10,200 
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ft.; 3,007 acres), and a mixed conifer area (7,500ð9,550 ft.; 7,606 acres). The areas were created to 

investigate model responses caused by differences in climate and vegetation. A conceptual profile of 

these areas within the mountain-upland zone along with their precipitation, runoff, streamflow, and 

groundwater flow as estimated by Prudic and Sweetkind (2014) is shown in Figure 14. ET for each 

area is simply the difference between precipitation and runoff. 

 

Figure 14 Conceptual profile of mountain-upland hydrogeologic zone showing three distinct climate and vegetation zones with 
estimates of precipitation, runoff, streamflow, and groundwater flow (Prudic, personnal communication, 2014).  

 

PRMS Numerical Model and Parameterization 

 Three files (a control file, parameter file, and data file) along with the executable PRMS 

application are needed to run a PRMS simulation. The control file acts to declare basic model 

characteristics such as modules used in the model, simulation time period, file paths to other files, 
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and output variables/filenames. The parameter file consists of a multitude of parameters including 

their dimensions, which are used by modules during PRMS execution. The data file contains a daily 

time series of climate values which are used as input to PRMS, for example, precipitation, maximum 

and minimum temperature. 

 The control file was built following instructions from GSFLOW documentation and 

examples from the USGS Modeling of Watersheds website (U.S. Geological Survey 2013, Markstrom 

et al. 2008). The format of the parameter file is straightforward and involves listing dimension 

information followed by parameter values that are required by modules used in the simulation 

(Markstrom et al. 2008). The historical input data and climate projections were structured to the data-

file format; this process was simplified by using the USGS downsizer application (Ward-Garrison, 

Markstrom & Hay 2009).  

Parameter estimation is the most critical step in building a model using PRMS. Most 

estimates were derived directly from digitized rasters of elevation, soil information, and 

vegetation/land-cover in ArcGIS 10.0 (Figure 15). The elevation data used was a 10-m DEM 

available from the USGS National Elevation Dataset (Gesch et al. 2002). Similarly, 10-m digitized 

soil rasters of selected variables were attained from the Soil Survey Geographic database (SSURGO) 

developed by the U.S. Department of Agricultureõs, Natural Resources Conservation Service 

(Wieczorek 2014). High resolution (<10m) vegetation and land cover digitized data of the GBNP 

area developed for the National Park Service was used for this study (Cogan, Schulz & Taylor 2012).  

From these datasets many other parameters could be estimated by using physical relationships and 

various algorithms. Other parameters were estimated using historical weather data from the Lehman 

Caves weather station or from Oregon State Universitiesõ PRISM Climate Group 800-m climate data 

(PRISM Climate Group 2014). 
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Figure 15 Schematic showing GIS coverages used for parameter estimation and preparation methods for model input.  

 

Many parameters can be accurately estimated directly from the base datasets.  Slope and 

aspect were determined using only the 10-m DEM in ArcGIS. The types of vegetation were 

reclassified from the higher resolution vegetation data layer containing many vegetation 

classifications to PRMS vegetation types that consist of five categories: bare rock/soil, grass, shrub, 

deciduous trees, and coniferous trees. Other parameters were estimated using known physical 

relations between several estimated datasets. For example, jh_coef_hru, an air temperature coefficient 

used in Jensen-Haise PET calculations was estimated using the following method:  

ὮὬ  ςχȢυ πȢςυ ὬὭὫὬ ὰέύ
Ὤὶό

ρπππ
ȟ 
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ὬὭὫὬȟὰέύ φȢρπχψὩ
Ȣ

Ȣ , 

 

where ὬὭὫὬ  is the saturation vapor pressure, in millibars, for the mean maximum air temperature 

for the warmest month of the year, ὰέύ  is calculated using the mean minimum air temperature for 

the warmest month of the year. The Ὤὶό  term is the elevation at the HRU in feet and T is the 

mean maximum or minimum air temperature for the warmest month of the year at each HRU (Viger, 

Leavesley 2007). These mean monthly temperatures were bilinearly interpolated in ArcGIS from the 

PRISM 30-year average (1981ð2010) 800-m gridded climate data to correspond to the 100-m 

resolution of the HRUs (PRISM Climate Group 2014). The PRISM data contains mean monthly 

maximum/minimum air temperature as well as precipitation for the period of January 1981 through 

June 2013. The interpolated precipitation data also was used to estimate mean monthly rain and snow 

adjustment parameters used to distribute precipitation quantity to all HRUs in the model from one 

weather station using the precip_prms module in PRMS. These parameters were calculated as the ratio 

of the mean monthly interpolated PRISM data at each HRU to measured mean monthly precipitation 

at the weather station near Lehman Caves.    

The cascading-flow parameters direct any excess water from surface runoff, soil reservoirs, 

and groundwater reservoirs in an HRU to all down-gradient HRUs and stream segments. These 

parameters were calculated using the USGS Cascade Routing Tool (CRT), which calculates cascade 

parameters for grid discretized watershed models (Henson et al. 2013). The process involved creating 

several ASCII input files with specified formatting that include (1) active cells, (2) elevation, and (3) 

stream segment and reach numbers. The files were created using ArcGIS. Stream placement can 

sometimes be inaccurate due to minor adjustments in elevation that CRT creates to avoid undefined 

swales or because stream location does not always fit perfectly with gravity-driven flow (especially in 

low-relief regions). The elevations of some HRUs and stream segments and reaches were manually 
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adjusted. Results from CRT are visualized using the Cascade Routing Visualization ArcGIS toolbox 

(Figure 13) (Henson et al. 2013).  

Many other parameters are needed for PRMS, however the description of parameter 

estimation methods is not the focus of this study. For detailed explanations of all other 

parameterization methods used, but not covered herein, the reader is referred to the USGS MOWS 

website, GIS Weaselõs user manualõs appendices, and the GSFLOW and PRMS documentation (U.S. 

Geological Survey 2013, Markstrom et al. 2008, Viger, Leavesley 2007, Leavesley et al. 1983).  

Some parameters are site specific and may require expert knowledge or field measurements 

of the site if data are not available. Prudic and Sweetkind (2014) have quantified groundwater gains 

and losses from stream segments in the LBCD using various methods such as streamflow 

measurements, measurements at streambed piezometers, and distributed temperature sensing. 

Monthly temperature lapse rates can be a sensitive parameter in snow dominated watersheds like the 

LBCD and calculating these requires multiple long-term records of temperature that are not always 

available. Monthly day and night temperature lapse rates were calculated from data collected from 

2006ð2012 by Reinemann, Patrick et al (personal communication 2013). Prudic and Sweetkind (2014) 

have contributed information regarding runoff/infiltration spatial variability that has resulted in some 

alternative parameter estimations as well.  

GCM Model Selection 

 The driving force in this study is the GCM that produced relatively low-resolution 

temperature projections (~1 degree) (Figure 15). Precipitation projections consist of repeating the 

historical precipitation record. The NCAR Community Climate System Model version 4.0 GCM 

(CCSM4) was chosen for future temperature projections used in this study (IPCC 2014, Vertenstein 

et al. 2013, Gent et al. 2011). The CCSM4 model fully couples five separate models simultaneously 

simulating the earthõs atmosphere, ocean, land, land ice, and sea ice. The CCSM4 was chosen because 
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it has 1/8th degree downscaled projections available for multiple GHG concentration trajectories at 

the LBCD. It is also widely used, well recognized by climate scientists, and participates in the CMIP5 

(IPCC 2014, Taylor, Stouffer & Meehl 2012). Although CCSM4 has some noted biases, they affect 

regions far from the southwestern US (Landrum et al. 2013, Gent et al. 2011). The use of an 

ensemble mean of five or more GCMõs has been shown to effectively reduce internal climate 

variability noise or errors that may be present within any single GCM (Pierce et al. 2009). However, 

the current focus is solely the effect of temperature regimes on the water resources of the LBCD and 

thus, simply using one GCM with multiple projections of temperature was sufficient to evaluate 

effects of warming temperatures.     

GCM Downscaling, Bias-Correction, and Weather Input Preparation 

 The CCSM4 downscaled and 1/8th degree daily projections and measured data are available 

for much of the western US. Projections were accessed from: "Downscaled CMIP3 and CMIP5 

Climate and Hydrology Projections" archive at http://gdo-dcp.ucllnl.org/downscaled_cmip_projections/, 

(accessed on 12/7/2013). Downscaling was done using the bias-correction, constructed analog 

method known as BCCA; these projections are herein referred to as the BCCA projections (Maurer 

et al. 2007) (Figure 15). The location of the BCCA projections that were chosen for use is shown in 

Figure 16.  

http://gdo-dcp.ucllnl.org/downscaled_cmip_projections/
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Figure 16 Screenshot of location of 1/8th degree BCCA selection for GCM projections, modified from (Maurer et al. 2007). 

 

The BCCA projections include daily maximum and minimum temperature, which correlate well with 

historical data in the study area. For the calendar year of 1996 (chosen randomly), the Pearson 

correlation coefficients between daily measured and retro-projected maximum and minimum 

temperature were 0.77 and 0.73, respectively. Additional bias correction was applied using historical 

data from the weather station used in the model.  
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Quantile-quantile (QQ) mapping was used to bias correct the BCCA projections to the 

weather measured at the Lehman Caves Visitors Center (Panofsky, Brier 1968) (Figure 15). The QQ 

method involves shifting of simulated variables such that the cumulative distribution function (CDF) 

of the simulated variable is similar to the measured CDF. A shift is computed for each quantile on 

the CDF. This bias correction method allows for the mean and variance of the sample population (in 

this case the BCCA projections) to evolve as it would in the GCM projection while matching 

statistical moments between the GCM and the measured record. Some limitations of QQ mapping 

have been found, such as unrealistic loss of natural variance or noise when using it to downscale 

climate projections to smaller resolutions (Maraun 2013). This noise, however, can be reintroduced 

synthetically, and the QQ technique is commonly used for bias correction of GCM projections.  

