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ABSTRACT 

 Hydroclimatic variability in the western United States (the West) is characterized 

by a north–south dipole pattern of precipitation and streamflow variance, with centers of 

opposite association in the Pacific Northwest and the Desert Southwest.  These dipole 

centers tend to react in opposite fashion to tropical Pacific Ocean conditions, and the 

resulting contrast in precipitation variability is an important component of Western 

climate.  Teleconnection impacts are not as well understood in the transition zone 

separating the centers of opposite association, located primarily within the semi-arid 

Intermountain West.  This leads to low hydroclimatic predictive capacity in the transition 

zone region, an area that is extremely important for water supply in the West.  In this 

dissertation, I examine paleohydroclimatic variability in this region using 

dendrochronology, investigate recent variability through a synoptic climatology 

approach, and assess future conditions based on climate change projections.   

 Overall, this dissertation's findings confirm that the transition zone region is 

highly vulnerable to extremes in hydroclimatic variability and underscore the need for 

improved predictive capacity in the region.  In the Snake River headwaters, low- to mid-

elevation Pseudotsuga menziesii trees are the strongest recorders of winter precipitation, 

a vital component of water supply, and the season of precipitation impacting growth is a 

major component of the overall variability between tree-ring sites in the region.  The 415-

year reconstruction of Snake River streamflow indicates that extended droughts, more 

severe than those recorded in the instrumental period, have occurred in the pre-

instrumental past.  Streamflow in the upper Snake River is strongly linked to Pacific 
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Ocean conditions and sensitive to storm track position.  The West's precipitation dipole 

has a surprisingly narrow transition zone that has shifted in its location over time in some 

areas but has remained remarkably stationary across Nevada and Utah.  Projected climate 

changes – including warmer temperatures, changing seasonality, reduced snowpack, and 

changes in the storm track position – highlight the importance of understanding climate–

water linkages for future water resource management. 
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CHAPTER 1: INTRODUCTION 

1.1 Explanation of the Problem 

 Water, already a scarce resource in the semi-arid West, has become an 

increasingly threatened commodity due to population growth pressures, natural climate 

variability, and the prospect of future climate change.  Much of the West has experienced 

a multi-year drought over the first decade of the 21st century, placing a renewed sense of 

urgency on water availability issues.  Assuring a reliable and high-quality water supply 

for the West will be a great challenge for water managers, who face uncertainty 

stemming from gaps in our understanding of how climate variability interacts with water 

supply availability over multiple temporal and spatial scales (University Corporation for 

Atmospheric Research 2001).  These issues are particularly acute in the U.S. 

Intermountain West (IMW), the semi-arid / arid region between the Rocky Mountains 

and the Cascades-Sierra Nevada that encompasses all of Nevada and Utah and portions of 

Wyoming, Colorado, New Mexico, Arizona, Idaho, Oregon, and Washington. 

The characterization of variability over relevant space and time scales has 

emerged as one of the top needs concerning the hydrological cycle, but understanding 

hydroclimatic variability at decadal and longer time scales has been limited by 

instrumental data that are both spatially and temporally inadequate.  The reconstruction 

of environmental variables from tree rings has been recognized as an important source of 

information on long-term (multi-century) water supply variability (Schulman 1945; 

Stockton and Jacoby 1976).  In the semi-arid West, tree growth is limited by insufficient 

soil moisture resulting from lack of precipitation or excessive evapotranspiration (or 
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both) (Meko et al. 1995).  Trees record interannual variations in moisture availability in 

their ring widths and, consequently, can be used to reconstruct pre-instrumental 

precipitation, streamflow, and drought indices.  Capturing the winter-season portion of 

the moisture signal is particularly vital in understanding long-term water supply 

variability, as an estimated 75% of western streamflow originates from melting snowpack 

(Cayan 1996).  Despite the cessation of growth during the winter season, trees are able to 

reflect winter precipitation because of its impact on processes active in trees during the 

dormant period and its importance for soil moisture recharge (Fritts 1976).   

In the West, two contrasting climatic centers of opposite association, 

characterized by opposing patterns of precipitation and teleconnection signals (described 

as a dipole), exert a strong influence on hydroclimatic variability (Dettinger et al. 1998; 

Redmond and Koch 1991).  The influence of these centers of opposite association shifts 

both latitudinally and longitudinally over the IMW.  Earlier work indicated that the Snake 

River headwaters in western Wyoming are at a latitudinal and longitudinal transition zone 

of precipitation patterns and teleconnection influence associated with a key physiographic 

influence (the Rocky Mountains and continental divide) and a key geospatial 

meteorological influence (the shifting latitudinal position of prevailing seasonal storm 

tracks) (Cayan et al. 1998; Mock 1996).  Although a reconstruction of the entire 

Columbia River Basin has been attempted (Gedalof et al. 2004), none of the sample sites 

were located along the upper ~1000km of the Snake River in Wyoming and Idaho.  This 

part of the Snake River is a potential “hot spot” for future water supply crises due to its 
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variability and the large number of people who depend on its flow (Bureau of 

Reclamation 2005). 

 The north–south contrast in precipitation associated with the West's climatic 

dipole pivots on a transition zone that separates Northwest and Southwest centers of 

opposite association (Redmond and Koch 1991; Dettinger et al. 1998).  This zone has 

been noted as a convergence point between northern areas that receive frequent intrusions 

of moist Pacific air from the west in the winter and more southerly areas with drier air 

masses from the south (Mitchell 1976).  This zone, around 40°N, has been identified as a 

major influence on both interannual and decadal precipitation variability (Dettinger et al. 

1998).  The stability of the dipole and related precipitation patterns over time and space 

are highly variable (Brown and Comrie 2004), and the exact location and nature of the 

transition zone has not been well-quantified.  While the hydroclimatic response of 

regions near the dipole centers is fairly well understood, very little is known about the 

hydroclimatology of the transition zone between the centers, how this transition zone 

varies through space and time, or how strongly this zone is influenced by circulation 

controls at much larger scales.   

 This climate dipole has been linked to the Southern Oscillation Index (SOI), the 

atmospheric component of El Niño-Southern Oscillation (ENSO) conditions (Redmond 

and Koch 1991).  The lagged relationship between SOI and winter precipitation has 

allowed for long lead-time forecasts in areas near the dipole centers of opposite 

association.  In addition to tropical Pacific conditions (represented by ENSO), oceanic 

conditions in the northern Pacific and the Atlantic Ocean (measured by the Pacific 
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Decadal Oscillation (PDO), and the Atlantic Multidecadal Oscillation (AMO), 

respectively) strongly influence climate variability in the West on decadal to 

multidecadal time scales (Biondi et al. 2001; Enfield et al. 2001; McCabe et al. 2004).  

Although the effects of ENSO and PDO are well-delineated in some parts of the West, 

impacts are not as well-understood in the IMW due to the region’s position relative to the 

transition zone of teleconnection influence (Redmond and Koch 1991).  The impacts of 

AMO in the West are even less clear, but may include significant changes in precipitation 

patterns (Enfield et al. 2001; McCabe et al. 2004). 

 Understanding the natural range of hydroclimatic variability in the IMW, as well 

as the atmospheric and oceanic controls on that variability, has become increasingly 

important in light of projected climate changes.  Available paleoclimate data suggest that 

there have been more severe and widespread droughts in the pre-instrumental period than 

what has been experienced in the past century (Meko and Woodhouse 2005), and 

projections from global circulation models indicate that mid-latitude continental interiors 

will experience increased summer dryness and probability of drought under global 

warming scenarios (IPCC 2007; Seager et al. 2007).  In addition to changes in the mean, 

extreme climatic events may increase in frequency and intensity under climate change 

scenarios and interact with water supply in complex ways (Crane et al. 2005).  Previous 

studies have found that there has already been a decrease in snowpack and a shift in the 

timing of snowmelt across much of the West, with potentially detrimental effects on 

Western water supply (Gleick and Chalecki 1999; Stewart et al. 2004).  
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1.2 Hydroclimatology of the Intermountain West 

 The semi-arid IMW is exceedingly vulnerable to extremes in water supply.  

Planning for and mitigating the impacts of hydrologic variability will require better 

predictive capacity, which has been limited by incomplete understanding of the complex 

linkages between the hydrologic and climate systems, particularly at space and time 

scales relevant for water managers.  Hydroclimatic variability in the IMW is controlled 

by both topography and by atmospheric and oceanic controls varying on scales from 

seasons to decades.  An increasing number of studies have incorporated proxy data and 

modeling in order to better understand longer-term patterns of variability and to plan for 

the impacts of a changing climate.  This section reviews the IMW's climate as it relates to 

water resources and identifies key knowledge gaps in our understanding of the regional 

hydroclimate.    

 

1.2.1 Regional Overview 

 In the broadest sense, the IMW encompasses the elevated region lying between 

the Sierra Nevada-Cascades to the west and the Rocky Mountains to east, extending 

latitudinally from Canada to Mexico.  The IMW has been spatially defined in various 

ways in past studies, from those that limit the region to just the Great Basin in Nevada 

and Utah to those that include the whole of Nevada and Utah, and well as portions of 

Oregon, Washington, Idaho, Wyoming, Colorado, New Mexico, and Arizona.  Due to 

this study's focus on the IMW's hydroclimatology, the IMW will be delineated by the 
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three major hydrologic units that lie between the West's major mountain chains: the Great 

Basin, the Snake River Basin, and the Upper Colorado River Basin (UCRB) (Figure 1.1).   

 The IMW is distinguished by unique human-based features, topography, and 

climate.  The western United States (West) has the most rapidly growing population in 

the country (Perry and Mackun 2001).  Although more sparsely populated than most of 

the U.S., the IMW is now one of the fastest growing regions in the country.  Nevada, 

Utah, and Idaho were the first, fourth, and fifth, respectively, fastest growing states 

between 1990-2000 (Perry and Mackun 2001).  These trends are expected to continue 

over the upcoming decades (Anderson and Woosley 2005).  Nowhere else in the United 

States is so much of the land federally owned: 62% of Idaho, 80% of Nevada, and 61% of 

Utah are under federal land ownership (Duffy-Deno 1998).  This pattern has helped 

concentrate population into urban centers, including Reno and Las Vegas, NV; Salt Lake 

City, UT; Jackson, WY; and Boise, ID.  These IMW cities have some of the highest per 

capita water use and total water use in the U.S. (Anderson and Woosley 2005).   

 One of the IMW's defining features is its topography.  The region is a high 

plateau between the Rockies and the Sierra Nevada-Cascades.  The Great Basin portion 

of the plateau is primarily a basin-and-range topography, with north-south oriented fault-

block mountains up to 2000m higher than the wide, surrounding basins (Knapp 1997).  

The Snake River Plain is a broad valley in southern Idaho; the UCRB overlaps with the 

foothills of the Rocky Mountains (Figure 1.1).   

 The IMW is a region of intense insolation, large diurnal temperature fluctuations, 

and strong, thermally-driven winds (Trewartha 1980; Stewart et al. 2002). Broad 
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intermontane drainage basins, large areas of elevated land, and restricted access to 

moisture all contribute to the climate variability in this region (Redmond and Koch 

1991).  The region is arid to semi-arid, with precipitation ranging from <250 mm yr-1 in 

the south to 250-500 mm yr-1 in the northern part of the region, although there are areas 

which receive additional orographically-induced precipitation (Knapp 1997).  The region 

is winter-moisture dominant from Pacific frontal systems; in summer, convective 

thunderstorms are the main source of precipitation (Knapp 1997).  The region has 

extreme temperature variations, with temperatures as low as -40°C in January and as high 

as 45°C in July (Knapp 1997). 

 The West has been characterized as containing a north–south "seesaw" of 

precipitation variability (Dettinger et al. 1998), with centers of opposite association in the 

Pacific Northwest and the Desert Southwest (Redmond and Koch 1991).  The centers of 

the resulting dipole pattern tend to behave in opposition to each other (i.e., when one is 

wet, the other is dry) and have opposite reactions to broad-scale atmosphere-ocean 

controls such as El Niño-Southern Oscillation (ENSO) (Redmond and Koch 1991).  This 

ENSO-related dipole pattern of precipitation variance ("dipole") has been found to be a 

major feature of both interannual and decadal hydroclimatic variability in the West 

(Dettinger et al. 1998).  The IMW encompasses the transition zone between these centers 

of opposite association, adding to its climatic complexity.   

 



16 
 

1.2.2 Atmospheric Controls on Intermountain West Hydroclimate 

 One of the most distinguishing features of the IMW is its aridity.  A combination 

of physiographic and synoptic climate features result in the extension of arid and semi-

arid conditions into higher latitudes than is common in other parts of the world.  Moisture 

in the IMW is highly variable spatially due to local topographic effects that are embedded 

within larger-scale controls associated with the circulation of the atmosphere and oceans 

(Mock 1996; Wang et al. 2009) (Figure 1.2).   

 The IMW's location in a rain shadow has a large impact on its overall aridity 

(Trewartha 1980).  Smaller-scale topographic controls – particularly elevation and aspect 

– are important local influences on moisture patterns (Mock 1996; Leung et al. 2003).  

Higher elevation localities tend to be more moist, and aspect defines the direction of 

inflowing air, changing precipitation production (Changnon et al. 1991; Mock 1996).  

Within-IMW differences are primarily a function of latitude.  Northern and southern 

portions of the IMW are differentially impacted by preferred moisture-delivery pathways 

and by semi-permanent circulation features that set up over the Pacific Ocean and vary 

seasonally (Figure 1.3).  These larger-scale features, which will be the focus of this 

section, are particularly important for the interannual to decadal variability that can result 

in drought and floods.   

 Seasonal changes in moisture delivery to the IMW are largely controlled by four 

broad-scale and interrelated atmospheric features: 1) the influence of the North American 

Monsoon (NAM); 2) the strength and position of the Pacific sub-tropical high (STH); 3) 

the strength and position of the Aleutian low; and 4) the position of the mid-latitude, 
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westerly storm track ("storm track").  The NAM forms as a result of intense heating over 

Mexico and the Southwest, leading to a shift in wind patterns that transports moisture 

into the region from nearby moisture sources.  Although particularly important in Mexico 

and Arizona, this shift also brings a summer precipitation maximum to the southern 

portion of the IMW.  The Pacific STH is a region of subsidence and divergent flow 

located off the coast of CA.  The curved shape of the West Coast encourages the 

formation of this unusually expansive STH, causing summer dryness to extend into more 

northerly latitudes than occurs in other parts of the world.  The Aleutian low, centered 

near the Aleutian Islands in the north Pacific, is based on a statistical average 

representing the large number of cyclonic storms that migrate eastward across the North 

Pacific and track preferentially across that area.  The strength and position of the Pacific 

STH and the Aleutian low are therefore closely linked to the location of the storm track 

across the western U.S., which represents the primary large-scale moisture-delivery 

pathway to the West.       

 The storm track position is fairly stable due to the fact that there are only a few 

preferred routes, influenced by large-scale physiographic features, through which Pacific 

air can infiltrate the IMW.  The Pacific westerlies must get over the coastal mountain 

ranges, and only do so with significant air mass modification (Bryson and Hare 1974).  

Most low-level winds are deflected, and normal zonal flow occurs only where the 

westerlies are strongest, between about 45-50°N, and where elevation of the mountain 

ranges is low, in the Snake River Basin gap and along a southerly route near the U.S.–

Mexico border (Bryson and Hare 1974).  These pathways shift as the seasons progress, 
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and these shifts are important controls on the seasonality of monthly precipitation and 

streamflow in the IMW.   

Cool Season (Nov-Apr) Climate Features and Processes 

 Situated at approximately 40°N, an air mass boundary that is one of the primary 

features of Western winter climate bisects the IMW.  This boundary separates a northern 

region of east-west oriented isopleths signifying frequent intrusion of Pacific air masses 

from a much less organized pattern in the south that is dominated by an anticyclone over 

the Great Basin (Mitchell 1976).  Winter hydroclimatic variability in the IMW is 

primarily impacted by position relative to this boundary, which can shift with changes in 

the strength of the Aleutian low and the storm track position over the West.   

 In the cool season, extra-tropical cyclones from the Pacific Ocean that are 

associated with the Aleutian low storm track move over the northern IMW, bringing rain 

to lower elevations and snow to higher (Hirschboeck 1991).  The path of the cyclones is 

generally west-to-east, but large waves of alternating low-pressure troughs and high-

pressure ridges often alter this pattern.  In the northern IMW, winter precipitation is 

associated with cyclonic disturbances (Bryson and Hare 1974).  The southern IMW is 

less affected by these systems and is dominated by persistent anticyclones (Bryson and 

Hare 1974).   

 The cool season begins with sharp precipitation increases throughout the northern 

IMW from an increasing number of storms originating in the Gulf of Alaska.  