Four GHG concentration trajectories were developed by climate modeling groups and are 

known as representative concentration pathways (RCP), denoted herein as rcp2.6, rcp4.5, rcp6.0, and 

rcp8.5 (van Vuuren et al. 2011). The RCPs were created by modeling groups involved in CMIP5 and 

they will replace the GHG emission scenarios previously used by the Intergovernmental Panel on 

Climate Change (IPCC) in their assessment reports; the RCPs will be used in the upcoming IPCC 5th 

assessment report. The GHG concentration trajectories represent the total concentration of GHGs 

that are well mixed into the atmosphere and how the concentration evolves through time. 

Concentration trajectories follow various pathways (continually rising, rising with stabilization, and 

rising with peak and decline) and each RCP results in a specified increase in radiative forcing by the 

end of the 21st century relative to the preindustrial global average (Figure 17). The increase in 

radiative forcing relative to preindustrial average in w-m2 is shown by the numbers following the 

RCP abbreviation (+2.6, 4.5, 6.0, and 8.5 w-m2). The legend in Figure 17 shows the names of climate 

modeling groups that developed each GHG concentration trajectory (van Vuuren et al. 2011).  
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Figure 17 Time series of representative concentration pathways RCP of greenhouse gases used to force CCSM4 temperature 
projections, legend also shows the names of the climate modeling groups that developed each RCP (Message, AIM, MiniCAM, 

and Image) (van Vuuren et al. 2011). 

 

The four GHG concentration trajectories strongly affect trends in future estimates of near-surface air 

temperatures around the globe caused by the effect of GHGs on longwave radiation. Results of the 

bias corrected CCSM4 BCCA projections of daily maximum temperatures at the weather station near 

Lehman Caves are shown in Figure 18.  The cumulative moving averages in Figure 18 show the 

warming trends are not linear, and the trajectory rcp8.5 shows the most dramatic increase in 

temperature. The cumulative moving average was calculated as the arithmetic mean for all previous 

data up to and including the current daily maximum temperature for a given date; for each date in the 

sequence a new mean is calculated that includes all previous values.  
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Figure 18 Time series of cumulative moving averages for bias-corrected daily maximum temperature from NCAR CCSM4 
BCCA projections for four RCP greenhouse gas concentration trajectories. 

  

Daily precipitation for the 30-year period 1970ð1999 (in water years) from the BCCA 

archive of measured climate variables was used as input for all PRMS simulations (Figure 16) (Maurer 

et al. 2007). The measured precipitation data was collected from a network of weather stations 

operated by the National Weather Service (Maurer et al. 2007). The 30-year period was repeated three 

times starting on October 1, 2008 and ending September 30, 2098. The BCCA precipitation was also 

bias corrected using the same QQ mapping method used for temperature. The measured 30-year 

precipitation record from the BCCA archive was chosen as opposed to data from the weather station 
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near Lehman Caves because precipitation the record was incomplete. The purpose of repeating the 

historical data was three fold: firstly, it gives confidence in the representativeness of the data; 

secondly, and most importantly, it allows the elimination of precipitation dynamics in the watershed 

that is typically the dominant factor controlling streamflow; and thirdly dividing the simulation into 

three 30-year periods with the same distribution of precipitation in each period allowed for 

comparison of changes in the mean water budgets within a particular GHG concentration trajectory.  

RESULTS & DISCUSSIONS 

PRMS Calibration, Validation, and Historical Results 

 PRMS calibration was done using two historical time periods of water years 1952ð55 and 

water years 1993ð96 whereby computed streamflows were matched to measured streamflows for 

both Lehman and Baker Creeks. The period from water years 2003ð2010 was used for model 

validation. Care was taken to avoid adjusting any parameter outside of a physically realistic range. 

Parameters that were directly obtained from the base elevation, soil, land-cover, or from the weather 

datasets were not typically adjusted for calibration; that is, soil type, elevation, vegetation type were 

not changed. Calibration adjustments were done manually without the use of automated algorithms; 

manual calibration gave me a deeper understanding for many PRMS processes and how parameters 

influence them. A list of sensitive parameters that were adjusted manually is included. After each 

parameter adjustment, simulation results were compared with measured variables and various metrics 

were used to estimate model accuracy. Calibration started with daily mean solar radiation and 

monthly PET; after these were deemed adequate, the calibration of annual, monthly, and daily 

streamflow was computed. Although streamflow and other outputs from PRMS are computed by a 

system of linear and non-linear equations, model accuracy was often tested using well recognized 

methods from linear regression models. This approach is reasonable when model errors are small, 

additive, and there are no systematic errorsñthat is the model errors were not a function of model 
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inputs or parameters. These assumptions were adequately verified by analysis of model residuals at 

varying time scales.   

Table 2 Selection of sensitive PRMS parameters 

PRMS 
Parameter  

Minimum 
value 

Maximum 
value Parameter Description  

dday_intcp -38.0 -6.0 Intercept of monthly degree-day to temperature relation 

dday_slope 0.31 0.65 Slope of monthly degree-day to temperature relation 

fastcoef_lin 0.019 0.270 Coefficient to route preferential-flow storage down slope 

gwflow_coef 0.0038 0.0304 Linear coefficient to compute groundwater discharge from each groundwater reservoir 

jh_coef 0.0097 0.0163 Monthly air temperature coefficient used in Jensen-Haise potential ET computations 

jh_coef_hru 11.89 14.98 Air temperature coefficient used in Jensen-Haise PET equation for HRU 

potet_sublim 0.55 0.55 Decimal fraction of PET sublimated from snow surface 

pref_flow_den 0.045 0.559 Fraction of the soil zone in which preferential flow occurs 

rad_trncf 0.14 0.43 Transmission coefficient for short-wave radiation through winter plant canopy in HRU 

sat_threshold 9 183 Water holding capacity of the gravity and preferential flow reservoirs (inches) 

slowcoef_lin 0.01 0.2 Linear coefficient in equation to route gravity-reservoir storage down slope from HRU 

smidx_coef 0.005 0.015 Coefficient in non-linear surface runoff contributing area algorithm 

snowinfil_max 2.1 6.0 Daily maximum snowmelt infiltration in HRU (inches) 

soil_moist_max 0.19 6.77 Maximum available water holding capacity of soil profile (inches) 

soil_rechr_max 0.14 3.08 Maximum available water holding capacity for soil recharge zone (inches) 

ssr2gw_exp 0.34 0.75 Exponent in the equation used to compute gravity drainage to groundwater reservoir 

ssr2gw_rate 0.0016 0.0120 Linear coefficient used to route water from gravity reservoir to groundwater reservoir 

tmax_allrain 35.75 40.75 If HRU tmax  exceeds this value, precipitation assumed rain 

tmax_allsnow 35.95 35.95 If HRU tmax  is below this value, precipitation assumed  snow 

tmax_lapse 3.80 4.96 Monthly change in maximum air temperature (°F) per 1,000 feet of altitude change  

tmin_lapse 3.37 4.09 Monthly change in minimum air temperature (°F)  per 1,000 feet of altitude change  

transp_beg 3 4 Begin month for transpiration computations at HRU 

transp_end 10 11 Last month for transpiration computations at HRU 

 

Daily solar radiation, temperature, wind speed, and relative humidity for the period 2000ð

2013 were attained from the Western Regional Climate Centerõs Remote Automated Weather Station 

(RAWS) at Baker Flat, NV (Figure 2), (Western Regional Climate Center 2013). This data was used 

for calibration of daily incoming shortwave radiation and PET. Daily RAWS solar radiation was 

corrected for clear skies using the University of Idahoõs Ref-ET ver. 3.1.07 application and its data 

quality assurance/quality control methods (Allen 2011). Some corrections required manual 

adjustments to bad or missing data in the solar radiation data collected from RAWS. The Ref-ET 

application was then used to estimate daily reference ET (for grass at height of 4.7 inches) at Baker 
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Flat using the òAmerican Society of Civil Engineerõs Technical Committee on Evapotranspiration in 

Irrigation and Hydrologyó standardized form of the Penman-Monteith equation (Allen 2011).The 

daily mean corrected solar radiation at the Baker Flat weather station was compared with mean daily 

simulated shortwave radiation in a PRMS HRU that includes the actual location of the weather 

station during the calibration period using water years 1952ð1955 (Figure 19). Calibration results for 

mean daily solar radiation include a root mean squared error of 47 (langleys), a model bias of -4.6 

percent, and coefficients of variation of 0.41 and 0.44 between measured and simulated values, 

respectively.  

 

The PRMS basin average of simulated monthly PET also was compared to the Ref-ET 

estimates of PET at the Baker Flat station (Figure 20). The basin wide average of PET is expected to 

be lower than that at the Baker Flat station because much of the basin is at much higher altitudes. 

This comparison was used only to check for the correct trend in monthly PET.  

Figure 19 Calibration results of daily incoming solar radiation to corrected solar radiation at Baker Flat. 
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Figure 20 Calibration of PET to Baker Flat weather station measurement. 

 

The calibration period for water years 1993ð1996 showed the poorest comparison with 

measured streamflows. Peak and early receding flow volume (June-September) was generally 

underpredicted whereas winter and spring flow was overpredicted (Figure 21).  
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Figure 21 Monthly calibration results for water years 1993ð1996. Poor results partly caused by anthropogenic stream 
modifications, particularly along Baker Creek.  