Precipitation increases often occur in the high elevations of eastern Utah and southwest 

Colorado due to cutoff lows and orographic effects on Pacific air that has penetrated 
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inland (Mock 1996).  In mid-winter, precipitation increases in Idaho and western 

Wyoming due to the storm track route through the low-elevation gap in the Snake River 

Plain (Mock 1996).  As winter progresses, there is a southward progression of the jet 

stream and precipitation increases in the Great Basin region (Mock 1996).  Towards the 

end of the cool-season, precipitation amounts increase in Utah and western Colorado as a 

result of increased cyclogenesis in the eastern Great Basin.  As the Pacific STH 

strengthens, precipitation from Pacific storms decreases in the Snake River Plain (Mock 

1996).   

Warm Season (May-Oct) Climate Features and Processes 

 In summer, there is warm, moist air in the southeastern part of the IMW, while 

cooler, drier air dominates the majority of the region to the northwest.  The boundary 

between these two regions has been related to the northern limit of the NAM (Reiter and 

Tang 1984; Adams and Comrie 1997).  The NAM affects the southeastern portion of the 

IMW when a seasonal reversal of pressure and wind patterns allows moisture to infiltrate 

the interior of Mexico and the United States  (Adams and Comrie 1997).  Although 

primarily affecting the Southwest, particularly Arizona, the effects of this moisture 

source can extend up through southern Nevada, eastern Utah, and western Colorado 

(Reiter and Tang 1984; Adams and Comrie 1997).  The monsoon track is characterized 

by northward flow along the western foothills of the Rocky Mountains (MacDonald and 

Tingstad 2007).  The effects of the NAM are apparent in the hydroclimatology of the 

southern IMW, particularly in the UCRB's late summer precipitation maximum (Figure 

1.4). 
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 In the early warm season, precipitation from cyclonic disturbances decreases in 

the northern IMW as the westerlies and subtropical anticyclones shift north in summer 

(Bryson and Hare 1974).  Upper-level disturbances encounter the topography of the 

northern Great Basin, resulting in an increase in orographically-induced precipitation 

(Mock 1996).  By mid-summer, precipitation decreases in the northern IMW as basins fill 

with dry air caused by Pacific STH subsidence and the northward migration of the storm 

track (Mock 1996).  Meanwhile, precipitation increases in southern Utah, Nevada, and 

Colorado as the unstable, deep, moist layer from the NAM leads to convective 

thunderstorms in the southern IMW (Bryson and Hare 1974).  Monsoonal effects shift 

westward over the IMW through July and August, moving from Colorado into Utah 

(Mock 1996).  In the autumn, Idaho, northern Nevada, and western Wyoming experience 

small precipitation increases as upper-level winds become stronger and cut-off lows form 

(Mock 1996).  As the warm season ends in late autumn, sharp precipitation increases 

occur across the northern IMW as the frequency of storms from the Pacific once again 

begins to increase (Mock 1996). 

Spatial Patterns 

 The northern IMW is dominated by the Pacific airstream throughout the year and 

lies in the path of the strongest westerlies (Bryson and Hare 1974).  The enclosure of the 

southern IMW basin is more complete and the dominant flow of Pacific air, from around 

the south end of the Sierra Nevada, is warmer and drier (Bryson and Hare 1974).  

Precipitation in the northern IMW is more uniform than in the southern IMW (winter 

cyclonic storms vs. mountain thunderstorms) and more effective in maintaining soil 
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moisture (Bryson and Hare 1974).  The southern IMW is also south of the storm track for 

longer than the northern IMW and has a longer dry season (Bryson and Hare 1974).   

 A dominant climate feature of the IMW is biannual rainfall variation (Trewartha 

1980), but within that feature is a complex pattern of seasonal precipitation maximums 

(Figure 1.4).  There is an Aug-Oct precipitation maximum in southeastern Utah and 

western Colorado and a mix of winter and spring maxima over the Snake River Plain and 

the Great Basin (Figure 1.4).  In general, winter is the rainiest season and a secondary 

maximum occurs around June in the northern IMW (Trewartha 1980).  In the southern 

IMW, late-summer rains predominate (Trewartha 1980).  Between these two is a 

transition area with one maximum in fall-winter and one in spring (Trewartha 1980).   

 

1.2.3 Interannual Variability 

 The IMW has high precipitation variability and periodic drought is endemic 

(Wang et al. 2009).  Year-to-year variations in synoptic conditions controlling IMW 

climate can significantly impact moisture delivery, sometimes causing intense dry spells 

or flood events.  The Pacific North American pattern (PNA) and the NAM are strong 

influences on precipitation in the IMW (Mock 1996), and changes in these patterns can 

cause temporal and spatial variations in IMW moisture.   

 The PNA (Wallace and Gutzler 1981) is a major mode of atmospheric variation 

throughout the cool season (Barnston and Livezey 1987) and is evident on timescales 

from days to decades (Leathers et al. 1991).  The PNA pattern is influenced by changes 

in the East Asian jet stream trajectory (Leathers and Palecki 1992).  A positive PNA 
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pattern indicates a strong Aleutian low, a strong ridge in the eastern Pacific and western 

U.S., and a deep trough in the eastern U.S. (Mock 1996).  PNA- indicates more zonal 

flow, while very large, negative PNA indices indicate reverse meridional flow, with an 

upper-level trough that dips into the Southwest (Mock 1996).   

 Changes in the strength and amplitude of the PNA ridge-trough pattern influence 

temperature and precipitation in the U.S. (Leathers et al. 1991), and precipitation in the 

IMW is particularly well-correlated with PNA in winter.  Ridging associate with the 

PNA+ phase generally results in dry anomalies over the West in winter (Cayan 1996), 

causing snow deficits in the IMW.  Areas affected by troughing can experience wet or 

dry conditions depending on the placement of the trough axis.   

 Major droughts in the IMW have been attributed to failure of the Pacific STH to 

retreat from its summer position.  In this type of atmospheric blocking, typical zonal flow 

is interrupted by strong and persistent meridional flow as systems are forced north and 

south of the blocking anticyclone (Carrera et al. 2004).  These changes lead to anomalous 

storm track positions, which can result in reduction in precipitation in areas west of the 

Rocky Mountains when the storm track is displaced northward and eastward (McAfee 

and Russell 2008).  Persistent highs over the Great Basin can also cause dry conditions by 

diverting moisture from the region (Flashka 1984).   

 Two climate patterns produce the majority of wet anomalies over the IMW: 

upper-level troughing into the West and a well-developed NAM.  In the winter, heavy 

precipitation and flooding can occur when strongly-developed, cyclonic storms and fronts 

are transmitted into the region.  This can occur during reverse PNA conditions.  An 
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increase in cutoff and split flow circulations can also cause heavy precipitation in the 

southern portion of the IMW (Chagnon et al. 1993).  Wet events in southern Utah and 

western Colorado can occur when an expanded NAM brings increased precipitation to 

the region. 

 

1.2.4 Longer-term Climate Oscillations 

 Decadal-scale fluctuations in atmospheric and oceanic conditions account for 20-

45% of annual precipitation variance in the West (Cayan et al. 1998).  These longer-term 

fluctuations modulate events like floods and droughts and are important controls on water 

supply in the IMW (Cayan et al. 1998).  Western climate is influenced by conditions in 

the tropical Pacific Ocean, the northern Pacific Ocean, and the Atlantic Ocean.  The 

center of the IMW is in a transition zone between teleconnection impacts.  This region, 

which is affected by several different winter storm patterns, tends to exhibit weaker and 

more complex connections to seasonal mean atmospheric circulation than other parts of 

the West.     

 The ENSO system is considered one of the main controls on global interannual 

climate variability (Mantua and Hare 2002).  The El Niño component is based on tropical 

Pacific sea-surface temperatures (SSTs), while the Southern Oscillation represents spatial 

changes in atmospheric pressure.  Precipitation, snow accumulation, and streamflow in 

the West all contain a significant ENSO signal (Cayan et al. 1999).  The Northwest 

(Southwest) tends to be drier (wetter) than average in winters following El Niño events, 

while the opposite is true for the La Niña phase.  Synoptic-scale patterns in storm track 
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position and storm intensity and duration are modified by the phase of ENSO (Cayan et 

al. 1999).  In El Niño years (warm eastern tropical Pacific), there tend to be low-latitude 

storm tracks across the West, an enhanced moisture source across the northern Pacific, 

and increased moisture in the southern IMW (Cayan et al. 1999).  In contrast, La Niña 

conditions typically have higher-latitude storm systems across the West, favoring 

increased precipitation in the northern portion of the IMW.  ENSO events are associated 

with variations in the PNA index, with PNA trending positive during ENSO warm events 

(Yarnal and Diaz 1986).  

 The Pacific Decadal Oscillation (PDO) is a measure of northern Pacific Ocean 

SSTs.  Changes in northern Pacific conditions have been linked to changes in the position 

and strength of the Aleutian low (Schneider and Cornuelle 2005), with resulting impacts 

on North American precipitation, streamflow, and surface temperature anomalies 

(Mantua and Hare 2002; Dettinger et al. 1998; Cayan et al. 1998).  PDO can affect both 

the amount of precipitation delivered to the IMW and also the storm track pathway: 

positive (negative) PDO is associated with a southerly (northerly) shift in storm track 

position (Berkelhammer and Stott 2008).  The PDO+ phase is also associated with 

ridging over the West.  Although tropical and northern Pacific conditions are not 

completely independent of each other (e.g., Newman et al. 2003), the PDO is an 

important representation of multidecadal-scale Pacific Ocean variability and appears to 

have a modulating effect on ENSO conditions.  Researchers have found an enhanced 

PNA-like climate response and associated impacts on Western climate when ENSO and 

PDO variability are in-phase (Yu and Zwiers 2007).  The West's climatic dipole pattern 
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also appears to be stronger when PDO and ENSO are in a constructive phase (Gershunov 

and Barnett 1998; Brown and Comrie 2004), leading to increased moisture disparity 

between the northern and southern portions of the IMW.   

 Although climatically "downstream" from the western U.S., there is increasing 

evidence that Atlantic Ocean conditions influence hydroclimatic variability in the West, 

possibly though interactions with Rossby waves and/or wind patterns (Dong et al. 2006; 

Kitzberger et al. 2007).  The warm phase of the Atlantic Multidecadal Oscillation 

(AMO), based on anomalies in northern Atlantic Ocean SSTs, has been associated with 

drought conditions across the U.S. (Enfield et al. 2001; McCabe et al. 2004), including 

specific impacts on UCRB streamflow (McCabe et al. 2007), and drought in the northern 

Rockies (Hidalgo 2004).  The interaction of AMO and PDO is thought to influence the 

spatial realization of drought in the West, impacting whether AMO+ drought events are 

more likely to be located in the northern (PDO+) or southern (PDO-) part of the U.S. 

(McCabe et al. 2004). 

 

1.2.5 Surface Water Resources 

 The hydroclimatic variability and atmospheric controls previously discussed 

directly impact the surface water resources of the IMW.  All of the major surface water 

features in the IMW originate from the mountain watersheds surrounding the region 

(Figure 1.5).  The large majority of this water (~75%) originates as snowpack (Cayan 

1996), highlighting the importance of winter precipitation for water supply in the IMW.  

Peak streamflow in the IMW varies by longitude, from March on the western periphery 
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to May in the UCRB (Stewart et al. 2004).  Due to the IMW's position in relation to the 

Western climatic dipole, northern and southern snowpack and streamflow tend to be out-

of-phase (Meko and Stockton 1984; Cayan 1996).   

 The Colorado River is one of the West's major water supply sources (Woodhouse 

et al. 2006).  Its resources extend to agriculture, hydroelectric power generation, 

municipal and industrial uses (Meko et al. 1995).  The UCRB encompasses 46,000 km2, 

primarily in Utah and Colorado.  Nearly 85% of the runoff for the entire UCRB 

originates in the 15% of the basin that lies in high mountains (Stockton and Jacoby 1976).  

The major run-off producing areas are the Wind River Mountains in Wyoming, the Uinta 

Mountains in Utah, and the Rocky Mountains in southern Wyoming and Colorado 

(Stockton and Jacoby 1976). 

 The Snake River is also an important source of water for the West.  Contained 

mostly within Idaho, the Snake River drains an area covering 283,000 km2.  Snake River 

streamflow originates in the Rocky Mountains of western Wyoming.  The Snake River is 

one of the most heavily dammed rivers in the west, with 25 dams along its 1600 km 

length (Palmer 1991).  Historically used primarily for irrigation, the Snake's importance 

for hydroelectric power generation, municipal use, recreational possibilities, and wildlife 

has increasingly been recognized (Marston et al. 2005; McGuire et al. 2006).  As the 

main tributary of the Columbia River, the Snake River is also an important source of 

water for users further downstream.   

 The Great Basin refers to a group of basins, none of which have drainage to the 

ocean.  This region encompasses most of Nevada and western Utah, enclosing an area of 
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approximately 520,000 km2.  The Great Basin's varied topography results in many 

smaller drainages rather than larger tributary systems like the Snake or the Colorado.  

Perennial surface water in the Great Basin only occurs where mountain ranges are high 

enough to contribute adequate precipitation; as a result, most runoff comes from the large 

mountain systems on the Great Basin's east and west borders.  The Truckee, Carson, and 

Walker rivers originate in the Sierra Nevada to the West, and the Bear, Jordan, and 

Weber rivers begin in the Uinta and Wasatch ranges to the northeast (Flashka 1984).  

Only the spring-fed Humboldt River crosses a major portion of the Great Basin (Flashka 

1984).  In addition to these rivers, there are many other intermittent streams in the basin.  

Most of these streams depend on snowmelt, and 60-80% of overall flow occurs between 

March and June (Flashka 1984).  Although their restricted geographic range limits their 

widespread impacts, the rivers of the Great Basin are regionally important.  In particular, 

the Truckee River is a source of irrigation, recreation, and municipal supply for the Lake 

Tahoe, Reno and Sparks areas, and the Bear River has been considered as a municipal 

water source for Salt Lake City.   

 The IMW, along with California, comprises the region of highest streamflow 

variability in the West (Pagano and Garen 2005).  The ~100 years covered by the 

instrumental record show wide fluctuations in water availability in the IMW, with 

extended periods of high- and low-flows in the river basins (Figures 1.6 and 1.7).  Rather 

than being a homogenous unit, however, the IMW is split by the West's climatic dipole 

(Wise 2009).  Although some pluvial and drought events have been large enough in 

spatial extent to affect most of the West, the northern and southern portions of the IMW 
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generally behave in opposition to each other, so that when one is wet the other is dry.  In 

addition, there is a great deal of variability in the transition zone region between the 

northern and southern portions of the IMW. 

 The early 20th century was a very strong and extended pluvial period across much 

of the West, particularly in the UCRB and Snake River Basin (Figure 1.6).  This wet 

period coincided with much of the water development in the IMW, including the creation 

of the Colorado River Compact in 1922 and the construction of the Jackson Lake Dam in 

the headwaters of the Snake in 1906.  The 1930s "Dust-Bowl" drought was severe across 

much of the United States (Figures 1.6 and 1.8).  In the IMW, this drought most severely 

impacted the northern IMW (northern Nevada, Idaho, and western Wyoming), and was 

the driest period in the instrumental record in the Snake and Great basins.  Another 

severely dry period, the 1950s drought, was concentrated in the Southwest and mainly 

affected the UCRB and the southern portion of the IMW (southern Nevada, southeastern 

Utah, and southwest Colorado).  The 1950s drought was widespread, though, and there 

were also anomalously dry conditions in Wyoming and Idaho (Figure 1.6). 

 Western streamflow has been particularly variable since the 1970s (Pagano and 

Garen 2005).  Since around 1999, most of the West has experienced drought conditions, 

and the IMW has been severely impacted by this early 21st century drought (Figure 1.9).  

This drought has produced some of the driest individual years in the instrumental record, 

although these extremes varied spatially in their exact timing.  The Snake River recorded 

its lowest four-year period on record from 2001-2004, and storage in the main Colorado 

River reservoirs reached an all-time low.  Despite a relatively mild year in 2006, the 
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drought is ongoing, and it remains to be seen how it will rank among the historical 

droughts. 

 

1.2.6 The Tree-Ring Record 

 The instrumental record provides a limited window on the range of natural 

climate variability, and recent drought conditions have highlighted the importance of 

extended data sources.  Tree rings can be used as proxy climate indicators, providing an 

important source of information on multicentury water supply variability.  As a proxy 

data source, tree rings have the advantage of being widespread and annually resolved.  In 

moisture-sensitive regions like the IMW, tree growth is typically limited by moisture 

availability, resulting in ring widths that reflect moisture conditions (Fritts 1976).   

 Reconstructions of precipitation, streamflow, and Palmer Drought Severity Index 

(PDSI, Palmer 1965) in the IMW give insight into the temporal and spatial variability of 

pre-instrumental hydroclimatic variability.  In sum, they reveal a pattern of reoccurring 

droughts, some of which were more severe than those of the historical record.  Early tree-

ring work recognized long-lasting dry periods that varied spatially and temporally across 

Western river basins (Schulman 1956).  Tree-ring records have shown that the early 20th 

century pluvial was the wettest period in the last 400+ years, leading to over-allocation of 

water resources in the Colorado River system and elsewhere (Fye et al. 2003; 

Woodhouse et al. 2005).   