 

After 1960 and prior to 1986 when the area became Great Basin National Park, both 

Lehman and Baker Creeks were anthropogenically modified, upstream of the stream gages. The 

modifications to the channel were designed to reduce water loss to natural diversions or overbank 

flow. The maintenance of these modifications was prohibited by the National Park Service after 
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1986; however, the effects were probably still evident in the precipitation to runoff relation for 

several years afterwards. For this reason and because the earlier calibration period (water years 1952ð

1955) showed similar results to the validation period (water years 2003ð2010), the calibration period 

from water years 1993ð1996 was not strongly weighted in the final calibration of the model.     

Simulated annual streamflow compared with measured annual streamflow for the full 

calibration and validation period are shown in Figure 22.  

 

Figure 22 Annual computed and measured streamflow for Baker and Lehman Creeks. 
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The model underpredicted peak runoff during abnormally wet years such as 1995 and 2005 for both 

creeks. For the calibration period of water years 1952ð1955, total annual runoff on Baker Creek was 

overpredicted by 0.6 percent and Lehman Creek was overpredicted by about 5.6 percent. For the 

validation period of water years 2003ð2010, total annual runoff on Baker Creek was overpredicted by 

12.0 percent, and Lehman Creek was overpredicted by 12.2 percent. Annual percentage error in total 

runoff for individual years in the calibration and validation periods on Baker Creek ranged from -52 

to +82 percent with a mean of +18.6 percent and a standard deviation of 41.0 percent (Table 3). 

Lehman showed less error in annual runoff with a range from -33.9 to +64.5 percent, mean of +11.0 

percent and standard deviation of 27.1 percent. To detect any major systematic errors in the model, 

annual runoff residuals were checked for autocorrelation using the Durbin-Watson (DW) statistic: 

Ὀὡ  
В Ὡ Ὡ

В Ὡ
ȟ 

where Ὡ is the observed minus simulated values. The DW statistic ranges from 0 to 4, with values 

less than 2 suggesting residuals show positive serial correlation and values greater than 2 suggest 

negative serial correlation. The goal during model calibration was to have no serial correlation among 

residualsor, in other words, the value of any one residual had no impact on the value of the next. 

This is the case if the DW statistic is close to 2. Results from this test and other basic statistics for 

annual runoff during the calibration and validation periods are shown in Table 3. 
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Table 3 Annual runoff results, statistics, and errors for calibration and validation periods, *DW calculated from 1951ð1955 and 

2003ð2010. 

 

Baker Creek Lehman Creek 

Water 
Year 

Measured
(acre-ft)  

Simulated 
(acre-ft)  

Error 

(acre-
ft)  

Percent 
Error 

Measured 
(acre-ft)  

Simulated 
(acre-ft)  

Error 

(acre-
ft)  

Percent 
Error 

1952 14140 14713 572 4 6418 8325 1907 30 

1953 2970 1427 -1542 -52 2054 1446 -608 -30 

1954 5866 8361 2495 43 3245 4470 1225 38 

1955 5440 4421 -1019 -19 3853 2547 -1306 -34 

1992 7964 6046 -1918 -24 4086 3741 -346 -8 

1993 3710 5603 1892 51 3019 3101 82 3 

1994 19283 13263 -6020 -31 7995 7148 -847 -11 

1995 3397 6190 2793 82 2982 3763 781 26 

1996 4501 5075 573 13 2913 3151 238 8 

2003 3558 4619 1061 30 2516 2642 126 5 

2004 23082 16381 -6701 -29 9900 8971 -929 -9 

2005 5939 8506 2567 43 4124 5235 1110 27 

2006 2825 3113 288 10 2006 1933 -73 -4 

2007 3623 5023 1400 39 2167 2740 574 26 

2008 6218 10534 4316 69 3692 6074 2383 65 

2009 4336 7342 3006 69 2933 4221 1288 44 

2010 14140 14713 572 4 6418 8325 1907 30 

Max 23082 16381 4316 82 9900 8971 2383 65 

Min 2825 1427 -6701 -52 2006 1446 -1306 -34 

Mean 7303 7539 235 19 3994 4344 350 11 
Std Dev 6107 4230 3088 41 2236 2244 1050 27 
Coef Var 0.84 0.56   0.56 0.52   

R2 0.78    0.79    

DW* 
2.24    1.87    

 

Mean annual water budget for the calibration and validation periods of the entire model 

domain (Lehman Creek, Baker Creek, and Rowland Spring) were compared with water budget 

estimates of the combined mountain-upland and karst-limestone zones defined by Prudic and 

Sweetkind (2014) (Table 4). Generally the two budgets agree within estimated uncertainties; the 

significant difference between the two simulated and estimated budgets is mean annual ET. 

Increased simulated ET from PRMS is due to the lack of significant groundwater outflow in the 
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model. Groundwater that is normally discharged at springs in the watershed or as underflow out of 

the basin is not represented in the model. Instead this groundwater is lost to ET in the model. Future 

work may include simulating spring discharge that may occur in Baker or Lehman Creek watersheds 

by cascading groundwater from Baker or Lehman PRMS sub basins to the Rowland Spring sub basin 

where PRMS will route it to streamflow. A better option would be to use a model, such as 

GSFLOW, that includes groundwater interactions with the soil zone.  

Table 4 Historical annual water budgets from PRMS calibration and validation periods compared with combined estimates from 
the mountain-upland and karst-limestone zones from Prudic and Sweetkind (2014).  

PRMS Mean Annual Water Budget for Historical Period 

Inches precip ET total outflow storage   

  Mean  26 17.5 8 +0.5   

 Std Dev  7.3 2.6 4.6    

       

Prudic and Sweetkind (2014) Mean Annual Water Budget 
Inches precip ET surface groundwater springs water balance 

  Mean  23.6 14 7.2 0.8 1.7 -0.1 

Uncertainty  4.7 6.5 0.7 0.4 0.2  
 

Mean monthly simulated streamflow was compared with measured mean monthly 

streamflow for both streams during the calibration and validation periods. To avoid the effect of high 

runoff events skewing monthly means, the mean monthly total flows were converted to percentages 

of the mean annual flows for water years 1952ð1955 and water years 2003ð2010 shown in Figure 23. 

The PRMS model overpredicts on average during the winter and spring (December through March) 

for both creeks. Peak runoff on both creeks, but especially Baker Creek, was underpredicted during 

water year 2005. The estimated precipitation over the modeled area averaged about 40 inches and 

was abnormally high. This resulted in peak flow exceeding 400 ft3/s at the gage that the model 

underpredicted and could explain the underprediction shown in Figure 22 during May and June for 

the validation period for water years 2003ð2010.   
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Figure 23 Comparison of mean monthly streamflow for the calibration and validation periods for Baker and Lehman Creeks as 
monthly percentage of mean annual streamflow with measured mean monthly streamflow for the respective calibration and validation 
periods. 

 

After monthly streamflows showed adequate comparison to measured streamflows, 

calibration continued using daily flows. Model effectiveness at the daily timescale was measured using 

root-mean squared error (RMSE), percent bias (PBIAS), and the Nash-Sutcliffe Efficiency (NSE) 

(Nash, Sutcliffe 1970): 
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ὔὛὉρ  
В ὗ  ὗ

В ὗ  ὗ
ȟ 

where ὗ  is the ith observed flow and ὗ  is the ith simulated flow. Calibration was aimed at 

minimizing the RMSE and percent bias while having the NSE converge to 1.0. Runoff calibration 

using daily streamflows for each historical period is shown in Table 5. Daily hydrographs include 

simulated snowpack-water equivalence (SWE) for both watersheds during the calibration period 

(water years 1952ð1955) and during the validation period (water years 2003ð2010) (Figure 22 & 

Figure 23). Daily streamflow is overpredicted during late winter to early spring because of premature 

snowmelt, particularly during water years 2003, 2004, and 2007. The large overprediction for some 

days during spring snowmelt could be attributed to Dunnian runoff caused by fully saturated soil 

zones in the upper elevations of the watershed. In some basins these high runoff events could be 

triggered by rain on snow however after investigating the precipitation record this was not the case. 

Dunnian runoff was expected after parameters were adjusted to allow for this type of event at high 

altitudes (>9,000 ft). In these areas Prudic and Sweetkind (2014) have observed the soils to be thin 

and overland flow has been observed during the spring melt. Peak runoff was generally 

underpredicted, particularly during water year 2005 (Figure 25).  

Table 5 Daily model accuracy metrics for each calibration (water years 1952ð55) and validation period (2003ð10).  

 Baker Lehman 

 1952ð55 1993ð96 2003ð10 1952ð55 1993ð96 2003ð10 

RMSE (cfs) 7.6 20.2 19.6 4.1 5.5 5.6 

PBIAS +0.6% -7.1% +12.0% +5.6% -0.6% +12.2% 

NSE 0.83 0.50 0.52 0.64 0.62 0.66 
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Figure 24 Daily calibration results for water years 1952ð1955, including simulated snowpack-water equivalence (SWE). 
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Figure 25 Daily validation results for water years 2003ð2010, including simulated snow water equivalence (SWE). 
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Model Limitations 

Some model error may arise from inherent limitations in the model and uncertainty in data 

used for calibration and model input. With only one weather station available for this study, PRMS 

extrapolates precipitation from one location to each HRU within the model domain (developed from 

bilinearly interpolated mean monthly PRISM gridded data). Errors may be inherent in precipitation 

spatial distribution and in the temporal variations of this extrapolation.  

The distribution of temperature also can be a sensitive parameter in mid-altitude basins 

where the snowline is dynamic and the hydrograph is dominated by snowpack-energy balance. 

Temperature is the main factor in PRMS calculations used to estimate precipitation form as well. 

Monthly temperature lapse rates do allow for more realistic temperature distribution. However, 

neither temperature nor precipitation distribution methods using only one weather station allow for 

simulation of long-term dynamics (i.e. changes over annual or longer time periods). Shadow effects 

on temperatures are not inherently modeled in PRMS; they could theoretically be implemented by 

the modeler by adjusting temperature adjustment parameters. In the Lehman drainage, the shadow 

cast by Wheeler Peak during winter may be particularly important for the cold temperatures found in 

the north-facing glacial cirque that sits at the base of the cliff below Wheeler Peak. 

Another significant model error was during drought years. In these instances, streamflow 

was difficult to calibrate and generally was underpredicted. During a low snowpack year, snowmelt 

was simulated as infiltrating into the soil zone where it was held until lost to ET. Whereas some 

snowmelt may be routed to groundwater through large pores in the thin glacial deposits or in the 

karst or fractured limestone that may soon after discharge to springs before being lost to ET or 

becoming streamflow. Although this might be technically possible in PRMS, the program is not 

designed to simulate such a process during low precipitation years, without affecting watershed 

response during wet years. Other scenarios may exist such that during some weather extremes the 
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watershed responds differently than during normal years resulting in processes that normally are 

controlled by surface processes becoming controlled by groundwater. For situations where 

streamflow is highly controlled by groundwater and groundwater-surface water interactions, PRMS 

might not be the best model choice. In this case GSFLOW which couples PRMS with MODFLOW 

is a better method but was beyond the scope of this study.  

 Another source of error is caused by the physical location of the stream gages on Lehman 

and Baker Creeks. Both gages are situated within the karst-limestone zone where considerable 

streamflow is lost to groundwater of which some of this water may discharge to springs outside the 

watershed (Prudic, Sweetkind 2014). A good example is where streamflow is lost to caves in the 

Narrows of Baker Creek. Some of the water lost to the caves travels through karst across the 

topographic divide that separates Baker Creek from Lehman Creek and discharges at Rowland 

Spring. Similarly some water lost in the karst-limestone zone along Lehman Creek may exit the 

drainage to the north and discharge to springs at the Home Farm (Prudic, Sweetkind 2014) (Figure 

2). The model was calibrated to the stream gages that are downstream of the streamflow losses 

because insufficient data were available to model streamflow upstream of the losses. The result of 

calibrating the model to measured streamflow at the gages was an overprediction of ET to 

compensate for the lack of groundwater flow through the karst limestone.   

Other model limitations may arise whenever simplifications or assumptions are made and 

from uncertainties in model parameters and inputs. This is the nature of modeling and yet we can still 

use models like this to improve our understanding of hydrologic systems. Moreover, model errors 

associated with volumes or fluxes of water reported here in are less important because the focus is on 

the relative change in volumes and fluxes caused by increasing temperatures. The PRMS model is a 

good choice for investigating hydrologic climate impacts because it simulates many relevant 

processes often using physically based methods and it is spatially discretized. Also, the model 

continues to be refined by the USGS and is not computationally expensive.  
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Calibration results are adequate for the purpose of this study; temperature effects on the 

snowpack-energy balance produce reasonable hydrographs for most years. Simulation results of both 

watersheds replicate a snow dominated streamflow hydrograph that has been measured. The daily 

graphs of snowpack-water equivalence also show accumulation and ablation structures that are 

expected from a snowmelt dominated basin (Figure 24 & Figure 25). Future work on model 

calibration will include improving snowmelt timing and model robustness to drought years as well as 

periods of abnormally high runoff. Conceptual modeling of spring discharges could be simulated by 

diversions of LBCD groundwater to the Rowland Spring sub basin which will allow parameters 

controlling ET rates to be adjusted downward throughout the model. Additionally, Rowland Spring 

discharge and perhaps the discharge of springs at the Home Farm can serve as a conceptual 

groundwater boundary flux. This would allow for a more realistic water budget containing a slightly 

lower ET component and more groundwater outflow conceptualized by streamflow at Rowland 

Spring and perhaps the springs at the Home Farm. 

Projected Water Budgets and Annual Streamflow Variations 

 Mean annual water budgets were calculated for each 30-year period during the 90-year 

simulations (water years 2009ð2038, 2039ð2068, and 2069ð2098) and for all four GHG 

concentration trajectories. The combination of three time periods and four trajectories resulted in a 

total of 12 mean annual water budgets. The three 30-year periods are called period one, two, and 

three, respectively. Results are represented as the 30-year mean for each period. Water budgets 

consist of a simple mass balance that can be written as:  

ὖὶὩὧὭὴὭὸὥὸὭέὲίὸὶὩὥάὪὰέύὫὶέόὲὨύὥὸὩὶ ὪὰέύὉὝ  ЎὛὸέὶὥὫὩȟ 

where, in PRMS, streamflow is the sum of surface runoff (Hortonian and Dunnian), soil interflow, 

and groundwater discharge to streams. Groundwater flow is conceptualized as a sink and in the water 

budgets presented herein is part of the change in storage term because it was not simulated explicitly 
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in the model. The ET term represents actual ET as simulated by PRMS plus sublimation from any 

snowpack. The delta storage term represents the sum of any residual water in any of the three soil 

zones (gravity, capillary, or preferential-flow), groundwater zone, snowpack, and canopy storage. 

Direct precipitation on the Lehman and Baker Creek watersheds is the only source of water. Each 

water budget component is represented as an area weighted average in inches from its respective 

watershed (sub basin in PRMS).  

The potential change in the mean Lehman and Baker Creek water budgets for period three 

(water years 2069ð2098) of each GHG concentration trajectory (rcp2.6, rcp4.5, rcp6.0, and 

rcp8.5)compared with period one (water years 2009ð2038) of trajectory rcp2.6 is shown in Figure 26. 

As mean annual temperatures increase, actual ET increases and streamflow decreases for both 

watersheds. However, the magnitude of this change varies across each watershed and for each GHG 

concentration trajectory. The GHG concentration trajectory with the highest temperature increase 

(rcp8.5) results in the most dramatic reductions to mean annual streamflow with an average decrease 

of about 1.3 in. during the third period. The change in streamflow from period one of the lowest 

temperature increase (rcp2.6) to period three of the highest temperature increase (rcp8.5) is not 

statistically significant. However, a volume of 1.3 inches is equivalent of a reduction of about 630 and 

1,150 acre-ft. of annual streamflow from Lehman and Baker Creeks, respectively. Projected total 

streamflow plots for Baker and Lehman Creeks for each 30-year period and for all four GHG 

concentration trajectories can be found in appendix-1 (A-1 and A-2). Table 6 shows the variation of 

simulated water budgets for Lehman and Baker Creek watersheds for each GHG concentration 

trajectory with the projected change in mean temperature (at the weather station near Lehman Caves) 

as compared with period one of trajectory rcp2.6. The Baker Creek watershed has a larger relative 

reduction in mean surface runoff as compared with Lehman Creek for the warmest period. Also, as 

temperatures rose, simulated groundwater flow and overall storage slightly decreased. The most 

significant change in water volumes in both watersheds is the decrease in snowmelt that exceeds 
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three inches when comparing the end of warmest trajectory (rcp8.5) to the low GHG concentration 

trajectory (rcp2.6). Reduced snowmelt means less snowpack is available to melt which can only 

signify increase in winter rain during the last 30-years of the warmest trajectories (Table 6).  
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Figure 26 Potential change in mean annual water budgets between period three for each GHG concentration 
trajectory and period one of trajectory rcp2.6, in area-weighted inches. The sum of groundwater flow, surface 
runoff, and interflow results in streamflow in PRMS. 
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Table 6 Mean annual water budgets for Baker and Lehman Creeks divided into three thirty-year periods for all four GHG 

concentration trajectories, including snowmelt and change in mean temperature. 

   

Baker 
   

   

rcp2.6 
   Time Period: one two three 

(inches) Mean Std Dev Mean Std Dev Mean Std Dev 

streamflow 8.2 4.7 8.0 4.7 8.1 4.7 
interflow 5.4 3.3 5.2 3.2 5.2 3.2 
surface runoff 1.8 1.5 1.8 1.6 1.9 1.6 
groundwater flow 1.0 0.1 1.0 0.1 1.0 0.1 
ET 17.2 3.1 17.4 3.1 17.3 3.1 
precip 26.0 7.4 26.0 7.5 26.0 7.4 
snowmelt 9.9 4.4 9.7 4.8 10.0 4.4 
ɲ temp (°F) 0.0 

 
0.0 

 
-0.1 

 

   

rcp4.5 
   Time Period: one two three 

(inches) Mean Std Dev Mean Std Dev Mean Std Dev 

streamflow 8.0 4.7 7.9 4.7 7.6 4.3 
interflow 5.2 3.3 5.2 3.3 4.9 2.9 
surface runoff 1.8 1.6 1.7 1.5 1.7 1.5 
groundwater flow 1.0 0.2 1.0 0.2 1.0 0.1 
ET 17.4 3.1 17.6 3.2 17.9 3.4 
precip 26.0 7.4 26.0 7.5 26.0 7.4 
snowmelt 9.4 4.1 9.3 4.9 8.9 4.5 
ɲ temp (°F) +0.1 

 
+1.4 

 
+2.2 

 

   

rcp6.0 

   Time Period: one two three 

(inches) Mean Std Dev Mean Std Dev Mean Std Dev 

streamflow 8.2 4.7 8.0 4.8 7.5 4.5 
interflow 5.4 3.3 5.2 3.3 4.8 3.1 
surface runoff 1.8 1.5 1.8 1.6 1.7 1.6 
groundwater flow 1.0 0.2 1.0 0.1 1.0 0.1 
ET 17.3 3.1 17.5 3.2 17.9 3.2 
precip 26.0 7.4 26.0 7.5 26.0 7.4 
snowmelt 9.8 4.8 9.4 4.6 8.6 4.5 