 Tree-ring records indicate that the 1930s "Dust Bowl" drought was extremely 

severe in spatial extent and magnitude, even in the context of longer-term records.  A few 
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events surpass these conditions, though, such as the late-16th century "megadrought" 

(Meko et al. 1995; Stahle et al. 2000).  The exact time period of this drought varies based 

on location and drought definition, but records indicate a severe hydrologic drought in the 

UCRB from 1579-1598 (Meko et al. 1995).  Data sources covering earlier time periods 

are more scarce, but extended reconstructions point to an even more severe drought 

during the Medieval Climate Anomaly (MCA) (~900-1300AD), peaking in the UCRB in 

the mid-1100s (Cook et al. 2004; Meko et al. 2007). 

 Possibly the most extensive tree-ring records in the West, and certainly in the 

IMW, are in the UCRB (Figure 1.10).  This area hosts a large number of long-lived, 

climatically-sensitive trees, and climate records are of wide interest due to the importance 

of the Colorado River for Western water supply.  A number of reconstructions of 

Colorado River streamflow and other UCRB hydroclimatic variables have been 

completed, each extending the length, site network, and/or methods of reconstruction 

(e.g., Schulman 1945; Stockton and Jacoby 1976; Hidalgo et al. 2000; Woodhouse et al. 

2006; Meko et al. 2007).  A limited number of other streamflow reconstructions are 

available in the IMW, including the Wind River and its tributaries in western Wyoming 

(Watson et al. 2009) and Ashley Creek in Utah's Uinta Basin (Carson and Munroe 2005). 

 Tree-ring based climate reconstructions have also been conducted for the other 

parts of the IMW.  Schulman (1956) used tree rings to examine past precipitation in river 

basins across the West, including the three major hydrologic units of the IMW.  This 

work produced early indications of severe droughts in the 1200s and late-1500s, as well 

as indications of the decadal-to-multidecadal variability in drought fluctuations.  A 
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reconstruction of northeastern Nevada precipitation by Smith (1986) indicated that the 

Dust Bowl drought and the early-1900s pluvial were major features of the Great Basin: 

1934 was the driest single year in the nearly 400-year record, while 1905-1914 was the 

wettest 10-year period.  The mid-1600s and the 1980s rivaled these periods as the driest 

and wettest, respectively (Smith 1986).  A millennial-length reconstruction of climate 

from Great Basin bristlecone pine examined varying frequencies of growth variation and 

found a strong coherence in growth around the basin at decadal and shorter periods  

(Hughes and Funkhouser 2003).   

 Tree-ring reconstructions of precipitation (Gray et al. 2004) and PDSI 

(MacDonald and Tingstad 2007) have also been conducted for the Uinta Basin, a 

headwaters region for the Colorado River.  Dry events more severe than what has been 

found in the instrumental record were identified in the late 13th, 16th, and 18th centuries in 

a 1226-2001AD precipitation reconstruction (Gray et al. 2004).  Gray et al. (2004) also 

identified a period of increased decadal variability in the 16th–17th centuries, beginning 

with a drought from 1566-1593 that was as severe as the 1950s drought but twice as long 

(Gray et al. 2004).  This dry period was followed by a 1594-1624 pluvial, which was in 

turn followed by a drought in 1625-1640.  The most severe event in this reconstruction 

was a long-lasting dry event from 1250-1288 (Gray et al. 2004).  The MacDonald and 

Tingstad (2007) PDSI reconstruction in the same area pinpointed the 1600s as a 

particularly strong drought period (1625-1670), which was attributed to possible 

depression of PDO during this time (MacDonald and Tingstad 2007). 
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 Other precipitation and PDSI reconstructions covering the IMW tell a similar 

story: the 1930s and 1950s were severe drought periods in the context of the past 300-400 

years, but those drought conditions were surpassed in the late 1500s and worse yet in the 

MCA.  After creating a 2.5° x 2.5° gridded PDSI reconstruction for the West back to 

800AD, Cook et al. (2004) identified the four driest epochs since 800AD as centered on 

936, 1034, 1150, and 1253AD: all during the MCA.  Fye et al. (2003) used a broader-

scale, 500-yr PDSI dataset (Cook et al. 1999) to reconstruct "Dust Bowl-like" and 

"1950s-like" droughts across the U.S.  All of the identified "Dust Bowl-like" droughts 

(1855-1865, 1752-1760, 1703-1712, 1626-1634, and 1527-1534) were particularly severe 

in the IMW (Fye et al. 2003).  There were a greater number of "1950s-like" droughts 

identified, and while many of those periods primarily affected the southern portion of the 

IMW (1897-1904, 1870-1883, 1818-1824, 1805-1814, 1772-1782, 1728-1744, 1663-

1672, 1622-1628, 1570-1587), others were widespread throughout the IMW (1841-1848, 

1752-1757, 1542-1548).  Overall, climate proxy records from tree-rings, just a sample of 

which have been presented here, suggest that severe and sustained droughts have been a 

recurrent feature of the IMW. 

 

1.2.7 Future Projections 

 Scientists agree that the Earth will warm, with projected annual temperature 

increases of 2-10°C in North America over the next century and ~3-4°C warming in the 

IMW (IPCC 2007).  Additional warming is possible at higher elevations (IPCC 2007).  

Precipitation forecasts have been less certain.  Projections from global circulation models 
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generally indicate that mid-latitude continental interiors will experience increased 

summer dryness and probability of drought under global warming scenarios (IPCC 2007; 

Seager et al. 2007).  Winter precipitation projections indicate a north-to-south transition, 

with increased winter moisture north of approximately 40°N and decreases in the 

southern IMW (IPCC 2007).  In addition to changes in the mean, extreme climatic events 

may increase in frequency and intensity under climate change scenarios and interact with 

water supply in complex ways (Crane et al. 2005).  The Colorado River has been the 

subject of several alarming studies suggesting severe future shortages (Barnett and Pierce 

2008, 2009; Christensen and Lettenmaier 2007).  

 Rising temperatures are expected to increase atmospheric moisture transport and 

convergence, resulting in an increase in annual precipitation in most parts of the United 

States (excluding the Southwest) (IPCC 2007).  Decreases in summer precipitation from 

the Southwest monsoon are expected, which would impact the southern portion of the 

IMW; however, uncertainties arise from difficulties in modeling monsoonal dynamics 

with the resolution available in current models (IPCC 2007).  The precipitation increases 

projected for the northern part of the IMW could be partially offset by increases in 

evaporation due to warmer temperatures, with the possibility of net drying in some areas 

(IPCC 2007).   

 Seasonality changes will also be important.  Warming in the West is expected to 

reduce the fraction of precipitation that falls as snow rather than rain and hasten the onset 

of snowmelt once snowpacks have formed (Knowles et al. 2006).  Changes in the form of 

precipitation (rain rather than snow) and increases in rain-on-snow events could increase 
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episodes of heavy runoff and contribute to flooding in the IMW's river basins (IPCC 

2007), and increases in extreme precipitation events have also been projected 

(Diffenbaugh et al. 2005).  Snowpack, the primary source of the IMW's streams and 

rivers, is expected to decrease across the West, and snow season length is expected to 

decline (IPCC 2007).  A shift in the timing of snowmelt – up to a month earlier in the 

IMW by 2099 – has been projected (Stewart et al. 2004).   

 There is evidence that many of the predicted changes have already begun to have 

an effect.  Temperature has increased across North America from 1955-2005, particularly 

in spring and winter, at high latitudes, and in the continental interior (IPCC 2007).  

Annual precipitation over 1955-2005 increased over most of North American, except in 

the Southwest (IPCC 2007).  Discharge in the Colorado and Columbia Rivers has 

decreased since 1950 and evapotransipiration has increased (IPCC 2007).  The fraction of 

precipitation falling as rain rather than snow increased 74% in Western mountains 

between 1949-2004 (Knowles et al. 2006), although the trend is less evident when the 

early 20th century is included.  April 1 snowpack has decreased 15-30% since 1950 in 

Western mountains (IPCC 2007), and streamflow peaks have been recorded from 1-4 

weeks earlier in the IMW (Stewart et al. 2005).  The storm track position has been 

shifting north in the western U.S. since the 1970s, particularly in late winter/early spring 

(McAfee and Russell 2008).   

 One of the primary uncertainties in modeling regional climate changes, both in 

the IMW and elsewhere, is the incapacity of current models to estimate how dynamic 

features like ENSO and PDO might respond to climate change (IPCC 2007).  Models 
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suggest that there will be a shift towards mean El Niño conditions, but there is a wide 

range of variability in current models and uncertainty on this topic (Vecchi et al. 2008).  

These shifts in mean state also do not address changes in the amplitude or period of El 

Niño (IPCC 2007).  The Pacific STH, a major influence on IMW climate, might be 

altered by the larger warming over land than ocean (IPCC 2007), which could lead to 

increased air mass subsidence and cause drier airflow over the southern portion of the 

IMW.  In addition, climate modeling studies have consistently predicted a poleward shift 

and intensification of the storm track (Yin 2005; Lorenz and DeWeaver 2007) as well as 

an intensification of the Aleutian low (Salathé 2006) for the 21st century.   

 There are many uncertainties concerning moisture-related changes, largely related 

to current models' limited ability to represent the atmospheric and oceanic controls on 

climate that have such a large impact on the IMW's hydroclimatic variability.  However, 

the sum effect of the projected changes – increased evaporation, decreased snowpack and 

snow accumulation season, earlier snowmelt, and increasing demand – is very likely to 

cause detrimental water resource impacts in the IMW.  These projected climate changes 

will add another level of stress on the IMW's already limited water resources. 

 

1.2.8 Research Needs 

 The climate of the IMW is arid, highly variable, and complex.  Containing two of 

the West's major rivers and home to the fastest growing population in the U.S., 

understanding the hydroclimatology of the IMW is increasingly vital for Western water 

resource management.  There are several research gaps that inhibit short-term forecasting 
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and longer-term planning for the IMW's water resources.  The following list summarizes 

pressing issues that will need to be addressed in order to advance predictive capacity in 

the IMW.   

• Modeling dynamic processes.  Although rapidly improving, current climate 

models differ in their ability to represent broad-scale dynamical processes and 

lack agreement on the future direction of change in many of these systems.  This 

is particularly true for teleconnections such as ENSO and PDO.  There also 

remain many uncertainties regarding future changes in the Aleutian low and 

Pacific STH.  Given the importance of synoptic-scale pressure patterns and 

decadal to multidecadal oceanic variability for water resources in the IMW, model 

development in these areas would help improve long-term planning. 

• Higher-resolution models.  Improvements in regional climate models are also 

needed.  The high-altitude terrain and complex topography characteristic of the 

IMW is still poorly resolved in climate change models.  These features affect both 

local patterns of orographically-induced precipitation and larger-scale features 

like the NAM.  The IMW is strongly influenced by synoptic- and global-scale 

circulation, but these smaller-scale topographic effects have an important 

influence on spatial patterns of variability. 

• Tree-ring coverage and integration with models.  Although the tree-ring record of 

past variability is quite extensive in the West, records are more sparse in the IMW 

than elsewhere.  Current reconstructions of precipitation and streamflow are 

focused on the eastern portion of the IMW, within the UCRB.  Additional 
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reconstructions of rivers and their tributaries in the western and northern parts of 

the IMW would allow for a more complete understanding of long-term water 

supply variability.  Although the past cannot predict the future, increased 

knowledge of the range of variability present in a system can enable better water 

planning and help mitigate drought and flood impacts.  Hydrologic scenarios 

derived from tree-ring records could be incorporated into hydrologic models to 

test the sensitivity of water resources to changes in variability.  In addition, the 

paleoclimate record of drought from tree rings could be combined with projected 

temperature increases to gain insight on potential “worst-case” scenarios for 

planning purposes.   

• Forecasting of oceanic conditions.  Recognition of the connection between 

tropical Pacific conditions and precipitation in the West has improved long lead-

time water supply forecasting in some areas.  However, this connection is 

modulated by conditions in the northern Pacific and Atlantic Oceans.  Although 

highly persistent, shifts in northern Pacific and Atlantic conditions are currently 

not predictable.  The ability to project these shifts would greatly improve 

multidecadal water supply forecasting in the IMW.   

• Improved understanding of the West's climatic dipole.  ENSO forecasts have not 

been highly utilized in the IMW due to their seemingly weak predictive skill in 

this area.  This is largely related to the IMW's position in the transition zone 

between the Northwest and Southwest centers of opposite association.  

Delineating the spatial boundaries of the dipole pattern and boundary movement 
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over time could improve predictive capacity in this region.  Better understanding 

of how teleconnections impact the IMW is also needed, particularly concerning 

how northern Pacific, tropical Pacific, and Atlantic Ocean conditions interact to 

influence IMW climate.   

• Increased comprehension of climate variability over multiple time and space 

scales.  Although this has been an area of extensive research over the past several 

decades, interacting time and space scales of Western climate variability and the 

associated driving forces require further unraveling.  Improved understanding of 

ocean-atmosphere linkages on multiple time scales is needed, via empirical and 

modeling studies.  Identifying potential century-scale patterns and drivers of 

regional climate beyond anthropogenic climate change would also be useful and 

will require extended data sources beyond the instrumental record.  Finally, better 

understanding of the meso- and local-scale effects that have led to the 

extraordinary climate variability seen across the IMW would help improve long-

term climate forecasts.      

  

 Water resource management in the IMW will continue to be challenged by 

aridity, drought reoccurrence, increasing demand, and spatio-temporal climatic 

complexity.  Climate change further complicates the planning process.  Addressing the 

research gaps listed above will benefit our basic understanding of Western climate, help 

with near-term climate forecasting, and reduce uncertainties in climate change 

projections. 
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1.3 Approach 

  Climate is characterized by change occurring on a variety of scales, impacting 

water resources in complex ways.  Variability in the West is largely controlled by 

synoptic- and global-scale circulation, and a large portion of that variability hinges on a 

unique transition zone in the IMW.  In this dissertation, I combine synoptic climatology 

and dendrochronology to advance scientific knowledge regarding the complex controls 

on hydroclimatic variability in the IMW.   

 As a whole, this project aims to address the question: How do hydroclimatic 

relationships vary through space and time in the IMW, and what processes are 

responsible for these variations?  More specifically, the individual papers that comprise 

this dissertation ask: 

• What factors influence the strength of the winter precipitation signal in tree rings 

of the north-central Rocky Mountains?  

• What is the long-term record of streamflow variability in the upper Snake River, 

how well does the instrumental record reflect this longer-term variability, and 

what are the primary climate controls on Snake River streamflow? 

• What are the spatio-temporal characteristics of the transition region between the 

Pacific Northwest and Desert Southwest climatic centers of opposite association?   

  

 The purpose of this research is to work towards better predictive capacity for the 

IMW, both in terms of short-term planning and preparation for the impacts of climate 

change.  This study’s foundation in dendrochronology provides critical information on 
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hydroclimatic fluctuations at longer timescales than is available from observational 

climate and streamflow data.  The Snake River study provides better understanding of 

long-term variability and climate-streamflow linkages in one important water basin, 

linking global-scale climatic variability to local-scale hydrologic processes.  Resolving 

the spatio-temporal characteristics of the climatic transition zone provides the potential 

for long lead-time forecasts in areas outside of the dipole centers of opposite association.  

In conjunction with improved modeling of dynamical processes in the oceans and 

atmosphere, better understanding of teleconnection influence on the IMW will help plan 

for water resource management in a changing climate.   

 

1.4 Organization of Dissertation 

This dissertation consists of three research manuscripts (see appendices) in lieu of 

the standard chapter format for PhD dissertations.  The appended papers will be 

submitted to the peer-reviewed journals Tree-Ring Research, Annals of the Association of 

American Geographers, and Geophysical Research Letters for publication.  I am the sole 

author of these papers.   