ɲ temp (°F) -0.5 
 

+0.9 
 

+2.6 
 

   

rcp8.5 

   Time Period: one two three 

(inches) Mean Std Dev Mean Std Dev Mean Std Dev 

streamflow 7.9 4.6 7.7 4.6 6.9 4.1 
interflow 5.2 3.2 5.0 3.1 4.5 2.9 
surface runoff 1.8 1.6 1.7 1.6 1.5 1.3 
groundwater flow 1.0 0.1 1.0 0.1 1.0 0.1 
ET 17.5 3.2 17.8 3.3 18.5 3.7 
precip 26.0 7.4 26.0 7.5 26.0 7.4 
snowmelt 9.1 4.4 8.7 5.0 6.7 4.3 

ɲ temp (°F) +0.2 
 

+2.1 
 

+5.5 
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   Lehman    

   rcp2.6    

Time Period: one two three 

(inches) Mean Std Dev Mean Std Dev Mean Std Dev 

streamflow 8.1 4.6 7.9 4.6 7.9 4.6 
interflow 5.8 3.8 5.7 3.8 5.6 3.8 
surface runoff 0.7 0.8 0.6 0.9 0.7 0.8 
groundwater flow 1.6 0.3 1.6 0.3 1.6 0.3 
ET 17.8 3.1 18.0 3.1 18.0 3.0 
precip 27.0 7.7 27.0 7.7 27.0 7.7 
snowmelt 11.6 4.9 11.4 5.4 11.8 5.0 
ɲ ǘŜƳǇ όϲCύ 0.0  0.0  -0.1  
   rcp4.5    

Time Period: one two three 

(inches) Mean Std Dev Mean Std Dev Mean Std Dev 

streamflow 7.9 4.6 7.7 4.6 7.4 4.2 
interflow 5.6 3.8 5.5 3.9 5.3 3.5 
surface runoff 0.6 0.8 0.6 0.8 0.6 0.7 
groundwater flow 1.6 0.3 1.6 0.4 1.6 0.3 
ET 18.0 3.1 18.2 3.2 18.5 3.4 
precip 27.0 7.7 27.0 7.7 27.0 7.7 
snowmelt 11.1 4.7 10.9 5.4 10.6 5.1 
ɲ ǘŜƳǇ όϲCύ +0.1  +1.4  +2.2  
   rcp6.0    

Time Period: one two three 

(inches) Mean Std Dev Mean Std Dev Mean Std Dev 

streamflow 8.0 4.6 7.8 4.6 7.3 4.4 
interflow 5.8 3.9 5.6 3.9 5.2 3.6 
surface runoff 0.6 0.7 0.6 0.8 0.6 0.8 
groundwater flow 1.6 0.3 1.6 0.3 1.6 0.3 
ET 17.8 3.1 18.1 3.2 18.6 3.1 
precip 27.0 7.7 27.0 7.7 27.0 7.7 
snowmelt 11.4 5.3 11.1 5.1 10.3 5.1 
ɲ ǘŜƳǇ όϲCύ -0.5  +0.9  +2.6  
   rcp8.5    

Time Period: one two three 

(inches) Mean Std Dev Mean Std Dev Mean Std Dev 

streamflow 7.8 4.5 7.5 4.5 6.8 3.9 
interflow 5.5 3.7 5.3 3.7 4.7 3.3 
surface runoff 0.6 0.9 0.6 0.9 0.5 0.5 
groundwater flow 1.6 0.3 1.6 0.3 1.6 0.3 
ET 18.1 3.2 18.4 3.3 19.1 3.7 
precip 27.0 7.7 27.0 7.7 27.0 7.7 
snowmelt 10.9 5.1 10.3 5.6 8.2 4.9 
ɲ ǘŜƳǇ όϲCύ +0.2  +2.1  +5.5  
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Projected Snowpack and Timing 

 The impact of the four GHG concentration trajectories on snowpack dynamics was 

investigated for changes in peak SWE timing and volume. The snow-dominated hydrology of the 

LBCD means a strong correlation between snowpack volume to total runoff  and snowmelt timing to 

peak runoff timing in the LBCD. Warming temperatures affect snowpack in two important ways: 

first, increased winter precipitation falling as rain as opposed to snow during the snow accumulation 

period; and second, increased late winter and spring temperatures results in earlier melting of 

snowpack. Increased winter rain can also lead to early melting of snowpack especially if it is during 

the end of the winter season or if there is an intense winter rainfall on previously accumulated snow. 

Both mechanisms result in less snowpack. The dominate mechanism for decreasing snowmelt is 

difficult to detect because both may occur during overlapping time periods. Overall changes in SWE 

volumes and timing were investigated without investigating their mechanisms. Decreases in total 

SWE and earlier melt timing could result in less water from snowmelt during the spring and summer.  

 Projections of snowpack-water equivalence were calculated daily for an HRU in the Baker 

Creek watershed, chosen for its close proximity to the location of the Baker Creek snow course #2, 

near 8,950 ft. elevation. To compare annual variations of snowpack timing, the SWE centroid date 

(SCD), max SWE date, and the max SWE volume in inches (cubic inches per square inch) were 

calculated (Kapnik, Hall 2010). The SCD represents the center of mass of the snowpack in Julian 

days for a given year, calculated as:  

ὛὅὈ 
В ὸὛὡὉ

В ὛὡὉ
ȟ 

where i is the daily index between February 1st and May 1st, ὸ represents the Julian day for that index 

(1 for January 1st to 365 for December 31st), and ὛὡὉ represents the SWE (inches) for the ith day. 

The SCD represents the date of the center of mass of the snowpack; an earlier SCD means either less 
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snow has accumulated later in the cold season or increased snowmelt occurred later in the cold 

season.   

 The low GHG concentration trajectory (rcp2.6) shows slight increasing trends in annual 

SCD and max SWE while the other three GHG concentration trajectories show slight decreasing 

trends (Figure 27, Figure 28, Figure 29, & Figure 30). The high GHG concentration trajectories also 

have more years which simulated zero SWE; trajectory rcp6.0 contained four years and trajectory 

rcp8.5 had five years with zero SWE. The latest SCD from all trajectories was April 26, 2070 and was 

simulated with the lowest GHG concentration trajectory (rcp2.6), whereas the earliest SCD was 

February 1, 2095 from the highest GHG concentration trajectory (rcp8.5). The effects of mean 

annual temperature to: SCD, max SWE date, and max SWE during the three time periods are listed 

in Table 7. Periods with an increase in mean temperature do not always result in a decrease in SCD 

and max SWE as indicated for period 3 in trajectoryrcp6.0 and rcp8.5 compared to period 2 where 

the projected increase in mean temperature was about 2.6 and 5.5ºF (Table 6) but both the mean SCD 

and max SWE date moved later (Table 7). This could be caused by snowmelt occurring earlier or 

relatively lower temperatures during late winter and spring (Table 6). Increased late season snow 

accumulation could influence the period means in spite of overall higher annual temperatures during 

a particular period (Table 6 & Table 7). However, Mann-Kendall trend test results for projected 

annual max SWE date show trajectory rcp4.5 had a significant decreasing trend with alpha = 0.05 

and n = 90 (water years 2009ð2098) (Figure 28). Results from trajectory rcp8.5, where mean 

temperature is projected to increase by ~5.5°F at the end of period 3, show the mean SCD and the 

max SWE date to be shortened by an average of 4 days compared with period 1 of trajectory rcp2.6 

(Julian day 60 for rcp2.6 versus 56 for rcp8.5 or from March 1st to February 25th) and mean max 

SWE to be reduced by ~0.7 inch (Table 7). The shift of peak SWE and SCD to earlier days in the 

melt season may be minimized in the LBCD due to the large extent of the alpine area that is less 

vulnerable to small increases in temperature. The timing of snowmelt in the alpine area will always be 
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lagged due to large temperature lapse rates over the basin. Decreased annual precipitation has been 

found to have a negative feedback with snowpack timing; decreased snow cover creates decreased 

albedo which results in increased snowmelt (Kapnik, Hall 2010). In this analysis the correlation 

coefficient between annual precipitation and the SCD for each GHG concentration trajectory was 

typically low (from r = 0.07 for trajectories rcp6.0 and rcp8.5 to r = 0.28 for trajectory rcp4.5). This 

means that the feedback might occur in the model, but that annual precipitation variations only 

explain the variations in the SCD by at most 10 percent. Other factors are more dominate 

(temperature and precipitation timing). The snow covered area may shift more at lower elevations, 

and the albedo feedback may be stronger there in drought years and is an area for further research. 

The effect of gradual warming on snowpack is evident at the annual scale. However, some annual 

variations cannot be explained without looking at projections of snowmelt at a monthly or finer 

scale.  
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Figure 27 Projected annual SCD and Max SWE (inches) for greenhouse gas concentration trajectory rcp2.6 near Baker Creek 
snow course #2 and projected mean annual temperature at Lehman Caves. 
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Figure 28 Projected annual SCD and Max SWE (inches) for greenhouse gas concentration trajectory rcp4.5 near Baker 
Creek snow course #2 and projected mean annual temperature at Lehman Caves. The rcp4.5 was the only GHG trajectory 
to produce statistically significant results (at ǟ = 0.05 and 0.1) using the Mann-Kendall trend test for snowpack variables: 
max SWE date decreasing with p = 95% and SCD decreasing with p = 90%.   
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Figure 29 Projected annual SCD and Max SWE (inches) for greenhouse gas concentration trajectory rcp6.0 near Baker 

Creek snow course #2 and projected mean annual temperature at Lehman Caves. 
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Figure 30 Projected annual SCD and Max SWE (inches) for greenhouse gas concentration trajectory rcp8.5 near Baker Creek 
snow course #2 and projected mean annual temperature at Lehman Caves. 
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Table 7 Projected means and shifts for thirty-year periods in SCD, max SWE date, and max SWE near Baker Creek snow 

course #2 for each GHG concentration trajectory.  

SCD (Julian day) 

 

rcp2.6 rcp4.5 rcp6.0 rcp8.5 

Period one 60 66 67 59 

Period two 60 65 60 57 

Period three 64 55 61 56 

Change from mean of period one rcp2.6 in days 

Period one 0 6 6 -2 

Period two -1 4 0 -4 

Period three 3 -6 1 -4 

Max SWE Date (Julian day) 

 

rcp2.6 rcp4.5 rcp6.0 rcp8.5 

Period one 60 67 71 58 

Period two 58 63 56 54 

Period three 66 56 59 56 

Change from mean of period one rcp2.6 in days 

Period one 0 8 11 -1 

Period two -2 3 -3 -6 

Period three 7 -4 -1 -3 

Max SWE (inches) 

 

rcp2.6 rcp4.5 rcp6.0 rcp8.5 

Period one 2.4 2.3 2.6 1.7 

Period two 2.5 2.9 2.1 2.0 

Period three 2.3 2.1 1.9 1.7 

Change from mean of period one rcp2.6 in inches 

Period one 0.0 -0.1 0.2 -0.7 

Period two 0.1 0.5 -0.3 -0.4 

Period three -0.1 -0.3 -0.6 -0.7 
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Projected Monthly Variations in Streamflow, ET, and Snowmelt 

 Additional insights into the effects of warming temperatures on the major water-budget 

components in the LBCD were evaluated at the monthly scale. Monthly streamflow, ET, snowmelt, 

and SWE were calculated as percentages of their respective annual totals for each 30-year period and 

for each GHG concentration trajectory. These calculations allow investigation of monthly shifts in 

water-budget components without introducing the uncertainty associated with projections of exact 

volumes. The relative changes (in percentage) of the period three total monthly volumes of 

streamflow, ET, and SWE for each GHG concentration trajectory compared with period one of 

trajectory rcp2.6 are listed in Table 8 and Table 9.  
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Table 8 Monthly changes in percentage of streamflow, ET, and SWE volumes for period three of trajectories rcp2.6 and rcp4.5 

compared with period one of trajectory rcp2.6.  

Trajectory rcp2.6 period three percent change from trajectory rcp2.6 period one 

  

Lehman 
  

Baker 
 

 

Streamflow ET SWE Streamflow ET SWE 

Jan 6.3 5.2 -1.1 9.1 4.9 -4.5 

Feb 8.3 6.6 -5.0 10.0 7.8 -8.5 

Mar -23.8 -11.7 13.4 -28.3 -11.3 14.7 

Apr -16.9 -0.2 19.1 -17.0 0.0 22.8 

May 1.5 1.8 12.3 6.4 2.3 14.2 

Jun 2.8 5.5 -4.6 1.8 5.1 -4.8 

Jul 1.4 2.5 -40.6 -2.5 1.7 -64.9 

Aug -1.0 -0.3 -74.7 -0.9 -0.7 -98.5 

Sep 0.3 1.5 
**

 -0.7 1.2 
**

 

Oct -0.4 -5.1 92.3 -0.1 -4.9 99.3 

Nov 9.1 8.7 -4.5 8.1 9.0 -13.1 

Dec 3.1 2.7 1.8 3.6 2.1 -2.2 

Trajectory rcp4.5 period three percent change from Trajectory rcp2.6 period one 

  

Lehman 
  

Baker 
 

 

Streamflow ET SWE Streamflow ET SWE 

Jan 3.5 13.6 -10.2 2.9 13.3 -11.6 

Feb -6.9 12.5 -7.8 -9.7 12.8 -9.1 

Mar -22.6 14.0 0.7 -27.3 12.9 0.5 

Apr -13.8 13.3 -11.2 -1.7 12.1 -12.4 

May -6.6 2.7 -32.2 -8.8 0.9 -35.3 

Jun -8.9 2.2 -33.3 -10.6 -0.7 -22.9 

Jul -12.4 -1.0 -81.5 -16.0 -0.9 -83.1 

Aug -13.5 -3.7 -100.0 -10.3 -1.8 -100.0 

Sep -6.1 -0.8 
**

 -4.1 0.7 
**

 

Oct -7.6 2.8 -37.5 -5.3 3.4 -36.2 

Nov 0.9 11.7 -14.6 5.4 12.0 -17.7 

Dec 9.1 16.6 -15.0 12.9 18.4 -17.1 
 

 

 

**Percentage changes in SWE for warm months are exaggerated because values are close to zero but may differ by 
an order of magnitude resulting in large percentage changes, similar results for Table 10. The ** in Table 8 and 
Table 9 refers to these values as their calculations result in percentage changes greater than 10,000 percent. 
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Table 9 Monthly changes in percentage of streamflow, ET, and SWE volumes for period three of trajectories rcp6.0 and rcp8.5 

compared with period one of trajectory rcp2.6. 

Trajectory rcp6.0 period three percent change from trajectory rcp2.6 period one 

  

Lehman 
  

Baker 
 

 

Streamflow ET SWE Streamflow ET SWE 

Jan 3.3 33.6 -17.9 4.5 35.0 -21.6 

Feb 4.1 28.9 -22.4 3.5 28.2 -27.0 

Mar -26.3 0.4 -7.2 -28.7 -0.3 -8.2 

Apr -10.5 11.8 -14.8 -6.6 11.0 -17.1 

May -8.4 2.1 -28.4 -8.8 0.2 -33.3 

Jun -12.5 1.6 -37.9 -11.6 -1.7 -45.6 

Jul -13.3 -2.2 -56.7 -15.2 -2.9 -70.7 

Aug -12.0 -3.2 -83.4 -8.4 -1.9 -98.0 

Sep -5.5 0.5 
**

 -2.6 1.3 
**

 

Oct -6.2 5.6 -53.7 -4.3 6.1 -60.8 

Nov -1.3 20.5 -27.1 0.5 21.5 -30.6 

Dec 5.3 45.8 -20.5 6.0 48.2 -24.7 

Trajectory rcp8.5 period three percent change from trajectory rcp2.6 period one 

  

Lehman 
  

Baker 
 

 

Streamflow ET SWE Streamflow ET SWE 

Jan 16.5 42.4 -44.0 16.7 44.7 -49.6 

Feb 3.4 33.6 -39.6 1.2 31.8 -44.7 

Mar -21.1 22.9 -32.5 -18.8 20.4 -36.0 

Apr -8.4 18.2 -46.8 0.6 15.7 -52.0 

May -20.9 6.2 -61.1 -26.5 1.2 -67.1 

Jun -29.7 0.7 -72.1 -33.6 -3.9 -71.4 

Jul -32.9 -6.5 -84.7 -32.2 -5.2 -91.7 

Aug -27.6 -7.6 -98.8 -20.0 -3.1 -100.0 

Sep -14.1 1.0 
**

 -9.5 4.1 
**

 

Oct -13.5 8.8 -95.5 -9.9 9.7 -99.2 

Nov -1.2 53.0 -65.8 3.9 53.7 -71.0 

Dec 12.9 51.7 -55.8 16.4 55.0 -61.7 
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The range in monthly percentages of annual totals among each 30-year period for the four 

GHG concentration trajectories of monthly streamflow, ET, snowmelt, and SWE is shown in Figure 

31 and Figure 32; (Graphs of each GHG concentration trajectory is provided in appendix A-3, A-4, 

A-5, and A-6). Monthly streamflow shifts are closely related to shifts in snowmelt and, to a lesser 

extent, ET. Results indicate that January runoff increased 16 percent in the warmest trajectory 

(rcp8.5) compared with period one of trajectory rcp2.6. Also, SWE relative volumes decreased from 

period one of trajectory rcp2.6 in most months for all trajectories except for period three of 

trajectory rcp2.6 (Table 8 & Table 9). Projections for trajectory rcp2.6 show a shift towards more 

flow during May as the trajectory evolved whereas; the other three trajectories show a shift towards 

increased flow in April and March. This shift is mostly explained by shifts in snowmelt timing 

moving from May to April and earlier in the warmest trajectory (rcp8.5). The low GHG 

concentration trajectory (rcp2.6) is the only trajectory to predict decreased snowmelt in March and 

increased snowmelt in April and May as the simulation evolved. The decreased snowmelt at the end 

of the 90-year simulation for trajectory rcp2.6 is caused by projected decreased winter and spring 

temperature produced by the GCM.  
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Figure 31 Projected change in monthly percentage of annual totals for Baker Creek watershed. The blue area represents the range 
in the monthly percentage for all three periods and all four greenhouse gas concentration trajectories. The black line is period one of 
trajectoryrcp2.6 and is used for reference. 
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Figure 32 Projected change in monthly percentage of annual totals for Lehman Creek watershed. The blue area represents the range 
in the monthly percentage for all three periods and all four greenhouse gas concentration trajectories. The black line is period one of 
trajectory rcp2.6 and is used for reference..  

 

Decreased winter temperatures in trajectory rcp2.6 may be partly responsible for slightly 

increased ET (as percentage of annual) during May and June with slight decreased ET during March 

(Figure 31, Figure 32, Table 8, & Table 9). This shift in ET is caused by more snow storage in March 
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and April and less sublimation, while later melt timing may result in increased soil moisture available 

in the later months which would increase PET. The warmer trajectories produce a shift in ET with 

relative increases from October through April; these relative increases in ET occur because of large 

decreases during the warm growing season from June through August. The relatively large decreases 

in ET during the warm growing season in the highest GHG concentration trajectory (rcp8.5) is 

caused by the dynamics of earlier snowmelt along with increased temperature resulting in less soil 

moisture available during these later months that limits actual ET.  