41 
 

 

 
 
Figure 1.1: Major hydrologic divisions and elevations (m) of the IMW. 
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Figure 1.2: Average precipitation by season: autumn (Sept-Nov, top left), winter (Dec-

Feb, top right), Spring (Mar-May, bottom left), and summer (Jun-Aug, bottom right), 
based on PRISM (www.prism.oregonstate.edu) precipitation data, 1895-2007. 
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Figure 1.3: 850 hPa geopotential heights (m) for winter (Dec-Feb, top) and summer 

(Jun-Aug, bottom).  These data are from NOAA's Reanalysis data set 
(www.cdc.noaa.gov/data/gridded/data.ncep.reanalysis.html) and are the average 
heights over the 1948-2007 time period. 
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Figure 1.4: Month of maximum average precipitation, based on PRISM precipitation 

data (www.prism.oregonstate.edu), 1895-2007.  White outlines indicate the three 
major hydrologic divisions of the IMW.   
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Figure 1.5: Streams and rivers of the IMW.  The Snake River (Idaho), Humboldt River 

(Nevada), and Colorado River (Colorado/Utah) are highlighted in magenta. 
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    1905-1917   1929-1940          1946-1956 

 
 
Figure 1.6: Standardized precipitation anomalies during the early 20th century pluvial 

(1905-1917, left), the 1930s "Dust Bowl" drought (1929-1940, center), and the 1950s 
drought (1946-1956, right).  Exact years of these events vary spatially across the West; 
these dates follow those used by Fye et al. (2003).  Precipitation data from the PRISM 
group: <www.prism.oregonstate.edu>. 
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Figure 1.7: Colorado River streamflow at the Lees Ferry, AZ gage (red) and Snake River 

streamflow at the Jackson Lake Dam, WY gage (blue), 1910-2006.  Thin lines are 
water-year (Oct-Sept) totals and thick lines are a 7-year running mean.  Naturalized 
streamflow data from the U.S. Bureau of Reclamation: <www.usbr.gov/pn/hydromet> 
and <www.usbr.gov/lc/region/g4000/NaturalFlow>. 
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Figure 1.8: Calendar-year precipitation totals (black line) averaged over the Great Basin, 
UCRB, and Snake River Basin, 1895-2007.  Precipitation mean (dotted gray line), 7-
year running mean (red line) and linear trend (blue line) for the time period are also 
shown.  Data from WestMap:  <www.cefa.dri.edu/Westmap/>. 
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Figure 1.9: Average calendar-year Palmer Drought Severity Index values (unitless) for 

the 2001-2004 time period.  Data from NOAA's Earth System Research Laboratory:  
<www.cdc.noaa.gov/data/gridded/data.pdsi.html>. 
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Figure 1.10: International Tree-Ring Databank sites in the IMW.  Data from the NOAA 

World Data Center for Paleoclimatology:  <www.ncdc.noaa.gov/paleo/treering.html>. 
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CHAPTER 2: PRESENT STUDY 

 The methods, results, and conclusions of the three studies that comprise this 

dissertation are presented in the appended papers.  The following is a brief summary of 

the objectives, approach, and main findings in the papers. 

 

2.1 Tree Rings and Winter Precipitation  

The majority of Western streamflow, and consequently most of the water supply 

for the West, is supplied by snowmelt (Cayan 1996).  Instrumental records of winter 

precipitation are spatially scarce, particularly at high elevations, and typically contain 100 

years or less of data.  The longer-term perspective that can be provided through the 

utilization of tree-ring records is particularly vital for understanding winter precipitation 

variability.  The objective of this study is to determine the factors that influence the 

strength of the winter precipitation signal in tree rings of the north-central Rocky 

Mountains.    

 In a pilot field study, I collected and processed tree-ring samples from 115 limber 

pine and Douglas fir trees on sites in northwestern Wyoming. These sites varied in their 

ability to reconstruct winter precipitation.  In order to better understand the site 

characteristics influencing the strength of the winter precipitation signal, I examined 

chronologies from the International Tree-Ring Databank that were within the region and 

consisted of moisture-sensitive tree species.  I was then able to compare tree growth–

climate relationships with site characteristics that might be expected to influence the 

climate signal, including location, elevation, and species.   



52 
 

 Douglas fir chronologies were more highly correlated with winter precipitation 

than limber pine and Ponderosa pine chronologies.  However, elevation appeared to be 

the key factor determining winter precipitation strength.  Lower-elevation sites were 

more strongly correlated with winter precipitation than higher-elevation sites.  Very few 

of the individual high-elevation sites were significantly correlated with winter 

precipitation, and those correlations that were significant covered a wide range of 

positive and negative values.   

 

2.2 The Past, Present, and Future of Hydrologic Variability in the Snake River 

 The Snake River is an intensely managed river, with 25 dams along its 1600 km 

length.  The headwaters of the Snake River lie in the north-central Rocky Mountains of 

western Wyoming; from there the river flows south and east into the IMW.  Based on 

previous research (e.g., Redmond and Koch 1991), this area appeared to be outside of the 

Pacific Northwest center of precipitation variability and into the transition region 

between dipole influence.  It was also shown to be at an east–west transitional boundary, 

where the continental divide separates areas receiving the majority of precipitation in 

winter from areas east of the divide where summer precipitation dominates (e.g., Mock 

1996).   

Although uniquely situated climatically, the Snake shares characteristics with 

many Western rivers.  It is highly dependent upon snowmelt.  It has been over-allocated, 

and increasing pressure is being placed on its water resources from a growing population, 

demand for hydroelectric power, and increased allocation for instream uses, such as 
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recreation and wildlife.  As the largest tributary of the Columbia River, these demands 

also arise from users further downstream.  The upper Snake River has been particularly 

hard-hit by the early 21st century drought that has impacted most of the West.  This 

drought began around 1999, and the 2001-2004 time period was the driest four-year 

period in the Snake's instrumental record.  Water managers have increasingly recognized 

the need for extended data sources to provide an adequate representation of the natural 

variability in the West's river systems (Bureau of Reclamation 2007).  The objective of 

this study is to improve the capacity for future planning in the Snake River basin via a 

two-pronged approach: 1) characterizing long-term variability through a tree-ring 

reconstruction; and 2) assessing climate-streamflow linkages using instrumental data.     

 For this study, I collected, cross-dated, measured, and analyzed eight new tree-

ring sites in Idaho, Wyoming, and Montana.  I obtained 16 additional chronologies from 

other researchers.  After significance testing between the chronologies and streamflow at 

the Jackson Lake Dam gage in Wyoming, I created a forward stepwise reconstruction 

model using an iterative fitting and cross-validating procedure.  The resulting model 

compared favorably in statistical robustness to other regional reconstruction models, 

explaining 56% of the variance in Snake River streamflow at Jackson Lake Dam.  The 

model was used to reconstruct 415 years of water-year average streamflow, from 1591-

2005.  Results indicate that the instrumental record is representative of extreme low-flow 

individual years: 1977 and 2001 were among the top 10 driest years on record.  

Examining longer-term drought periods, the 1930s "Dust Bowl" drought was the second 

driest 11-yr period on record, but was not nearly as extreme as a the early-to-mid 1600s.  
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This period was much more severe in magnitude and duration, with below-average flow 

in 24 of the 34 years between 1626 and 1659. 

 In the historical period, low streamflow in the Snake River headwaters was found 

to be strongly associated with an intense Aleutian low and strong ridging over the West, a 

pattern characteristic of positive PNA conditions.  This positive PNA pressure pattern 

often occurs when SOI is negative and PDO is positive, and these conditions were found 

to be associated with the lowest flow years of the Snake River record.  Although the 

Snake Basin as a whole borders the transition between the northern and southern portions 

of dipole response, the headwaters region in western Wyoming is strongly linked to the 

Northwest dipole response pattern, with below-average precipitation in SOI- years and 

above-average precipitation in SOI+ years.  These anomalies were strengthened when 

SOI and PDO were in constructive phases (SOI+/PDO- and SOI-/PDO+) and were much 

less consistent when the two were in a destructive phase.  Analysis of storm track 

position, calculated using a method based on variance in the meridional component of 

wind, showed that dry years in the Snake River are associated with a north-shifted storm 

track and increased meridional flow.       

 

2.3 The Intermountain West's Climatic Transition Zone 

 The West has been characterized as having a climatic dipole, with the Pacific 

Northwest and the Desert Southwest tending to behave in opposition to each other (so 

that when one is wet, the other is dry, and vice versa).  This pattern has been detected for 

several decades in both streamflow (Meko and Stockton 1984) and precipitation 
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(Dettinger et al. 1998).  Redmond and Koch (1991) linked the dipole response to tropical 

Pacific Ocean conditions.  The spatial boundaries of dipole influence have not previously 

been well-defined: it was unclear from previous studies using climate division data 

(Redmond and Koch 1991; Brown and Comrie 2004) whether there is a wide transition 

zone or a sharp boundary between the centers of opposite association.  It was also not 

known how this boundary changes with time or what controls these changes.  The lagged 

relationship between ENSO conditions and winter precipitation in the dipole centers of 

opposite association has been used to issue long-lead forecasts.  The transition zone area 

has lacked these forecasts, reducing the region's predictive capacity.  As an arid area with 

rapidly growing population centers (including Reno, NV, Salt Lake City, UT, and 

Denver, CO) and major water basins (including the Sacramento River Basin and the 

UCRB), this type of forecast would be beneficial.  The objective of this study was to 

determine the spatial boundaries of the West’s climatic dipole influence, the associated 

controlling processes, and changes in these characteristics over time.  

 The majority of the West (particularly west of the Continental Divide) was found 

to have a significant SOI-precipitation connection.  The spatially-confined transition zone 

separating positive and negatively correlated regions is located at approximately 40-42°N 

across California, Nevada, and Utah.  Areas lacking significant correlation between SOI 

and winter precipitation were also found in eastern Washington, eastern Oregon, and 

western Colorado.  The anomalous areas in eastern Washington and Oregon are 

particularly pronounced during SOI- years.   
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Negative SOI years are characterized by a strongly developed Aleutian low and 

ridging over the West, leading to a south-shifted storm track, increased moisture in the 

Southwest, and decreased moisture in the Northwest.  Similar patterns are found during 

PDO+ years.  Generally, the dipole pattern is stronger when SOI and PDO are in a 

constructive phase.  Correlations between SOI and precipitation were much stronger in 

the Northwest during the 1944-1976 PDO- phase, and the transition zone shifted south.  

Atlantic conditions were also found to influence Western climate, and the dipole pattern 

was stronger during the negative AMO phase.  The transition zone has been confined to a 

narrow region over time, but shifted southward in the 1950s.  This was largely driven by 

movement in California, likely due to the negative PDO conditions during that time.  

Since the 1970s, there has been very little change in the position of the transition zone. 

 

2.4 Major Conclusions 

The semi-arid West is exceedingly vulnerable to extremes in water supply.  Planning 

for and mitigating the impacts of hydrologic variability requires better predictive 

capacity, which has been limited by incomplete understanding of the complex linkages 

between the hydrologic and climate systems, particularly at space and time scales 

relevant for water managers.  This dissertation addresses several questions regarding 

those climate–water linkages in the IMW by reconstructing winter precipitation and 

streamflow in one particular water basin using tree rings, as well as delineating spatial 

and temporal patterns of the IMW's hydroclimatic transition zone.  
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This dissertation focuses on winter precipitation due to its importance for Western 

water supply.  Results of the study aimed at maximizing a winter precipitation signal in 

tree rings indicated that low-elevation, Douglas fir sites should be targeted for amplifying 

the winter precipitation signal in the north-central Rocky Mountains.  This information, 

along with better understanding of the local climate following detailed climatological 

analyses, allowed me to improve my strategy for the main component of my field 

sampling.  Sampled sites were used to create a 415-yr streamflow reconstruction for the 

Snake River at Jackson Lake Dam, the first long-term record of streamflow in this vital 

water source.  Results of this study show that the early 21st century drought has been 

severe even in the context of the longer-term data, with several of the lowest-flow 

individual years on record.  The mid-1600s were much more severe, though, with long-

lasting, critically reduced flow that could represent a new "worst-case scenario" for water 

planning in the Snake River.  Over the course of the instrumental period, the Snake River 

has been strongly tied to large-scale circulation patterns.  The Snake headwaters have a 

robust response to tropical Pacific conditions and behave similarly to the Northwest 

dipole pattern, despite being relatively far east.  This response is influenced by PDO 

phase and is much less consistent under certain conditions, particularly when 

SOI+/PDO+.  Snake River streamflow is also sensitive to winter storm track position, the 

primary source of winter moisture for the area. 

 The transition zone between the West's precipitation dipole centers was found to 

be clearly defined and spatially limited.  Most of the West – including areas far outside 

the Northwest and Southwest centers of opposite association – is significantly correlated 
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with SOI.  The strength and location of the transition zone was found to be modulated by 

oceanic conditions.  Although most strongly related to changes in the tropical Pacific, 

northern Pacific and Atlantic conditions have caused shifts in the extent of the dipole 

pattern over the past century.  There has been remarkably little movement in the Nevada-

Utah portion of the transition zone over time, which has remained centered at 

approximately 42°N.  There has been more movement in the West Coast states. The 

portion of California containing the Sacramento River Basin has shifted from one side of 

the dipole to the other over the instrumental period.  In addition, anomalous areas in 

eastern Washington and Oregon and western Colorado (including a portion of the UCRB) 

have had varying SOI–precipitation responses over time. 

 Although the West is expected to warm, changes in moisture and large-scale 

circulation patterns are less certain.  In the Snake River Basin, though, the cumulative 

effects of future changes are likely to cause a reduction in water supply.  These 

projections include changing seasonality of precipitation, increased evaporation, 

declining snowpacks, a poleward shift in the storm track, and increasing demand.  Many 

of these same changes are likely to affect the rest of the northern portion of the IMW.  

The southern portion of the IMW could be even more severely impacted by increasing 

aridity (e.g., Seager et al. 2007).  Understanding ocean–atmosphere connections and 

hydroclimatic variability over relevant time and space scales will be of key importance in 

preparing for the impacts of these changes on the IMW's water resources. 
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Capturing a Winter Precipitation Signal in the North-Central Rocky 
Mountains Using Tree Rings  

 

ABSTRACT  

 Dendroclimatologists often approach field work with the intent of 

reconstructing a particular climate variable (temperature, streamflow, precipitation, 

etc.).  Although guidelines exist for species and site selection, isolating the signal of 

interest is difficult in areas with complex terrain or a lack of ideal sites.  In this case 

study, I present techniques that proved useful in identifying criteria for selecting sites 

sensitive to winter precipitation in the north-central Rocky Mountains.  These 

techniques include pre-testing factors influencing regional variations in the response 

of tree growth to climate and delineation of climate regions based on the variable of 

interest.  The results of applying these approaches to this case study suggest that low- 

or mid-elevation Pseudotsuga menziesii sites should be targeted for maximizing the 

winter precipitation signal in this region.  The season of precipitation impacting 

growth was found to be a major component of the overall variability between sites.   

 

INTRODUCTION 

Well-selected tree-ring sites can provide excellent records of past regional climate 

variability.  Yet, trees in close proximity to each other sometimes differ in the climate 

variable they most strongly reflect, particularly in regions with complex topography and 

high climatic variability such as the western United States.  Climate variables that have 

been derived from tree rings in this area include temperature, annual precipitation, 
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drought indices, snowpack, seasonal precipitation, and streamflow (e.g., Biondi et al. 

1999, Gray et al. 2007; Meko et al. 1980; Woodhouse 2003; Ni et al. 2002; Woodhouse 

et al. 2006).   

Researchers often require a particular climate variable for their studies, but signal 

strength for that variable cannot be entirely determined until the time-consuming process 

of sample collection and processing is complete.  In my research, I seek to capture a 

winter precipitation signal in the north-central Rocky Mountains.  Fritts (1976) and others 

provide guidelines for site selection that employ basic principles of dendrochronology, 

particularly the law of limiting factors and the concept of ecological amplitude.  For a 

precipitation signal, these guidelines would suggest sampling species growing near their 

arid forest limits on particularly moisture-limited and well-drained sites, while at the 

same time avoiding species growing near their upper elevational limits that may have a 

temperature-influenced signal.   

 The north-central Rocky Mountains are relatively moist, topographically 

complex, and contain areas of overall high elevation.  It can be quite difficult to locate 

moisture-sensitive tree-ring sites, particularly those with trees over 300 years old.  The 

traditional site-selection guidelines are not always effective for obtaining a precipitation 

signal in this area, and isolating a winter precipitation signal can be even more difficult.  

The objective of this study is to determine underlying factors influencing the strength of 

the winter precipitation signal through analysis of the region’s climatological and 

physiographic features, and to use this knowledge to improve future site selection.  This 

is done through a comparison of climatic data with tree-ring site characteristics 
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hypothesized to influence precipitation signal strength, including location, elevation, and 

species.    

 

DATA AND METHODS 

Thirty-seven tree-ring chronologies were downloaded from the International Tree-

Ring Databank (ITRDB) (National Oceanic and Atmospheric Administration 2007).  All 

available chronologies of likely moisture-sensitive species located within approximately 

300 km of one of the three climate divisions of interest (WY1, WY2, WY4 [Figure A1]) 

were included for analysis.  Raw ring-width measurements from the ITRDB were 

standardized using a negative exponential curve or straight line to remove the growth 

trend.  The resulting dataset included 14 Pinus flexilis (limber pine) chronologies, four 

Pinus ponderosa (Ponderosa pine) chronologies, and 19 Pseudotsuga menziesii (Douglas 

fir) chronologies.  Monthly climate division data (National Climatic Data Center 2008) 

and 4 km gridded precipitation data from the Parameter-elevation Regressions on 

Independent Slopes Model (PRISM) data set (Daly et al. 2008) were acquired for 1895-

2006.   

 A Geographic Information Systems (GIS) database incorporating topographic, 

climatic, and tree-ring data was created for the study area.  Each tree-ring chronology was 

tested for monthly and seasonal correlations with precipitation in each of the climate 

divisions of interest.  Spatial analysis tools in ArcMap® were used to examine patterns in 

the strength of the correlations between tree-ring chronologies and winter precipitation.  
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These results were examined by species, elevation, and location in order to identify 

patterns of variation.   

Monthly precipitation averages and anomalies for 1895-2005 were calculated 

using the PRISM data.  A climate regionalization was conducted using cool-season (Nov-

Apr) seasonal precipitation anomalies to group regions that experience simultaneous wet 

and dry years (Yarnal 1993).  Regions were delineated using a maximum-loading 

approach following a rotated eigenvector-based analysis, with each grid cell assigned to 

the eigenvector upon which it loaded most highly.  The resulting grid was resampled to 

16 km and examined spatially using GIS.  The tree-ring chronologies were subjected to a 

principal components (PC) analysis, a data reduction technique that removes the 

redundancy from a set of correlated variables by clustering together variables that 

represent an underlying factor and are relatively independent of the variables forming 

other factors (Kachigan 1982). The resulting PCs were tested against climatic indices to 

better understand mechanisms controlling their shared variance.   

 

RESULTS 

Regional Chronologies and Winter Precipitation 

 The ITRDB chronologies located in the study region were used to examine 

potential factors underlying the varying ability of sites in this region to reflect winter 

precipitation.  Climate division records integrate data from several individual 

meteorological stations and, in areas where the climate division boundaries accurately 

reflect a climate region, typically have a more robust relationship with tree-ring 
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chronologies than single-station data (Blasing et al. 1981).  Sites located within (or in 

close proximity to) the climate division of interest were therefore expected to better 

reflect the divisional climate record than those further away.  No clear spatial pattern was 

discernable from a visual inspection of the correlation between individual chronologies 

and divisional climate data, though, and analyses based on Euclidean distance to the 

climate division of interest confirmed that the data lack a straightforward spatial 

relationship (Table A1).  This is likely due to the region's complex topography: climate 

conditions change over a short distance. 

The three tree species examined in this study are all considered to be moisture-

sensitive under appropriate site conditions (Fritts 1976).  In the analyzed ITRDB sites, 

Pseudotsuga menziesii chronologies were more highly correlated with winter 

precipitation than Pinus flexilis or Pinus Ponderosa chronologies (Table A1).  However, 

elevation appears to be the key factor determining winter precipitation strength: lower-

elevation sites are more strongly correlated with climate division winter precipitation data 

than high-elevation sites (Table A1).  Elevations of the analyzed sites ranged from 1100-

2700 meters.  Although each analyzed elevation band contains a mixture of species, 

Pseudotsuga menziesii sites dominate the lower elevations and Pinus flexilis sites are 

more prevalent at higher elevations.  Very few of the individual high-elevation sites were 

significantly correlated with winter precipitation, and those correlations that were 

significant covered a wide range of values (-0.26 to +0.25).  
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Delineating Climate Regions 

 One possible sampling approach would be to situate sites within the specific 

climate divisions of interest (in this case, WY1, WY2, and WY4).  However, the results 

presented here have shown that the region encompassing these climate divisions lacks a 

straightforward relationship between proximity to the climate division and winter 

precipitation signal strength.  The climate regionalization conducted for this study 

provides a possible explanation: climate regions based on winter precipitation anomalies 

follow different boundaries than the divisional boundaries.  In particular, there is a 

climatic “spillover” across the Rocky Mountains.  Climate divisions WY1 and WY2, 

along with the western portion of WY4, all represent part of the same climate region 

(Figure A1).  Designing a sampling strategy that distributes sites across climate regions 

defined by the variable of interest, rather than by divisional boundaries, should help avoid 

redundant sampling and maximize efforts in the field and laboratory. 

Principal Components (PC) Analysis 

 The PC analysis of tree-ring sites yielded four significant PCs with a clear 

geographic pattern (Figure A2).  When compared to multiple climate indices, these PCs 

were found to be distinguished by the season of precipitation recorded by their 

corresponding tree-ring chronologies, which was in turn related to elevation of the site 

locations.  Chronologies that loaded most highly on PC1 were low-elevation sites 

consisting primarily of Pseudotsuga menziesii that had a strong relationship to winter 

precipitation.  PC2 and PC3 chronologies both best reflected annual precipitation, but 

were differentiated by their location west (PC2) or east (PC3) of the continental divide 
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and by dominant species: PC2 membership was 75% Pinus flexilis, while PC3 contained 

a mix of all three species (Figure A2 and Table A2).  PC4 chronologies, which were 67% 

Pinus flexilis, were characterized by high elevations and stronger correlations to summer 

precipitation.  

 

DISCUSSION AND CONCLUSIONS 

Elevation appears to be the major factor influencing the ability of trees to capture 

a winter precipitation signal in the north-central Rocky Mountains, with lower-elevation 

sites recording a stronger signal.  The lower-elevation sites may have a stronger climate 

signal due to their higher overall growth variability; i.e., trees growing at these sites are 

more limited by environmental factors and are therefore more sensitive climate recorders 

(Fritts 1976).  These sites also tend to experience higher summer drought stress and may 

be particularly dependent on soil moisture recharge from winter precipitation that fuels 

early spring growth.  Higher-elevation sites can be negatively impacted by heavy winter 

precipitation if the benefits of soil moisture recharge are outweighed by delayed onset of 

spring or slowed initial growth (Fritts 1976; Vaganov et al. 1999).  Of the tree species 

analyzed, Pseudotsuga menziesii, which dominates the low-elevation sites, was best able 

to capture the winter precipitation signal.   

 In this study, proximity of tree-ring sites to the climate division of interest did not 

necessarily lead to increased correlation with winter precipitation.  Climate divisions in 

the western United States that cover broad geographical areas with complex topography 

do not necessarily represent homogenous climatic units.  Decisions on where to place 
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divisional boundaries have often been influenced by factors other than climate, such as 

political delineations or user needs (e.g., state borders or drainage basins) (Guttman and 

Quayle 1996).  As shown in this study’s climate regionalization, sites in different climate 

divisions can be part of the same climate region and reflect a similar climate signal.  

Conversely, sites within the same climate division may behave differently in a climatic 

sense, particularly in geographically broad divisions with large elevation changes (e.g., 

WY4 [Figure A1]).  The use of climatological techniques such as regionalization to 

determine climate regions may therefore improve site selection.   

The season of precipitation impacting growth appears to be a major component of 

the overall variability between sites in the study region (see Figure A2).  Chronologies 

sharing similar modes of variation were grouped together through PC analysis, allowing 

for identification of underlying factors controlling that variance.  The four significant 

factors were found to be distinguished by precipitation seasonality and site elevation.   

Incorporating climatological and geographical information prior to site selection 

and field sampling should lead to data that better capture the climatic signal of interest.  

The results of this case study suggest that low- and mid-elevation Pseudotsuga menziesii 

sites should be targeted for maximizing the winter precipitation signal in the north-central 

Rocky Mountains.  Preliminary results from recent field sampling in the region indicate 

that this is a promising approach for improving the site-selection process.  The proportion 

of newly-sampled sites that were significantly correlated with winter precipitation 

increased from 36% (sites collected prior to these analyses) to 86% (sites selected based 
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on the results of these analyses).  These new sites will be used for a reconstruction of 

streamflow, which is largely dependent upon winter precipitation in this region.   
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Figure A1.  Seasonal precipitation anomalies were used to group regions experiencing 

simultaneous wet and dry years into separate regions using a climate regionalization 
approach.  The resulting winter precipitation regions are shown here.  Although 
climate divisions (outlined in white) stop at state lines and conform to the continental 
divide (dashed white line), this regionalization shows that these borders do not 
delineate climate regions.  Wyoming climate divisions 1 and 2, along with the western 
portion of division 4, behave as a homogenous climatic unit.   
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Figure A2.  A principal components (PC) analysis was used to arrange the 37 ITRDB 
chronologies (shown above) into groups maximizing shared variance.  The PCs could 
then be tested against other variables.  The four resulting PCs were found to be most 
strongly related to seasonal precipitation (ppt) patterns, and accordingly to elevation of 
the tree-ring sites.   

 



81 
 

Table A1.  Tree-ring chronologies were grouped by distance, species, and elevation.  
Correlations significant at the 0.95 level were averaged and are summarized here: a) 
Correlation between each climate division’s winter (Nov-Apr) precipitation (ppt) and 
distance from the chronology site location to the centroid of that climate division; b) 
correlation between winter precipitation and tree species in each of the climate 
divisions of interest; and c) correlation between winter precipitation and elevation in 
each of the three climate divisions.   

 

a) Distance WY1 ppt WY2 ppt WY4 ppt
0-99 km 0.21 0.08 0.26
100-349 km 0.29 0.25 0.30
350-599 km NS 0.24 0.22

b) Species  (n) WY1 ppt WY2 ppt WY4 ppt
Pseudotsuga menziesii (19) 0.32 0.26 0.26
Pinus flexilis (14) 0.09 -0.01 0.27
Pinus ponderosa (4) NS NS NS

c) Elevation (n) WY1 ppt WY2 ppt WY4 ppt
1000-1599 m (5) 0.35 0.25 0.28
1600-2199 m (16) 0.31 0.28 0.26
2200-2799 m (16) -0.02 0.07 0.25  
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Table A2.  PC membership by species.  

Species PC1 PC2 PC3 PC4
Pseudotsuga menziesii 79% 25% 44% 33%
Pinus flexilis 21% 75% 11% 67%
Pinus ponderosa 0% 0% 44% 0%  
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Multicentury Climate-Streamflow Linkages in the North-Central Rocky 
Mountains: Implications for a Changing Climate 

 

ABSTRACT  

 The Snake River is often called a working river, providing water for agriculture, 
municipal use, hydroelectric power, wildlife, and recreation.  Fed by snowmelt from the 
climatologically complex north-central Rocky Mountains, the range of streamflow 
variability to expect from the river, particularly in a changing climate, is highly uncertain.  
This paper presents the first long-term records of streamflow in the Snake River 
(reconstructed using dendrochronology), assesses climatic controls on streamflow 
variability, and evaluates the potential impacts of future climate change.  Tree-ring 
samples collected in Wyoming and Idaho were augmented with pre-existing tree-ring 
chronologies to create a 415-year reconstruction of Snake River streamflow, extending 
the short instrumental record and providing an important source of information on 
multicentury water supply variability.  Results indicate that the early 21st century drought 
is moderately severe in the context of long-term climatic variability, and the instrumental 
record is representative of very dry individual years.  In terms of overall magnitude, 
though, droughts of the recent past are eclipsed by a sustained low-flow period lasting for 
over 30 years in the early- to mid-1600s.  Streamflow variability in the Snake River is 
strongly linked to synoptic-scale atmospheric circulation patterns.  The Snake headwaters 
exhibit an El Niño-Southern Oscillation response that is similar to the Pacific Northwest 
and modulated by northern Pacific conditions.  Extremely dry years over the instrumental 
period are associated with a north-shifted storm track system.  A poleward shift in storm 
track position is one of the predicted consequences of climate change, suggesting an 
increased likelihood of future drought conditions in this region.  Key Words:  climate 
change, climate variability, dendrochronology, drought, Snake River, streamflow  
 

INTRODUCTION 

 The Snake River is one of the most intensively managed rivers in the western 

United States ("the West"), with 25 dams along its 1000 mile (1600 km) length (Palmer 

1991).  Mostly contained within Idaho (Figure B1), the majority of Snake River 

discharge has, historically, been used for agriculture (Marston et al. 2005).  Like many 

Western rivers, though, the Snake has been facing increased demand from a variety of 
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municipal, hydropower, and instream (recreational and wildlife) users (McGuire et al. 

2006; Miller et al. 2003).  Municipal demands come from growing population centers in 

the Snake Basin, and rising costs of electric power have increased pressure on 

hydroelectric power generation (Miller et al. 2003).  Recreational uses of the Snake are 

important contributors to local economies, and the Snake Basin is vital for regional 

wildlife and as a migration corridor (Marston et al. 2005).  As the largest tributary of the 

Columbia River, which is challenged by growing demands from many of the same 

sectors, the Snake River is also critical for users further downstream.     

Like most of the West, the Snake River region is in the midst of a multi-year 

drought that has persisted over the early 21st century to date, placing a renewed sense of 

urgency on water availability issues.  Extreme low-flow years in 2001, 2002, 2003, and 

2004 were among the driest in the upper Snake River's instrumental record, and the 2001-

2004 interval has been denoted by local water managers as the driest period on record 

(USBR 2004).  Water managers have increasingly recognized that the short historical 

records of climate and streamflow used for water planning might not be adequate for 

understanding the range of streamflow variability, particularly when considering the 

potential impacts of future climate change (USBR 2007).  The early 21st century drought 

has raised questions about whether these conditions should be considered an extreme 

event, or if this drought is within the range of natural variability and should be included 

in regular planning.   

The characterization of variability over relevant space and time scales has 

emerged as one of the top needs concerning the hydrological cycle, but understanding 
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hydroclimatic variability at decadal and longer time scales has been limited by 

instrumental data that are both spatially and temporally inadequate (University 

Corporation for Atmospheric Research 2001).  The reconstruction of annual streamflow 

from tree rings has long been recognized as an important source of information on long-

term (multi-century) water supply variability (Schulman 1945, Stockton and Jacoby 

1976).  In the semi-arid West, both tree growth and runoff are limited by insufficient soil 

moisture resulting from lack of precipitation and/or excessive evapotranspiration.  

Streamflow can be reconstructed using tree rings because both tree growth and river 

discharge are responding to regional precipitation and evapotranspiration patterns (Meko 

et al. 1995), and streamflow reconstructions have been completed for a number of 

Western rivers (e.g., Graumlich et al. 2003; Gedalof et al. 2004; Meko and Woodhouse 

2005; Meko et al. 2007; Watson et al. 2009).   

Climate change projections add another layer of complexity to water management 

in the West.  Although scientists agree that the Earth will warm, precipitation forecasts 

have been less certain (IPCC 2007).  The Snake River is similar to many Western rivers 

in that the majority of its annual streamflow is derived from mountain snowmelt 

(McGuire et al. 2006).  Significant decreases in snowpack are predicted throughout the 

West under climate change scenarios (IPCC 2007), and studies have found that there has 

already been a decrease in snowpack and a shift in the timing of snowmelt across much 

of the West (Gleick and Chalecki 1999, Stewart et al. 2004); however, trends in 

precipitation are less obvious.   
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The climatically-sensitive region examined in this study should provide insight 

into hydroclimatic relationships that are linked to climate change-related processes and 

help place recent events in the context of natural climatic variability.  This study presents 

the first long-term record of streamflow in the upper Snake River through a tree-ring 

reconstruction and examines more recent climate-streamflow linkages using instrumental 

data.  The objective of this research is to assess the Snake River's range of streamflow 

variability and to link that variability with climate controls in order to improve the 

capacity for future planning.  This is approached through the following research 

questions:  

1) What is the long-term record of streamflow variability in the upper Snake River?  

2) How well does the instrumental record (on which current management decisions are 

based) reflect longer-term variability, and how does the recent drought compare to past 

conditions?  

3) What are the primary climate controls on Snake River streamflow, and what are the 

implications of climate-streamflow linkages for predictive forecasting and for future 

projections in a changing climate?   

 

STUDY AREA 

 The 280,000 km2 Snake River drainage basin covers most of Idaho, as well as 

parts of Wyoming, Nevada, Washington, and Oregon (McGuire et al. 2006).  The 

headwaters of the Snake River lie in the Greater Yellowstone Region of the north-central 

Rocky Mountains, flowing through Teton National Park and the Jackson, WY, region 
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before entering the large Palisades Reservoir in eastern Idaho.  The upper Snake River 

has been identified as a potential “hot spot” for future water supply crises due to its 

variability and the large number of people who depend on its flow (USBR 2005).  

Despite its importance, there are no previous reconstructions of streamflow for the Snake 

River.   

 Moisture delivery to the Snake River system is primarily in the form of winter 

storms, which are influenced by Pacific Ocean conditions and storm track trajectories.  

The majority (56%) of precipitation in the climate division containing the Snake River 

headwaters (Wyoming Division 2) falls during the cool season (Nov-Apr) (Figure B2a).  

The importance of snowmelt to Snake River flow can be seen in the monthly discharge 

record, where a snowmelt pulse contributes approximately 68% of yearly streamflow in 

May-July (Figure B2b).    

 The West has been characterized as containing a dipole pattern of precipitation 

variance ("dipole"), with centers of opposite association in the Pacific Northwest and the 

Desert Southwest (Redmond and Koch, 1991; Dettinger et al. 1998).  These dipole 

centers tend to react in opposite fashion to El Niño-Southern Oscillation (ENSO) 

conditions, so that one is wetter than average when the other is drier than average, and the 

resulting north–south contrast in precipitation variability is an important influence on 

Western climate (Dettinger et al. 1998).  The Snake River basin is typically considered 

part of the Pacific Northwest, which is generally dry during El Niño-type conditions.  

However, the Northwest is not as climatologically cohesive as the Southwest, and earlier 

work indicates that the region in western Wyoming containing the Snake headwaters is at 
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a latitudinal and longitudinal transition zone of precipitation patterns and teleconnection 

influence (Cayan et al. 1998; Mock 1996).  This complexity has led to low predictive 

capacity for water resources in this region.   