The highest GHG concentration trajectory (rcp8.5) produced the largest shift towards earlier 

snowmelt; the majority of annual snowmelt shifted from around mid-April to mid-March between 

period one and period three. Earlier snowmelt is more apparent in the Baker Creek watershed, 

because of a greater area of slopes that face south. This shift in monthly snowmelt is larger than that 

seen for the SCD and max SWE date, meaning that snowmelt occurs earlier in the year during the 

warmest trajectory (rcp8.5), although the timing of max snowpack is not as affected. This could be 

because snowmelt occurs more in March than April, however, snow accumulation continues through 

April which lessens the change in snowpack timing. Earlier melting can occur while snow continues 

to accumulate due to increased periods of five days with temperatures above freezing, which triggers 

snowmelt in PRMS. Precipitation will take on snow form if temperatures are below a parameter that 

makes precipitation all snow (~ 35 ĚF was used in the model) and will accumulate if the temperature 

is below freezing. Therefore, accumulation of snowpack can continue after snowmelt has started, 

which likely explains why the relative shift to earlier snowmelt is much larger than the shift in the 

snowpack center of mass date. Earlier snowmelt results in moderate increases in runoff from the 

LBCD during March and April for the highest GHG concentration trajectory (rcp8.5). Although the 

timing of peak runoff was not analyzed explicitly, peak runoff coincides with the shift in the SCD 

and would probably occur earlier by only 2ð6 days. Peak runoff in the LBCD occurs when the 
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ablation curve of SWE sharply declines and thus, the SCD is greatly influenced when the melting 

date is shifted.   

Projected Streamflow Coefficients 

The streamflow coefficient is the ratio of the volume of streamflow to the volume of 

precipitation in the watershed and was calculated for the three 30-year periods and for all GHG 

concentration trajectories for the mountain-upland altitude defined areas (Figure 14). Projected 

streamflow coefficients were also calculated for Lehman and Baker watersheds as well as basin-wide 

(Lehman, Baker, and Rowland Spring watersheds) at annual and monthly time scales. Basin-wide 

results show a decrease in streamflow coefficients as a result of warming temperatures due to 

increased ET (Figure 33, A-7, & A-8). The basin-wide streamflow coefficient generally decreased 

from March through October for all three periods between the GHG concentration trajectory rcp 

2.6 and trajectory rcp8.5, whereas the coefficient increased from November through February (Table 

10, A-9, and A-10). Basin-wide streamflow coefficient for the month of May show a significant 

decrease for the highest GHG concentration trajectory (rcp8.5) compared with the lowest GHG 

concentration trajectory (rcp2.6) using the Mann-Kendall trend test with alpha = 0.1 and n =90 

(water years 2009ð2098) (A-9).  
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Figure 33 Box plot for basin-wide annual streamflow coefficients for each thirty-year period and each greenhouse gas concentration 

trajectory (rcp2.6, rcp4.5, rcp6.0, and rcp8.5).  The central (red) mark is the median, the edges of the box are the 25th and 75th 
percentiles, whiskers extend to approximately ± 2.7 standard deviations and values that are out of this range are plotted as 
outliers.  

Table 10 Projected basin-wide mean monthly streamflow coefficients for each thirty-year time period, for each greenhouse gas 
concentration trajectory. 

                Projected Basin-Wide Mean Monthly Streamflow Coefficients 
 

 

Trajectory rcp2.6 

 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

period 1 0.23 0.20 0.67 0.92 2.01 0.92 0.34 0.19 0.24 0.33 0.33 0.30 

period 2 0.25 0.22 0.69 0.92 2.08 1.09 0.37 0.22 0.27 0.40 0.39 0.32 

period 3 0.25 0.23 0.65 0.88 2.12 1.12 0.37 0.22 0.27 0.41 0.40 0.33 

 

Trajectory rcp4.5 

period 1 0.25 0.19 0.59 1.02 2.01 0.75 0.28 0.18 0.24 0.33 0.37 0.37 

period 2 0.28 0.23 0.57 0.92 2.02 0.99 0.34 0.21 0.27 0.40 0.43 0.40 

period 3 0.28 0.22 0.58 0.92 2.01 0.99 0.33 0.20 0.27 0.40 0.43 0.39 

 

Trajectory rcp6.0 

period 1 0.23 0.20 0.63 0.97 1.98 0.88 0.33 0.19 0.24 0.33 0.37 0.32 

period 2 0.26 0.23 0.63 0.91 2.06 1.09 0.37 0.22 0.27 0.40 0.42 0.34 

period 3 0.26 0.23 0.62 0.89 2.03 1.07 0.35 0.21 0.27 0.40 0.41 0.35 

 

Trajectory rcp8.5 

period 1 0.25 0.21 0.55 0.90 1.99 0.85 0.30 0.18 0.23 0.32 0.36 0.34 

period 2 0.28 0.24 0.58 0.87 1.94 1.01 0.35 0.21 0.27 0.39 0.43 0.38 

period 3 0.29 0.24 0.58 0.89 1.89 0.96 0.33 0.20 0.26 0.39 0.42 0.38 
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The spatial variability in the streamflow coefficients is best explained by the differences in the 

subareas of the mountain-upland zones (Figure 14). Results of mean annual streamflow coefficients 

and water budgets for each 30-year period assuming no precipitation change are shown in Table 11, 

Table 12, and Table 13. The alpine and mixed-conifer areas were less affected by warming 

temperatures than the subalpine area. The alpine area was less affected for several possible reasons: 

(1) storage in soil is low, (2) vegetation is sparse, and (3) Hortonian and Dunnian surface runoff and 

fast subsurface interflow dominates. Altitudes also are high resulting in consistently lower 

temperatures; although temperature magnitudes change with the GHG concentration trajectories, 

temperatures are still relatively cold. The third period during the warmest trajectory (rcp8.5), 

however, has a strong effect on all zones with the largest decreases in runoff and increases in ET. 

Increased temperatures have the largest effect on the streamflow coefficient in the subalpine area 

where soils are thicker and simulated actual ET can approach the PET. For the warmest trajectories 

(rcp8.5), this can eventually result in decreased summer ET because of a lack of soil moisture and is 

shown in the difference between period one of trajectory rcp2.6 and period three of trajectory rcp8.5 

for the mixed-conifer area (Table 13). The relative increase in the ET coefficient (ET as fraction of 

precipitation) in the mixed-conifer area is smaller than the change in ET in the alpine and subalpine 

areas by 1 percent.        
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Table 11 Projected streamflow and ET coefficients for alpine area in the mountain-upland zone, values are in area weighted inches.  

 

Alpine Area 

 
Mean Precipitation: 32.7 inches 

 

Period rcp2.6 rcp4.5 rcp6.0 rcp8.5 

 

One 16.5 16.2 16.4 16.1 

Streamflow (inches) Two 16.3 16.0 16.1 15.7 

 
Three 16.2 15.6 15.5 14.7 

 
One 16.1 16.4 16.3 16.5 

ET (inches) Two 16.5 16.7 16.6 17.0 

 
Three 16.3 17.0 17.0 17.9 

 
One 0.50 0.50 0.50 0.49 

Streamflow coefficient Two 0.50 0.49 0.49 0.48 

 
Three 0.50 0.48 0.47 0.45 

 
One 0.49 0.50 0.50 0.51 

ET Coefficient Two 0.50 0.51 0.51 0.52 

 
Three 0.50 0.52 0.52 0.55 

 

 

Table 12 Projected streamflow and ET coefficients for subalpine area in the mountain-upland zone, values are in area weighted 
inches. 

 Subalpine Area 

 Mean Precipitation: 27.6 inches 

 Period rcp2.6 rcp4.5 rcp6.0 rcp8.5 

 One 8.4 8.1 8.3 8.0 

Streamflow (inches) Two 8.0 7.8 8.0 7.5 

 Three 8.0 7.3 7.3 6.6 

 One 19.2 19.6 19.4 19.6 

ET (inches) Two 19.7 19.9 19.7 20.2 

 Three 19.5 20.2 20.3 20.9 

 One 0.31 0.29 0.30 0.29 
Streamflow coefficient Two 0.29 0.28 0.29 0.27 
 Three 0.29 0.27 0.26 0.24 
 One 0.70 0.71 0.70 0.71 

ET Coefficient Two 0.71 0.72 0.71 0.73 

 Three 0.71 0.74 0.74 0.76 
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Table 13 Projected streamflow and ET coefficients for mixed-conifer area in the mountain-upland zone, values are in area weighted 
inches. 