 

METHODS 

 Two distinct sets of analyses were undertaken to meet the objectives of this study.  

First, a tree-ring reconstruction of Snake River streamflow was conducted in order to 

extend the instrumental streamflow record, assess the Snake River's range of variability, 

and place recent climate conditions in the context of longer-term variability.  Second, 

analyses using historical climate and teleconnection data were done to assess climate 

controls impacting Snake River streamflow over the past century.  Taken together, these 

two sets of analyses are aimed at improving predictive capacity for the Snake River. 

Part I: Tree-Ring Reconstruction of Snake River Streamflow 

Tree-Ring Chronology Development 

 Both primary (collected by the author) and secondary (provided by other 

researchers) tree ring data were used in the streamflow reconstruction.  Established 

dendrochronological methods for field sampling and laboratory analysis were followed 

for chronology development (Stokes and Smiley 1968; Fritts 1976).  Eight new field sites 

in western Wyoming and eastern Idaho, near the headwaters of the Snake River, were 

sampled by the author in 2006 and 2007.   Tree-ring sites for climate studies are chosen 

based on several key factors: they must reflect a regional climate signal rather than local-

scale effects, their growth must be limited by the climate variable of interest, and they 
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must have annual rings that are dateable.  Tree-ring samples were collected from Pinus 

flexilis (limber pine), Pinus ponderosa (Ponderosa pine), and Pseudotsuga menziesii 

(Douglas fir) trees growing on moisture-sensitive sites.  Two or more cores were 

collected from each tree using an increment borer, a nondestructive method to remove 

cores from trees, and 20-40 trees were sampled at each site. 

In the laboratory, cores were mounted and finely sanded.  Each core was dated to 

the calendar year using the established dendrochronological technique of crossdating 

(Douglass 1941).  This method of pattern matching allows for the identification of false 

and locally absent rings and for accurate dating.  The individual rings of each dated core 

were measured to 0.001 mm.  The dated and measured series were checked for dating and 

measurement errors by standardizing a set of site chronologies, creating a master 

chronology, and correlating segment lengths of each core to the master chronology 

through the comparison of annual ring widths using the program COFECHA (Holmes 

1983).  The cores were then processed in ARSTAN (Cook 1985), detrended with a cubic 

spline two-thirds the length of the series to remove the trend towards smaller ring widths 

as the tree size increases in diameter, standardized, and combined to form site 

chronologies.   

In order to create the best possible pool of predictor chronologies, 16 additional 

chronologies in the region were acquired from other researchers and the International 

Tree-Ring Data Bank (Table B1).  These data were obtained in raw ring width 

measurement format and were subjected to the same chronology development process 

described in the preceding paragraph.  Tree-ring time series are often autocorrelated due 



91 
 

to biological processes that carry over from year-to-year (e.g., multi-year needle retention 

in conifers) (Fritts 1976), and this lagged response to climate conditions can obscure 

causal relationships.  In this study, significant autocorrelation in all chronologies was 

removed using autoregressive-moving average (ARMA) filtering, and the resulting 

residual chronologies were used for further analyses.   

Reconstruction Model Selection and Analysis 

  Streamflow records for the Snake River at Jackson Lake Dam for 1910-2006 

were obtained from USBR (USBR 2009).  The average annual total discharge at the 

Jackson Lake gage is approximately 5.2 x 105 ft3/s.  The streamflow record consists of 

estimated daily average unregulated discharge that has been “naturalized” by USBR to 

remove the effects of diversions and storage (USBR 2004).  The daily data were averaged 

to create a water year (October 1 – September 30) mean for each year.  The water year 

was chosen as the reconstruction season in order to be useful for water management 

purposes.  Each tree-ring chronology was tested for significant correlation with the 

instrumental streamflow record over the entire period (1910-2006) and in a split sample 

test (1910-1957 and 1958-2006).  Thirteen site chronologies that were significantly 

correlated with streamflow at >0.95 level over the whole period and >0.90 level over the 

split half periods were retained for further analyses.  Chronologies lagged 1 year forwards 

and backwards were also tested as potential predictors to account for differences in 

timing between the tree growing season and the water year.  These were treated as 

separate variables and subjected to the same significance testing; this resulted in the 
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addition of just one lagged predictor.  The chronologies were then limited to sites 

covering the 1600-2005 time period. 

 Ten chronologies remained in the final predictor pool (Table B1 and Figure B1).  

A linear multiple regression model was selected using an iterative fitting (through a 

forward stepwise procedure) and cross-validation process, allowing in additional 

predictors that improved model calibration without overfitting the model.  The selected 

model, consisting of three site chronologies, was used to reconstruct past water year 

streamflow for the 1591-2005 time period.  Extreme low-flow individual years based on a 

cutoff of 75% of mean flow were summarized by century.  An 11-yr moving average was 

applied to examine longer-term wet and dry periods.  Multi-year, low-flow events were 

delineated based on consecutive years of below-mean flow. 

Part II: Recent Climate-Streamflow Linkages 

Quantifying the range of past streamflow variability is important for water 

management and planning purposes.  Understanding climate-streamflow linkages is also 

needed for near-term predictive capacity or planning for future climate change.  Analyses 

of climate–Snake River connections in the instrumental period were based upon the 

following datasets:  1) monthly values of the Southern Oscillation Index (SOI) from the 

University of East Anglia's Climatic Research Unit and the Pacific Decadal Oscillation 

(PDO) from the University of Washington’s Joint Institute for the Study of the 

Atmosphere and Ocean; 2) gridded climate data from the NCEP/NCAR Reanalysis 

dataset (Kalnay et al. 1996) and the Parameter-elevation Regressions on Independent 
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Slopes Model (PRISM) dataset (Daly et al. 2002); and 3) naturalized streamflow records 

for the Snake River at Jackson Dam (USBR 2009). 

Tropical Pacific ENSO conditions are considered one of the primary controls on 

global interannual climate variability (Mantua and Hare 2002).  The SOI is based on sea-

level pressure differences between Tahiti and Darwin, Australia and represents the 

atmospheric component of the ENSO cycle.  SOI is strongly linked to both precipitation 

and streamflow variability in the West (Cayan et al. 1999; Redmond and Koch 1991).  

The Northwest is generally positively correlated with SOI: conditions tend to be drier 

than average in winters following summer and autumn periods when SOI is negative (a 

condition generally associated with El Niño conditions).  This lagged SOI–precipitation 

relationship is an important component of long-lead winter climate forecasting (Gutzler 

et al. 2002).  This relationship is strongest between June-November SOI and October-

November precipitation in the West, and those sets of months are used for analyses in this 

paper.  SOI was divided into SOI+ and SOI- categories based on the upper and lower 

terciles, respectively, of SOI values.  When comparing to Snake River flow, the 

streamflow water year ending in year y was evaluated with the June-Nov SOI values in 

year y-1. 

ENSO forecasts have not been highly utilized in the Columbia Basin, in part due 

to their seemingly weak predictive skill in this area (Clark et al. 2001).  Northern Pacific 

Ocean conditions can modify the ENSO–precipitation relationship (Gershunov and 

Barnett 1998; Brown and Comrie 2004) and are an important control on Western climate 

(Higgens et al. 2007, Berkelhammer and Stott 2008).  Of particular importance for Snake 



94 
 

River streamflow, northern Pacific conditions may have a larger impact than ENSO on 

Western snowpack variability (and consequently water resources) due to impacts on 

temperature conditions and winter storm and precipitation regimes (McCabe and 

Dettinger 2002).  Northern Pacific conditions are analyzed in this study using the PDO, a 

measure of sea-surface temperature (SST) variability in the Pacific poleward of 20°N 

latitude (Mantua et al. 1997).  The multidecadal phases of warm and cool PDO cycles 

have been found to have a stronger relationship to Western hydroclimate than individual 

annual or seasonal values (Brown and Comrie 2004); both phase cycles and yearly winter 

(Dec-Feb) index values are used for analyses in this paper.  There are three complete 

PDO cycles covered by the instrumental record: PDO+ (warm) 1926– 1943, PDO- (cool) 

1944-1976, and PDO+ (warm) 1977-1998.   

Monthly PRISM precipitation data were used to examine spatially the impacts of 

SOI and PDO on hydroclimatic conditions in the study area.  These data, available at a 4 

km grid from 1895-2007, were upscaled to 8 km, converted to standardized values, and 

restricted to the 1926-1998 time period of complete PDO cycles.  Precipitation anomalies 

at each grid cell were calculated for the SOI and PDO phases. 

In order to better understand synoptic climate controls on Snake River flow, 

pressure patterns and storm track position during high- and low-flow years were 

analyzed.  Gridded daily values of the meridional component of wind at 300 hPa and 

monthly values of geopotential height at 850 hPa were obtained from the NCEP/NCAR 

Reanalysis project.  Data at 300 hPa represent conditions in the upper atmosphere free 

from topographic effects, while the 850 hPa data are representative of surface conditions.  



95 
 

These are gridded data (2.5° x 2.5°) that span the 1948-present time period.  Geopotential 

height data for 1948-2008 were averaged to create seasonal means.  The analyses 

presented here are based on cool-season (Nov-Apr) averages, as this is the period of snow 

accumulation that is a vital component of total annual streamflow.  The highest- and 

lowest-flow years in the Snake River during the 1948-2008 time period were determined 

based on the 25% and 75% quartiles, and separate geopotential height averages were 

created for these data sets.   

Teleconnections and synoptic-scale atmospheric circulation patterns impact 

streamflow through their influence on storm track position, which delivers cool-season 

moisture to the West.  Storm track position was calculated to better understand its 

relationship to Snake River streamflow.  Storm track position has been calculated using a 

number of different methods that measure maxima in eddy quantities (Chang and Fu 

2002).  Here I follow the method used by Quadrelli and Wallace (2001) and more 

recently by McAfee and Russell (2008): storm track position is based upon the seasonal 

maximum variance in the meridional component of wind at 300 hPa following the 

application of a first-difference filter on the daily data.  These analyses are based on cool-

season (Nov-Apr) maximum variance.  Storm track position averaged over the lowest and 

highest quartile of Snake River flow was isolated and analyzed.     

 



96 
 

RESULTS AND DISCUSSION 

Streamflow Reconstruction 

 Reconstructed and instrumental streamflow over the 1910-2005 time period are 

plotted in Figure B3; comparative statistics are shown in Table B2.  Model calibration 

and validation statistics are shown in Table B3 and Figure B3.  The model is fairly 

robust, explaining 56% of the variance in the instrumental record after adjustment for 

degrees of freedom.  While this is less than the predictive power of some Southwestern 

streamflow reconstructions like the Colorado River at Lees Ferry, AZ (R2 up to 0.84; 

Woodhouse et al. 2006), it compares favorably to Northwestern reconstructions, 

including the Yellowstone River (R2
adj = 0.52; Graumlich et al. 2003), the Columbia 

River (R2 = 0.35; Gedalof et al. 2004) and the Wind River (R2
adj = 0.38; Watson et al. 

2009).  Although the model is able to captures low flows and moderately high flows well, 

very high-flow years such as 1997 (which is an extreme outlier in the instrumental 

record) are under-predicted by the tree-ring model.  The Reduction of Error (RE) statistic, 

which can range from -∞ to 1, is greater than 0 (0.53), signifying that the model has 

predictive skill.  The Root Mean Square Error (RMSE) from the cross-validation is close 

to the Standard Error of the calibration period, indicating that the model skill is not a 

product of overfitting.  Regression residuals were normally distributed.  Although slightly 

autocorrelated, the residuals' autocorrelation was small enough that the null hypothesis 

(zero first-order correlation) could not be rejected using the Durbin-Watson test.     

   The 415-year (1591-2005) reconstruction of streamflow in the upper Snake River 

is presented in Figure B4.  This reconstruction extends the instrumental record by over 
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300 years, allowing a comparison of instrumental records with longer-term variability.  

The instrumental record captures individual extreme low-flow years well.  Years in the 

historical record such as 1977 and 2001 are quite severe even in the context of the longer-

term record: with <60% of mean flow, these years rank among the top 10 low-flow years 

of the reconstruction.  In general, low-flow individual years are fairly well distributed 

over each century of the reconstructed record, with a maximum in the 1600s: there were 

eight years with less than 75% mean flow in each of the 18th, 19th, and 20th centuries, and 

11 years in the 17th century.   

 Longer-term dry and wet periods tend to result from different climatic controls 

than individual dry years and have different management implications.  Decadal and 

multidecadal periods of above- and below-average precipitation and streamflow have 

been linked to low-frequency oscillations in oceanic conditions (e.g., Dettinger et al. 

1998; McCabe et al. 2007).  Although individual extreme dry years are of concern, long-

term periods of drought can be particularly taxing for water systems and severe, long-

lasting episodes have been identified by paleohydrologic records in many parts of the 

West (e.g., Meko et al. 1995).  Decadal variability in the reconstructed streamflow record 

was examined through the application of an 11-yr moving average to the yearly time 

series (Figure B5).  The 1930s "Dust Bowl" drought and the widespread 1950s drought 

are severe periods even in the context of the longer-term record: the 1930s are the 2nd-

driest 11-yr period in the record (Figure B5).   

 These droughts pale in comparison to conditions in the early- to mid-1600s 

reconstructed flow, however.  This period was severe in both magnitude and duration, 
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containing two of the top five non-overlapping 11-yr periods (and all of the top five if 

overlaps are allowed).  These low-flow conditions were sustained over a long time 

period, with below-mean flow in 24 of the 34 years between 1626 and 1659 (Figure B5).  

This period cannot be compared to regional reconstructions of the Columbia and 

Yellowstone Rivers, which have start dates in the early 1700s (Graumlich et al. 2003; 

Gedalof et al. 2004).  Reconstructions of 1226-2001AD precipitation (Gray et al. 2004) 

and 1405-2001AD Palmer Drought Severity Index (MacDonald and Tingstad 2007) in 

northeastern Utah identified this early- to mid-1600s period as one of the most severe 

droughts on record in the Uinta Basin.  The mid-1600s drought in the Snake Basin 

reported here is also a feature of reconstructed Colorado River flow (Woodhouse et al. 

2006).  LaMarche (1974), studying tree-ring records from California bristlecone pines, 

identified the beginning of this drought period (~1620s) as the time of a climatic regime 

shift from cool-moist to cool-dry.  Using tree-ring reconstructions of the Palmer Drought 

Severity Index, Fye et al. (2003) identified a "1930s Dust Bowl-like" drought from 1626-

1634 that was centered over the Snake River headwaters and extended southwest across 

Utah, Nevada, and California. 

Consecutive years with below-mean flow were examined, as these unbroken 

periods of dry conditions are particularly taxing to water supply systems.  Consecutive 

low-flow periods lasted in length from two to seven years over the reconstructed record 

(Figure B6).  The longest (seven-year) periods occurred during the early 17th and 18th 

centuries.  Examined this way, the 21st century drought would fall into the 6-yr category 

(2000-2005), as it was interrupted by moderate flow in 2006.  There are six other periods 
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in the record with consecutive low-flow periods as long as or longer than this recent 

drought. 

Climate-Streamflow Linkages 

Understanding the synoptic climate conditions and controlling processes that 

result in above- or below-average streamflow can improve the predictive capacity of a 

water supply system and help plan for and mitigate the impacts of future climate change.  

Results of this research indicate that Snake River streamflow is strongly linked to 

changes in synoptic circulation patterns.  In high streamflow years, the northern half of 

the western US, as well as western Canada, lies under an anomalously low pressure 

center (Figure B7a).  The lowest streamflow years are characterized by a strong Aleutian 

low off the Alaskan coast and abnormally high pressure over the Northwest (Figure B7b).  

The pressure pattern seen in Figure B7b is characteristic of a positive Pacific North 

American (PNA) pattern, when a blocking high forces meridional flow across the United 

States (Leathers et al. 1991).  The resulting shift in storm systems causes winter flow to 

miss the interior West, leading to decreased precipitation and streamflow. 

 This positive PNA pressure pattern, characterized by below-average geopotential 

heights near the Aleutian Islands and above-average heights over the Intermountain West, 

often occurs during SOI- and PDO+ phases, and these phases were found to be associated 

with the lowest flow years of the Snake River record (Figures B8, B9, and B10).  The 

broader Snake Basin borders the transition between the north and south sides of the 

West's climatic dipole, but the headwaters region in western Wyoming has a strong 

Northwest-type response, with below-average precipitation in SOI- years (Figure B9).  
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This response was modulated by northern Pacific conditions over the past century (Figure 

B10).  Consistent with previous research (e.g., Gershunov and Barnett 1998), the dipole 

response is stronger during SOI-/PDO+ and SOI+/PDO- phases.  Percent of years below 

mean streamflow and the average streamflow by phase are shown in Figure B10.  

Streamflow was below average in SOI- years during both PDO+ and PDO- phases.  

However, streamflow was below average in just slightly over half (55%) of the years 

during SOI-/PDO- (compared to nearly 70% when SOI-/PDO+), and average discharge 

was higher in SOI-/PDO- than SOI-/PDO+ (1344 ft3/s vs. 1272 ft3/s).  Similarly, flow 

was above average in SOI+ years in both PDO phases, but was substantially higher (1677 

ft3/s vs. 1538 ft3/s) when SOI+/PDO-.  It is particularly noteworthy that there was above-

average flow in 77% of the SOI+/PDO- years, but only in 36% of SOI+/PDO+ years.  In 

the other three phase combinations, mean and median discharge values are similar, but 

median flow in SOI+/PDO+ years is actually below-average (1368 ft3/s).  There were 

several very high-flow years (including the extreme late 1990s outlier of 2583 ft3/s), 

which led to overall elevated flow when values were averaged for all SOI+/PDO+ years.   

 Individual winter-averaged PDO index values were found to be significantly 

(negatively) correlated with Snake River streamflow over the 1926-1998 time period.  

However, it appears to be an inconsistent relationship that has been highly variable even 

over the short instrumental record (Figure B11).  Snake River flow was very highly 

correlated (R = -0.75) with interannual variations in PDO during the 1944-1976 PDO 

cool phase, but the relationship between the two was nearly non-existent during the warm 

PDO phases (R = -0.09 to -0.11).  This difference could result from interannual changes 
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in northern Pacific Ocean conditions having a greater impact on snowpack development 

during the PDO cool phase, but this hypothesis will require further investigation.   

 Oscillations in the PDO and other teleconnections, along with changes in synoptic 

conditions such as geopotential height, affect streamflow by altering the position of the 

storm track, which is the main source of winter moisture in areas west of the Rocky 

Mountains (e.g., McCabe and Dettinger 2002).  Due to this direct connection, the 

relationship between the winter storm track itself and Snake River streamflow was 

examined.  The Snake River basin sits on the edge of the typical winter storm track 

position (e.g., Barton and Ellis 2009).  A slight shift in storm track position can cause 

large changes in the amount of precipitation received in the Snake headwaters.  Wet years 

were associated with a more southerly, zonal storm track position across the United 

States (Figure B12a).  The lowest streamflow years were characterized by a storm track 

that shifted northward over the northwestern United States, causing the moisture delivery 

system to effectively miss the Snake River basin and diminishing the mountain snowpack 

needed to feed the headwaters (Figure B12b). 

Future Projections 

Models project warming temperatures across the western United States, with 

annual increases of 3-4°C by the end of the 21st century and greater warming during the 

cool season and at higher elevations (IPCC 2007).  Changes in precipitation are more 

uncertain.  Projections from global circulation models generally indicate that mid-latitude 

continental interiors will experience increased summer dryness and probability of drought 

under global warming scenarios (IPCC 2007; Seager et al. 2007).   However, projections 
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have indicated a north-to-south gradient in cool-season precipitation change in the United 

States, with areas north of approximately 40°N (including the Snake River Basin) 

projected to have increased winter precipitation (IPCC 2007).  Shifts in seasonality (e.g., 

earlier spring onset) are expected to impact the form and timing of moisture received in 

the region, reducing Columbia Basin water supply in the summer, when demand is 

highest (Miles et al. 2000; Knowles et al. 2006).  Modeling experiments have projected 

decreases in snowpack of >50% for the Rocky Mountain region by 2070 (IPCC 2007).  

Taken together with expected increases in demand over the next century, these projected 

climate changes are likely to exacerbate the strain on water resources (Mote et al. 2003). 

Climate change is also expected to impact larger-scale circulation patterns.  

Climate models have consistently projected a poleward shift in the storm track, due 

primarily to an increase in the height of the tropopause (Yin 2005; Lorenz and DeWeaver 

2007).  A northward shift in storm track position has already been detected in the West in 

the late winter/early spring (McAfee and Russell 2008).  Other projected changes over 

the next century include an intensification of the storm track and a strengthening of the 

Aleutian low (Yin 2005; Salathé 2006).  These projected changes are similar to the 

atmospheric conditions that have negatively impacted Snake River streamflow in the 

past: as reported earlier, a strong Aleutian low with meridional flow over the West and a 

northward shift in the storm track affects the Snake River watershed by shifting the 

moisture delivery system away from the headwaters region.  A permanent poleward shift 

seems likely to result in decreased Snake River streamflow.   
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CONCLUSIONS 

 This study presented the first long-term record of streamflow in the Snake River, 

one of the West's largest rivers and a vital source of water for the Pacific Northwest.  In 

the context of longer-term variability, the 21st century drought can be considered 

moderately severe in terms of both single low-flow years and consecutive years of below-

mean flow.  In terms of overall severity, though, the instrumental record does not contain 

a drought of the magnitude seen in the mid-1600s.  Twenty-four of 34 years in the 1626-

1659 time period had below-average flow, including two periods of 6-7 consecutive years 

(1626-1632 and 1642-1647).  During this most severe period from 1626-1647, 17 of 22 

years (77%) were below normal flow.  This type of event could represent a new “worst-

case scenario” for water planning in the upper Snake River. 

 The Snake River was found to be strongly linked to broad-scale atmospheric 

circulation patterns.  Distinctive high pressure patterns over the northwest US and 

Canada and a strongly developed Aleutian low are features that have been present during 

low Snake River streamflow years over the period of the instrumental record.  These 

features are common during SOI- and PDO+ periods.  Despite the Snake River 

headwaters' location in western Wyoming, an area removed from the climatic dipole's 

traditional Pacific Northwest center of opposite association, the region was found to have 

a Northern-type response to ENSO signals.  This response was modulated by PDO phase.  

Below-average flow was more likely when SOI-/PDO+, and the region was more reliably 

wet when SOI+/PDO-.  Several extreme high-flow events occurred when SOI+ and 

PDO+, but the majority of years in this phase combination had below-average 
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streamflow.  The Snake River was found to have an inconsistent relationship with 

seasonal PDO indices, developing an in-phase relationship during the PDO cool period 

but becoming out-of-phase during PDO warm periods.   

Future changes in ENSO conditions – both in mean state and amplitude – are still 

quite unclear (Vecchi et al. 2008).  In addition, forecasting ability associated with PDO 

relies on its multidecadal persistence, as PDO phase changes are not currently predictable 

(Mantua and Hare 2002).  Given the strong impact of ENSO and PDO conditions on the 

Snake headwaters region, resolving these uncertainties will be of key importance to long-

term planning for the Snake River. 

 Snake River streamflow was found to be sensitive to winter storm track position.  

The Snake Basin lies on the edge of the average storm track position, and slight shifts can 

significantly impact the amount of moisture delivery to the system.  Low-flow years 

during the instrumental period were associated with a north-shifted storm track.  The 

projected poleward shift in the storm track over the upcoming century is likely to 

negatively impact streamflow in the Snake River.  

 In addition to changes in storm track position, projections of increased 

temperatures, changing seasonality of precipitation, declining snowpacks, and increasing 

demand are all cause for concern in the Snake River.  This study aimed to help plan for 

the future through better understanding of past conditions and climate-streamflow 

linkages.  Increased knowledge of the range of variability present in a system and of the 

driving forces behind that variability can enable better water planning and help mitigate 

drought and flood impacts.  Future streamflow will not be a static copy of past 
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conditions.  However, paleoclimate records are still among the best tools available for 

assessing future impacts on today's systems, providing a means to gauge the range of 

possible climate variability in a certain location and supplying the needed baseline for 

inferring changing conditions.  Likewise, despite year-to-year variability in response, 

data on basin-specific connections between decadal and multidecadal streamflow 

variability and Pacific Ocean conditions are a necessary tool for improving probabilistic 

near-term forecasts.  Additional work is needed to improve the operationalization of this 

information in a decision framework. 
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Figure B1: Climate overview map at right shows study area (green box) in the context of 

the West's climatic centers of opposite association.  Regional map at left displays the 
Snake River (cyan line) Jackson Lake Dam gage (yellow triangle), significantly 
correlated tree-ring predictor sites (green and red circles) and tree-ring sites used in the 
final reconstruction model (green circles). 
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Figure B2: a) Climograph for Wyoming climate division 2, in which the Jackson Lake 

Dam streamflow gage is located.  Bars show monthly average precipitation and line 
shows monthly average temperature, both for 1896-2006.  b) Average monthly 
discharge totals recorded on the Snake River at Jackson Lake Dam, 1910-2008. 
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Figure B3: Modeled (blue) and observed (red) Snake River streamflow at Jackson Lake 

Dam gage, 1910-2005. 
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Figure B4: Reconstructed mean water-year streamflow, Snake River at Jackson Lake 

Dam, 1591-2005 (cyan), with reconstruction mean (gray), 75% mean (red), and 11-yr 
moving average (black). 
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Figure B5: 11-yr moving average of reconstructed water-year streamflow, Snake River 

at Jackson Lake Dam.  Blue shading represents periods above mean; red signifies 
periods below mean.  Lowest five, non-overlapping, 11-yr periods listed in table, with 
average streamflow for each period.  The Jackson Lake dam was constructed in 1906, 
at the height of an anomalously high-flow period. 
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Figure B6: Consecutive years below mean flow in the reconstructed record. 
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a) High-flow Years 

 
 

b) Low-flow Years 

 
 
Figure B7: Composite anomalies in cool season (Nov-Apr) 850 hPa geopotential heights 

(m) during the upper quartile (highest flow) years (a) and the bottom quartile (lowest 
flow) years (b) of the Snake River at Jackson Lake Dam, 1948-2007.   
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            SOI-             PDO+ 

 

    
 
Figure B8: Average anomalies in cool season (Oct-Mar) 850 hPa geopotential heights 

following June-Nov SOI- years, 1948-2007 (left) and in the most recent PDO+ phase, 
1977-1998 (right).   
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            SOI+             SOI- 

 
 
Figure B9. Average standardized Oct-Mar precipitation anomalies following Jun-Nov 

seasons with SOI+ (left) and SOI- (right) over the 1926-1998 time period.  Snake 
River Basin is outlined in black, and the location of the Jackson Lake gage is indicated 
by a green circle.   
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SOI+ SOI-

PDO+

PDO-

% Years Below Mean Flow 69%
Average Discharge (ft3/s) 1272

% Years Below Mean Flow 23%
Average Discharge (ft3/s) 1677

SOI /PDO
% Years Below Mean Flow 55%
Average Discharge (ft3/s) 1344

% Years Below Mean Flow 64%
Average Discharge (ft3/s) 1538

 
 
Figure B10. Standardized Oct-March precipitation anomalies by SOI/PDO phase over 

the 1926-1998 time period.  Snake River Basin is outlined in black, and the location of 
the Jackson Lake gage is indicated by a green circle.  Each figure’s corresponding 
table indicates the percent of years in that category with below-mean Snake River 
streamflow and the average water-year mean discharge for years in that category.  
Mean discharge for the entire 1926-1998 time period is 1445 ft3/s. 
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Figure B11: Snake River streamflow at Jackson Dam (black line) and PDO index (gray 

line; negated in graphic for visual comparison).  Whole period (1926-1998) correlation 
(R = -0.37) is significant at the >0.99 level. 
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a) High-flow Years 

 
 

b) Low-flow Years 

 

 
 
Figure B12: Cool season (Nov-Apr) storm track position during the upper quartile 

(highest flow) years (a) and the bottom quartile (lowest flow) years (b) of the Snake 
River at Jackson Lake Dam.  Dark line signifies the line of maximum variance in 300 
hPa meridional wind; units are m/s. 
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Table B1: Metadata for tree-ring sites that were significantly correlated with Snake River 
streamflow at Jackson Lake Dam and tested as model predictors. 

 
 
Site 
Code Constributor Species Lat 

(N)
Long 
(W)

Elevation 
(m)

Start 
Year

End 
Year

Mean 
Sensitivity

Interseries 
Correlation

ARR S. Gray Douglas fir 42.49 -108.93 2600 1521 2006 0.24 0.76
CWC E. Wise Douglas fir 44.47 -109.67 2000 1102 2006 0.45 0.81
ECP C. Woodhouse (ITRDB*) Douglas fir 41.15 -106.78 2500 1384 2001 0.38 0.84
FMT** S. Gray Douglas fir 42.96 -109.77 2300 1507 2006 0.31 0.76
GVR** Teton Science School Limber pine 43.64 -110.50 2200 1232 2006 0.31 0.78
HRI** Teton Science School Limber pine 43.30 -110.67 2000 1505 2006 0.29 0.59
MMT Teton Science School Limber pine 43.33 -110.80 2100 1497 2006 0.27 0.75
MTE L. Graumlich (ITRDB) Douglas fir 44.98 -110.66 2200 1173 1999 0.40 0.76
RDH E. Wise Limber pine 43.62 -110.44 2300 1322 2006 0.27 0.61

*International Tree-Ring Databank (www.ncdc.noaa.gov/paleo/treering.html)
**Used in final model  
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Table B2: Descriptive statistics for Snake River streamflow at Jackson Lake Dam in the 
observed and reconstructed record over their common time period, 1910-2005. 

 

N Min Max Mean
Std. Error 
of Mean Median

Std. 
Deviation Skewness Kurtosis

Significant 
Autocorrelation

Observed 96 656 2583 1436 36 1394 353 0.401 0.060 No
Predicted 96 697 2138 1436 27 1415 267 -0.136 0.060 No  
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Table B3: Calibration and validation statistics for streamflow reconstruction model. 
 
Step Site added (Lag) R2 R2

adj F level p-value SE RE RMSE
1 HRI (0) 0.46 0.46 80.82 0.00 260 0.43 264
2 FMT (-1) 0.55 0.55 57.74 0.00 239 0.52 244
3 GVR (0) 0.57 0.56 40.76 0.00 235 0.53 242

SE = Standard error of the estimate, RE = Reduction of error statistic, RMSE = Root mean square error.
RE and RMSE are based on cross validation.  
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The Narrow Precipitation Dipole Transition Zone in the Western 
United States 

 

Abstract  

 Studies of precipitation variability across the western United States have 
identified centers of opposite association in the Pacific Northwest and the Desert 
Southwest.  These dual centers, described as a dipole, are characterized by opposing 
signals in precipitation and teleconnection patterns. The dipole is known to be a major 
feature of hydroclimatic variability in the West, but far less is known about the 
hydroclimatology of the transition zone between the centers of opposite association, 
located primarily in the Intermountain West.  In particular, it is uncertain how this 
transition zone varies through space and time at fine spatial scales, and how it is 
influenced by broad circulation controls.  This study addresses these questions through a 
high-resolution spatiotemporal analysis of dipole characteristics.  Spatial boundaries of 
dipole influence are examined for linkages between precipitation and broad-scale oceanic 
circulation controls.  These results are the first to indicate that the significant correlations 
between winter precipitation and the Southern Oscillation Index are well-resolved across 
the West, revealing a surprisingly sharp transition zone that is clearly defined and 
spatially limited.  The transition zone has remained remarkably stationary in the core 
Intermountain region over the period of study. Oceanic conditions modulate the intensity 
of the dipole pattern and location of its boundaries, causing some areas to shift between 
the northern and southern sides of the dipole over time. 
 
 
1. Introduction 

  Studies of precipitation variability across the West have identified a north–south 

“seesaw” pivoting on a transition zone that separates Pacific Northwest and Desert 

Southwest centers of opposite association [Redmond and Koch, 1991; Dettinger et al., 

1998].  The north and south centers tend to behave in opposition to each other (i.e., when 

one is wet, the other is dry), and the resulting north–south contrast in precipitation 

patterns (hereafter referred to as a "dipole") is an important feature of Western 

streamflow and climate variability [e.g., Meko and Stockton,1984; Dettinger et al., 1998].   
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 Redmond and Koch [1991] linked the dipole precipitation pattern to changes in 

the Southern Oscillation Index (SOI) and found that the strongest SOI–precipitation 

connection is a lagged relationship between summer and fall (June-November) SOI 

conditions and cool-season (October-March) precipitation.  Knowledge of this 

relationship has been useful for climate forecasting in the West.  Cool-season 

precipitation is the West's dominant source of water supply [Hamlet et al., 2005], and the 

lagged relationship has allowed for long lead-time forecasts for areas near the climatic 

centers of opposite association.   

 The transition zone between the northern and southern response regions, thought 

to be centered at approximately 40°N latitude [Dettinger et al., 1998], has lacked this 

predictive capacity.  This zone, recognized as a pivot point of interannual and decadal 

precipitation variability [Dettinger et al., 1998], corresponds to the boundary dividing 

northern air masses that receive frequent intrusions of moist Pacific air in the winter from 

areas with winter airflow predominantly from the south [Mitchell, 1976].  The region 

surrounding 40°N latitude in the West has experienced rapid population growth over the 

past several decades and contains several major cities, including Reno, NV, Salt Lake 

City, UT, and Denver, CO.  Two major Western river basins, the Sacramento and Upper 

Colorado, are bisected by this zone.   