 Mixed-Conifer Area 

 Mean Precipitation: 21.2 inches 

 Period rcp2.6 rcp4.5 rcp6.0 rcp8.5 

 One 3.3 3.3 3.4 3.2 

Streamflow (inches) Two 3.2 3.1 3.3 3.0 

 Three 3.2 2.9 2.8 2.4 

 One 17.9 18.0 17.9 18.0 

ET (inches) Two 18.1 18.2 18.0 18.3 

 Three 18.0 18.3 18.4 18.7 

 One 0.16 0.15 0.16 0.15 
Streamflow coefficient Two 0.15 0.15 0.15 0.14 
 Three 0.15 0.14 0.13 0.12 
 One 0.84 0.85 0.84 0.85 

ET Coefficient Two 0.85 0.85 0.85 0.86 

 Three 0.85 0.87 0.87 0.89 

 

The PRMS simulation using the highest GHG concentration trajectory (rcp8.5) shows the 

greatest decrease in runoff during the last 30-year simulation period (period three) and the 

streamflow coefficient decreased as temperatures rose during the 90-year simulation in both the 

Lehman and Baker Creek watersheds (Figure 34 and Figure 35). A weak positive relationship (R = 

0.28) exists between annual precipitation and decreased annual flow from Baker Creek between 

trajectories rcp8.5 and rcp2.6 (Figure 34). A larger relative decrease in streamflow during high 

precipitation years under higher temperatures is caused by increased sublimation and ET.  
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Figure 34 Annual variation of streamflow and annual precipitation in Baker Creek watershed from 2009ð2098. Variation in 
streamflow calculated as total annual streamflow from greenhouse gas concentration trajectory rcp8.5 less total annual streamflow from 
trajectory rcp2.6.  
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Figure 35 Annual variation of streamflow and annual precipitation in the Lehman Creek watershed from 2009ð2098. 
Variation in streamflow calculated as total annual streamflow from greenhouse gas concentration trajectory rcp8.5 less total annual 
streamflow from trajectory rcp2.6. 
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Figure 36 Annual differences in total streamflow between greenhouse gas trajectory rcp8.5 and trajectory rcp2.6 versus annual 
precipitation in the Baker Creek watershed.   
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trajectories and found that the Jensen and Haise method has a bias towards predicting higher PET 

(varying by latitude) and is sensitive to small increases in temperature. The modified Jensen and 

Haise (1969) method used herein depends on more than air temperature; indirectly it includes affects 

from aspect and vapor pressure. However, the magnitude of many water budget components and 

total streamflow in these simulations could be affected if PET is systematically overpredicted. 

Findings regarding projected spatial variations and relative changes in timing and volumes of water 

budget components is likely robust to this error if it exits. 

SUMMARY AND CONCLUSIONS  

 Water resources of the snowmelt dominated Lehman and Baker Creek drainages (LBCD) 

located in the Great Basin National Park in eastern Nevada are important for ecological health within 

the park, and for irrigation and municipal demand in adjacent Snake Valley. Measurements and 

evidence gathered over the past two centuries from the surrounding area show warming trends that 

may be directly related to decreased snowpack in mountains and to earlier snowmelt. Warming in the 

region is projected to continue over the 21st century that could result in reductions in snowpack, 

streamflow, and soil moisture in mid- to high-altitude mountain ranges like the LBCD. The objective 

of this study was to evaluate the effect of this warming on the future water resources of the LBCD. 

A Precipitaiton-Runoff Modeling System (PRMS) computer program was used for the area that 

incorporated varying warming temperature projections over the next 90 years. Model calibration and 

validation showed adequate accuracy at the annual and monthly scale with absolute streamflow errors 

less than 12 percent for all historical simulations. Statistically downscaled daily projected air 

temperatures from the National Center for Atmospheric Research- Community Climate System 

Model version 4.0 were bias corrected to fit a local weather station in the Lehman Creek drainage. 

The corrected climate projections were then used to evaluate effects of warming temperatures on 

streamflow over a 90-year period using PRMS. Four greenhouse gas concentration trajectories, 
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developed by climate modeling groups involved in the Coupled Model Intercomparison Project 

phase 5 as representative concentration pathways that may cause warming air temperatures over the 

next 90 years were used. The results from these greenhouse gas concentration trajectories produced 

future mean air temperature in the Lehman and Baker Creek drainages to decrease slightly or increase 

by as much as 5.5°F by the end of the 21st century. Historical precipitation near the study area was 

used in the simulations such that only temperature effects on streamflow could be evaluated. A 30-

year precipitation period from 1970ð1999 was repeated three times in each of the four greenhouse 

gas concentration trajectories and model results among the four different trajectories were divided 

into the same 30-year periods on the basis of the repeating historical precipitation (water years 2009ð

38, 2039ð68, and 2069ð2098). Results were analyzed for shifts in future annual water budgets, trends 

in annual streamflow, snowpack and snowmelt timing, monthly variations in streamflow, 

evapotranspiration, and snowmelt, and shifts in the streamflow coefficient in varying altitude zones 

in the LBCD. Important findings include: 

¶ Potential decreases of more than 10 percent of mean annual streamflow from Lehman and 

Baker as a result of warming temperatures; 

¶ Significant reductions in basin-wide May runoff and non-significant increases in streamflow 

from November through January was simulated as a result of warming temperatures; 

¶ Snowmelt timing shifts from slightly later to one month earlier by end of the 21st century; 

¶ Shifts to earlier snowmelt were more apparent in Baker Creek drainage than in Lehman 

Creek drainage because of a greater area of south-facing slopes; 

¶ Peak snow-water equivalence date was earlier by four days for the warmest period and was 

buffered by high-altitudes areas;  

¶ Sublimation, evaporation and transpiration increase from October through April and they 

decrease from June through August during the two warmer projections;  
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¶ Assuming that precipitation does not change, streamflow coefficients decrease with 

increasing temperature and is more pronounced at the mid-altitude areas, whereas the alpine 

and mixed-conifer areas were slightly less affected. 

Most global climate models project an increase in mean surface air temperatures over the LBCD 

during the 21st century but with varying predictions of future precipitation. Although precipitation 

timing and volumes will likely continue to be the dominate factor on the quantity of streamflow in 

the LBCD, modeling results suggest that temperature is also important. Warming temperatures 

influence nearly all of the hydrologic processes that occur in the LBCD. Future work should include 

the addition of multiple projections of precipitation and the resulting streamflow responses in the 

LBCD along with a more robust integrated surface water and groundwater modeling approach (i.e. 

GSFLOW). Such an approach could better simulate surface water and groundwater interactions and 

streamflow losses to the karst-limestone zone.   
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APPENDIX 

 

 

A-1 Projected mean annual streamflow for Baker Creek for each thirty-year period and 
eachgreenhouse gas concentration trajectory. Error bars represent one standard deviation. 
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A-2 Projected mean annual streamflow for Lehman Creek for each thirty-year period and each 
greenhouse gas concentration trajectory. Error bars represent one standard deviation. 
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Trajectory  rcp2.6 

 

A-3 Projections of monthly streamflow, ET, and Snowmelt as percentage of mean annual for 
trajectory rcp2.6 and each thirty-year period for Lehman and Baker Creeks.  
 

 

 

 

 

0

5

10

15

20

25

30

1 2 3 4 5 6 7 8 9 10 11 12

P
e

rc
e

n
ta

g
e

 o
f 

M
e

a
n

 A
n

n
u

a
l Lehman Streamflow 

0

2

4

6

8

10

12

14

16

18

20

1 2 3 4 5 6 7 8 9 10 11 12

T
it
le

Lehman ET

0

5

10

15

20

25

30

35

40

45

1 2 3 4 5 6 7 8 9 10 11 12

P
e

rc
e

n
ta

g
e

 o
f 

M
e

a
n

 A
n

n
u

a
l Lehman Snowmelt

0

5

10

15

20

25

30

35

1 2 3 4 5 6 7 8 9 10 11 12

Baker Streamflow

0

2

4

6

8

10

12

14

16

18

20

1 2 3 4 5 6 7 8 9 10 11 12

Baker ET

0

5

10

15

20

25

30

35

40

1 2 3 4 5 6 7 8 9 10 11 12

Baker Snowmelt
per1

per2

per3

P
e

rc
e
n

ta
g

e
 o

f 
M

e
a

n
 A

n
n

u
a

l 

Month 



102 
 

Trajectory  rcp4.5  

 

A-4 Projections of monthly streamflow, ET, and Snowmelt as percentage of mean annual for 
trajectory rcp4.5 and each thirty-year period for Lehman and Baker Creeks.  
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Trajectory  rcp6.0 

 

 
A-5 Projections of monthly streamflow, ET, and Snowmelt as percentage of mean annual for 
trajectory rcp6.0 and each thirty-year period for Lehman and Baker Creeks.  
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Trajectory  rcp8.5 

 

A-6 Projections of monthly streamflow, ET, and Snowmelt as percentage of mean annual for 
trajectory rcp8.5 and each thirty-year period for Lehman and Baker Creeks.  
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A-7 Projected annual streamflow coefficients for Baker Creek versus projected annual maximum 
temperature relative to mean maximum temperature for trajectory rcp2.6 for water years 
2009ς2038 (~64 °F). Temperatures taken from an HRU near the Lehman Caves visitor center; R2 
for linear best fit line was 0.012.  
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A-8 Projected annual streamflow coefficients for Lehman Creek versus projected annual 
maximum temperature relative to mean maximum temperature for trajectory rcp2.6 for water 
years 2009ς2038 (~64 °F). Temperatures taken from an HRU near the Lehman Caves visitor 
center; R2 for linear best fit line was 0.012.  
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A-9 Projected basin-wide cumulative moving average of May streamflow coefficients for each 
greenhouse gas concentration trajectory, water years 2009ς2098. Trajectory rcp8.5 showed a 
statistically significant decreasing trend with p = 90 percent. Streamflow coefficients are > 1.0 
because of snowmelt runoff in May. 
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A-10 Projected basin-wide cumulative moving average of January streamflow coefficients for 
each greenhouse gas concentration trajectory, water years 2009ς2098.  
 

0.1

0.15

0.2

0.25

0.3

0.35

2
0

0
9

2
0

1
3

2
0

1
7

2
0

2
1

2
0

2
5

2
0

2
9

2
0

3
3

2
0

3
7

2
0

4
1

2
0

4
5

2
0

4
9

2
0

5
3

2
0

5
7

2
0

6
1

2
0

6
5

2
0

6
9

2
0

7
3

2
0

7
7

2
0

8
1

2
0

8
5

2
0

8
9

2
0

9
3

2
0

9
7

S
tr

e
a
m

fl
o

w
 C

o
e
ff

ic
ie

n
t 

rcp2.6 rcp4.5 rcp6.0 rcp8.5