 Dipole precipitation patterns are thought to be highly variable over time and space 

[Brown and Comrie, 2004], and the exact location and behavior of the transition zone 

between the centers of opposite association have not been well-quantified.  Water supply 

and climate forecasting in this highly variable and arid region would benefit from a better 
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understanding of transition zone characteristics.  The objective of this study is to 

determine the spatial boundaries of the West’s precipitation dipole, the associated causal 

processes, and changes in these relations over time.  Furthermore, previous studies 

examined the dipole pattern using climate divisions, which often follow political 

boundaries and cover large areas in the West, obscuring the boundary between dipole 

centers [e.g., Redmond and Koch, 1991; Brown and Comrie, 2004].  This study employs 

a high-resolution dataset to delineate the location, temporal behavior, and controlling 

factors of the transition zone between the centers of opposite association.   

 

2. Data and Methods 

 Analyses for this study are based on monthly precipitation data from the 

Parameter-elevation Regressions on Independent Slopes Model (PRISM) dataset [Daly et 

al., 2002].  These data are gridded at 4 km and are available for the 1895-2007 time 

period.  For this study, the data were upscaled to an 8 km grid and restricted to the 1926-

2007 time period due to data quality concerns in the early part of the record.  The 

precipitation data were converted to monthly standardized values for further analyses. 

 The SOI–precipitation connection is the central relationship under study in this 

paper.  SOI measures the atmospheric component of the El Niño–Southern Oscillation 

(ENSO) system using sea level pressure differences between Tahiti and Darwin, 

Australia.  The SOI was chosen over other indices of tropical Pacific conditions for its 

strong lag relationship with winter precipitation in the West [Cayan et al., 1999; Brown 

and Comrie, 2004].  Modification of the SOI–precipitation relationship due to changing 
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northern Pacific Ocean and Atlantic Ocean conditions was examined to establish the 

strength and stability of the SOI–precipitation connection.  The Pacific Decadal 

Oscillation (PDO) is a measure of sea-surface temperature (SST) variability in the 

northern Pacific Ocean.  Northern Pacific conditions are an important control on Western 

climate [Higgins et al., 2007; Berkelhammer and Stott 2008] and are thought to have a 

modulating effect on the SOI–precipitation relationship at decadal time scales 

[Gershunov and Barnett, 1998; Brown and Comrie, 2004; Hessl et al., 2004; Yu and 

Zweirs, 2007].  The Atlantic Multidecadal Oscillation (AMO) is defined by anomalies in 

northern Atlantic Ocean SSTs.  The AMO has been associated with drought across the 

United States [Enfield et al., 2001; Gray et al., 2004; Hidalgo, 2004; McCabe et al., 

2004; McCabe et al., 2008].  Although primarily considered an influence on warm-

season climate conditions [McCabe and Palecki, 2006], it has been suggested that the 

AMO can also modify the SOI–winter precipitation relationship [Enfield et al., 2001; 

McCabe and Palecki, 2006]. 

 Monthly values of SOI, PDO, and AMO were obtained from the University of 

East Anglia's Climatic Research Unit, the University of Washington’s Joint Institute for 

the Study of the Atmosphere and Ocean, and the National Oceanic and Atmospheric 

Administration’s Climate Prediction Center, respectively.  Correlations between 

seasonally-averaged SOI and precipitation data were calculated for 3-6 month season 

combinations and lags of 0-6 months.  The strongest and most significant correlations 

were found between June-November SOI and October-March precipitation, consistent 

with findings of Redmond and Koch [1991] that were based on a different data set and a 
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30-yr shorter data record.  SOI–precipitation correlations in the remainder of this paper 

are based on these sets of months (June-November SOI and October-March 

precipitation).  For additional analyses, the SOI was divided into terciles of SOI+, SOI 

neutral, and SOI- years, with every year assigned to one of these three categories. 

 Analyses concerning PDO and AMO are based on sets of years representing 

phases rather than on individual yearly or seasonal values.  The period of analysis 

includes three phases of the PDO: 1926-1943 (PDO+), 1944-1976 (PDO-), and 1977-

1998 (PDO+).  Two phases of the AMO are covered: 1926-1963 (AMO+) and 1964-1994 

(AMO-).  The AMO has been predominantly positive since 1995, although it is not yet 

certain that there has been a phase shift.  The PDO since 1998 has had a combination of 

positive and negative years, and it is currently not clear whether it has entered a new 

negative phase.   

 The analyses presented in this paper are based on correlation and anomaly 

patterns.  The climatic centers of opposite association have been defined in previous 

research by strong correlations to teleconnections and the resulting anomalous 

precipitation pattern [e.g., Redmond and Koch, 1991].  The transition zone is defined here 

as the area dividing the dipole and lacking these correlations.  The correlations between 

Jun-Nov SOI and Oct-Mar precipitation were calculated for each grid point over the 

whole time period, for the PDO+ and PDO- phases, and over AMO+ and AMO- phases.  

Precipitation anomalies were calculated for each of the SOI terciles and the PDO and 

AMO phases, as well as for SOI/PDO and SOI/AMO phase combination subsets.   
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To more easily compare conditions, the centerline of the transition zone was 

delineated by the grid cells with lowest correlation between precipitation and SOI or least 

anomalous precipitation during SOI+ and SOI- years.  In order to examine the north–

south movement of the SOI–precipitation relationship over time, 25-yr moving 

correlations were calculated over the 1926-2007 time period (center years from 1938 to 

1995) and then examined using mean values over the longitudinal range of interest. 

 

3. Results 

 Correlations between Jun-Nov SOI and Oct-Mar precipitation over the whole time 

period (1926-2007), as well as significance levels for those correlations, are shown in 

Figure C1.  There is a surprisingly narrow boundary between the northern and southern 

sections of the dipole.  The majority of the West, particularly west of the continental 

divide, is significantly correlated with SOI.  The main exception is the line delineating 

the transition zone that begins around 40°N in California and shifts poleward to 

approximately 42°N at the continental divide.  The Southwest is more strongly and 

cohesively correlated with SOI than the Northwest.  Two noteworthy anomalous areas 

exist outside of the main transition zone in areas of unusual topography: a low-lying 

region in eastern Washington where the leeward side of the Cascades meets the Columbia 

Basin, and a high-elevation area primarily on the windward side of the Colorado Rocky 

Mountains (Figure C1).   

 Precipitation anomalies for each of the three SOI conditions are shown in Figure 

C2.  Precipitation is near average across the West in SOI neutral years.  Negative SOI 
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values are associated with the development of a deep Aleutian low, leading to ridging 

over the West and a south-shifted storm track position.  This typically occurs when the 

tropical Pacific is in its warm “El Niño” phase and results, on average, with a relatively 

dry Northwest and a wet Southwest.  Positive SOI values are associated with a more 

northerly storm track, an anomalously wet Northwest and dry Southwest, a weak 

Aleutian low, and lower pressure over the West.  The anomaly patterns in SOI+ and SOI- 

years are remarkably close to being mirror images of each other, although important 

differences exist.  The transition zone between positive and negative anomalies moves 

southward in SOI+ years in California and parts of Nevada, but there is very little change 

over Utah (Figure C3).  Eastern Washington and Oregon tend to have near-normal 

precipitation in SOI- years, but experience higher than average precipitation, along with 

the rest of the Northwest, during SOI+ years (Figures C2 and C3). 

 The PDO+ phase is associated with a deep Aleutian low and ridging over the 

West, similar to the SOI- pattern.  Research suggests that the West's dipole is stronger 

when PDO and SOI are in a constructive phase (SOI+/PDO- or SOI-/PDO+) [Gershunov 

and Barnett, 1998].  The results shown in Figure C4 are consistent with this hypothesis: 

although the dipole pattern exists under each SOI/PDO combination, there are weaker 

and less consistent anomalies when PDO and SOI are in a destructive phase (PDO+/SOI+ 

or PDO-/SOI-).  SOI–precipitation correlation patterns have varied by PDO phase (Figure 

C5).  The Northwest had stronger correlations to SOI and behaved as a more cohesive 

unit during the PDO- phase.  In the two PDO+ phases, the transition zone shifted north, 
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particularly in the West Coast states, and parts of Oregon and Washington were 

negatively correlated to SOI (Figures C3 and C5). 

 The AMO- phase was characterized by a strong dipole pattern in both SOI+ and 

SOI- years (Figure C6).  In contrast, the dipole pattern, although still present, was 

weakened in the 1926-1963 AMO+ phase.  A larger portion of the West was drier than 

average during SOI+/AMO+ and wetter than average when SOI-/AMO+.  The 

correlation pattern indicates a stronger connection between SOI and precipitation during 

the AMO- phase, along with a larger area of positive correlations stretching across Idaho 

and Montana (Figure C7).  The transition zone formed a diagonal SW–NE dipole border 

during the AMO+ phase, with a north-shifted area of negative SOI–precipitation 

correlations (Figures C3 and C7). 

 To examine the overall pattern of north–south transition zone movement over 

time, 25-yr moving correlations were averaged over the longitudinal area containing the 

strongest dipole pattern (109-124°W) (Figure C8).  The most striking movements 

occurred over a period centered in the 1950s, with a southward movement of the 

transition zone by over 2° latitude, as well as a strengthening of the positive SOI–

precipitation correlations at higher latitudes (Figure C9).  Although temporally blurred 

due to the application of a moving correlation filter, the time period of these changes 

roughly corresponds with a period of extremely negative PDO values in the 1950s.  

Following this shift, the transition zone began a gradual northward movement, eventually 

returning to the initial position of approximately 41°N. 



135 
 

 To further examine these changes, the same analysis was conducted on three 

separate 5° longitudinal bands roughly corresponding to the eastern borders of California, 

Nevada, and Utah (Figure C8).  Although all three zones reflect a strengthening of 

northern positive correlations near the middle part of the record, the majority of overall 

changes appear to be driven by movement of the transition zone in California, where the 

boundary migrated south by approximately 5° latitude in the time period centered on the 

1950s (Figure C10).  This is consistent with the influence of negative PDO conditions on 

the SOI–precipitation relationship (Figure C3).  Although there is a slight transition zone 

shift south and a strengthening of northern positive correlations near the middle of the 

record in the 114-119°W and 109-114°W longitude bands, they are most noteworthy for 

their lack of change over time.  The center location of the transition zone across Nevada 

and Utah has remained stationary, particularly in the last 30 years of the record, at 

approximately 42°N latitude.  The 109-114°W band does indicate change over time in 

western Montana, from negative or no correlation in the beginning of the record to 

positive correlation in later years (Figure C10). 

 

4. Conclusions 

This paper has presented a high-resolution examination of the spatial boundaries 

of the West’s precipitation dipole pattern and its movement over time.  Teleconnections 

are clearly important far outside the Pacific Northwest and Desert Southwest centers of 

opposite association.  Winter precipitation over most of the West is significantly 

correlated with SOI.  The transition zone between the centers of opposite association is 
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well defined and spatially limited, particularly West of the continental divide, consisting 

of a narrow zone within the 40-42°N latitude band and portions of eastern Washington, 

eastern Oregon, and western Colorado. 

The strength and location of the dipole transition zone are modulated by oceanic 

conditions.  The core Southwest region maintains a coherent, negative correlation 

between SOI and winter precipitation throughout the period of study.  Most changes 

occur along the transition zone and in the Northwest, which tends to respond more 

consistently to SOI when SOI is positive and AMO and PDO are negative.  There is 

relatively little change in the location of the transition zone between SOI- and SOI+ 

conditions.  In SOI+ years, the transition zone migrates slightly south in Nevada and 

California and eastern Washington and Oregon function as part of a more cohesive 

Northwest unit.  The Northwest also formed a larger and more uniform unit during the 

AMO- phase; in contrast, more of the West behaved similarly to the southern side of the 

dipole in response to SOI during the AMO+ phase.  There were large differences in the 

location of the transition zone boundary between PDO phases, with a northward 

movement in coastal California and through eastern Washington and Oregon under 

PDO+ conditions.  

The center of the transition zone between the northern and southern portions of 

the dipole has remained remarkably stationary over the past 80 years across the Great 

Basin.  The transition zone boundary across Nevada and Utah has shifted by 2° latitude 

or less over this time period, ranging from approximately 40-42°N.  In the last three 

decades, there has been even less movement in this region, with the boundary remaining 
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stationary at about 42°N.  Larger shifts occurred over the study period in other areas, 

particularly in the West Coast states.  In California, the center of the transition zone has 

ranged from 37-42°N.  The Sacramento River Basin underlies this transition area and has 

consequently shifted between the northern and southern sides of the dipole over time.   

The region containing the Upper Colorado River Basin (UCRB) is even more 

complex.  Hidalgo et al. [2003] and others have noted a lack of cold-season response to 

ENSO signals in the UCRB.  This large river basin includes regions on both sides of the 

dipole, as well as the anomalous area in the Colorado Rockies that often behaves in 

opposition to the region surrounding it.  The transition zone boundary has shifted in the 

Colorado and Wyoming portions of the UCRB, and the overall proportion of the basin 

exhibiting a Northwest versus Southwest response has changed over time.  Perhaps the 

only consistent feature is that the UCRB has never belonged entirely to one side of the 

dipole or the other.  Knowledge of this pattern could aid in studying the basin's SOI 

response by allowing the separation of similarly-responding watersheds.   

Despite the generally strong and consistent connections between SOI and winter 

precipitation in the West, a number of problems hinder the application of this information 

to climate forecasting.  First, although spatially narrow, year-to-year changes in the 

transition zone's boundary make it difficult to pinpoint and predict an exact location.  

However, this is also true for the centers of opposite association: for example, SOI-(+) 

conditions do not always result in wet (dry) conditions in the Southwest, but rather 

increase the odds of a wet (dry) year.  Second, the phase shifts of important modulating 

conditions like the PDO are not currently predictable.  Forecast ability at present lies 
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solely in the feature's long-term persistence [Mantua and Hare, 2002].  This issue is 

exemplified by the past decade, during which mixed positive and negative PDO values 

have led to a lack of consensus on the PDO's current phase. 

Projected future climate changes add an additional level of uncertainty.  Climate 

modeling studies have consistently predicted a poleward shift and intensification of the 

storm track [Yin, 2005; Lorenz and DeWeaver, 2007] as well as an intensification of the 

Aleutian low [Salathé, 2006] for the 21st century.  A more northerly storm track position 

is typically associated with SOI+ conditions, while an intensified storm track and 

Aleutian low are features of PDO+/SOI-.  There is also a lack of consensus concerning 

whether increased greenhouse gases and warming temperatures will push tropical Pacific 

conditions towards a more El Niño- or La Niña-like state [Vecchi et al., 2008].  

Additional research will be needed to resolve the relative and cumulative effects of these 

projected changes on the Western precipitation dipole. 
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      R-values             p-values 

 
 
Figure C1: Correlation (R-values, left, and p-values, right) between Jun-Nov SOI and 

Oct-Mar precipitation, 1926-2007.  Continental divide shown by red line at right. 
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  SOI+        SOI neutral             SOI- 

 
 
Figure C2: Standardized precipitation anomalies, 1926-2007, stratified by Oct-Mar 

seasons following positive (left), neutral (center), and negative (right) Jun-Nov SOI 
conditions. 
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  SOI    PDO    AMO 

 
 
Figure C3: Center of transition zone based on standardized precipitation anomalies for 

SOI+ versus SOI- years (left), SOI–precipitation correlations by PDO phase (center), 
and  SOI–precipitation correlations by AMO phase (right).  In each case, negative 
phases are shown in red and positive phases are shown in blue.  
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Figure C4: Standardized Oct-Mar precipitation anomalies by SOI/PDO phase.  
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Figure C5: Correlations between Jun-Nov SOI and Oct-Mar precipitation over the three 

PDO phases covered by the dataset: 1926-1943 (PDO+, left), 1944-1976 (PDO-, 
center), and 1977-1998 (PDO+, right). 
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Figure C6: Standardized Oct-Mar precipitation anomalies by SOI/AMO phase.  
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    AMO+ (1926-1963)    AMO- (1964-1994) 

 
 
Figure C7: Correlations between Jun-Nov SOI and Oct-Mar precipitation over the two 

AMO phases covered by the dataset: AMO+ (1926-1963, left) and AMO- (1964-1994, 
right). 
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Figure C8: Longitudinal zones used for analyses in Figure C9 (entire box, 109-124°W) 

and Figure C10 (three 5° longitude bands, 119-124°W, 114-119°W, and 109-114°W). 
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Figure C9: 25-yr moving correlations between Jun-Nov SOI and Oct-Mar precipitation 

as a function of latitude (y-axis) and time (x-axis), averaged over 109-124°W.  
Correlation values have been assigned to the center year of the window.  Top figure 
shows correlation signs and strength; bottom figure show center (zero-line) of 
transition zone. 
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Figure C10: 25-yr moving correlations between Jun-Nov SOI and Oct-Mar precipitation 

as a function of latitude (y-axis) and time (x-axis).  Correlation values have been 
assigned to the center year of the window.  Top figures shows correlation signs and 
strength; bottom figures show center (zero-line) of transition zone.  The three graphs 
correspond to the longitudinal bands in Figure C8: 119-124°W (left), 114-119°W 
(center), and 109-114°W (right). 

 
 

 




