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ABSTRACT 

 

One of the more robust 21
st
 century projections from the most recent 

Intergovernmental Panel on Climate Change report (IPCC AR4) is a northward shift in 

the mean location of the Northern Hemisphere storm track.  In the western United States, 

cool-season precipitation provides most of the water for domestic and industrial 

consumption, irrigation and power generation.  In addition, winter precipitation is 

particularly effective in recharging soil moisture; as a result, it provides a strong control 

on the productivity of vegetation and on wildfire.  Consequently, there is great interest in 

understanding 1) how changes in the storm track influence regional climate; 2) spatial 

and temporal variability in its impact; 3) how well general circulation models simulate 

the regional climate dynamics that bring precipitation to the West; and 4) whether errors 

in climate simulation might impact assessment of ecological changes. 

In order to investigate climate change in the western United States associated with 

shifts in the storm track, I analyzed the relationship between climate and the Northern 

Annular Mode (NAM).  When the storm track is displaced to the north, there is an earlier 

transition to warm-season circulation patterns and weather conditions.  However, the 

relationship between the winter NAM and climate is not stable over time.  Further 

analysis identified changes in the correlations between the NAM and tree-ring width, 

precipitation and temperatures associated with changes in the phase of the Atlantic 

Multidecadal Oscillation and Pacific Decadal Oscillation. 
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Examining 18 of the IPCC AR4 coupled climate models demonstrated cool-

season precipitation errors approaching 300% over western North America.  These errors 

are related to difficulties in representing orography, given the coarse resolution of 

models, and they may influence the quality of precipitation projections into the future.  A 

simple test using the Köppen classification system found that these precipitation errors 

lead to underestimating the area of the United States in dryland ecosystem types by up to 

89% and consequently allowed for much greater expansion of dryland in the future than 

is actually likely.  These studies suggest that the West is likely to experience greater 

drought in the future.  However, no single tool can yet quantify that change. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Research Context 

Although anthropogenic climate change is a global phenomenon and climate 

change itself is generally regional in nature, the impacts of climate change will likely be 

realized at the local scale.  In mountainous areas such as the western United States, 

regional climate change will interact with a landscape that is already topographically, 

hydrologically and ecologically diverse.  As the threat of climate change materializes, 

managers and policy makers will demand regional-scale forecasts of climate change that 

are of sufficient quality to assess the need for adaptation and to inform local planning 

processes.  The current set of tools available for projecting climate change and its impacts 

may not be enough to satisfy management or legislative needs. 

 The western United States faces a combination of stressors in the coming decades.  

Since 2000, the fastest growing counties in the United States have been located in arid 

regions of the western United States (US Census Bureau, 2008).  Water resources are 

already under stress in some areas (Barnett et al., 2008; Milly et al., 2005).  Numerous 

studies suggest that a combination of increased temperatures and reduced precipitation 

will increase drought stress over much of the West (Barnett and Pierce, 2008; Christensen 

et al., 2007; Meehl et al., 2007a; Seager et al., 2007; Meehl et al., 2005), and at least one 

lays the blame on human activity (Barnett et al., 2008).  Warming has also been 

associated with larger and more severe wildfires across the West (Westerling et al., 



 16 

2006), with catastrophic tree dieoffs (Breshears et al., 2005), and with slower, more 

diffuse increases in tree mortality as well (van Mantgem et al., 2009). 

This dissertation takes a holistic focus on the problem of understanding 

precipitation changes in the western United States and their potential ecological impacts.  

Beginning with a description of the regional climate dynamics that influence cool-season 

precipitation in the region and its impact on ecological systems, I evaluate a number of 

often disparate tools that can provide information about future climate change and how it 

will impact the West. 

 

1.2 Background 

1.2.1 Mid-Latitude Climate 

 The western United States covers much of the latitudinal range of the mid-

latitudes, from subtropical climates near the border with Mexico to nearly 50˚N.  During 

the winter, regional precipitation is derived almost exclusively from large frontal storms 

lasting two to three days that are steered across the region by the mid-latitude westerly 

storm track (Barry and Chorley, 2003; Davis and Walker, 1992).  The strength and 

position of the storm track are, in turn, influenced by those of the jet stream (Christoph et 

al., 1997).  Different storm track configurations are associated with increased 

precipitation over different parts of the West (Changnon et al., 1993), but the north 

typically receives more frequent storms than the south and is wetter as a result.  The 

presence of multiple major mountain ranges (Sierra Nevadas, Cascades, Rocky 

Mountains) perpendicular to the prevailing westerly winds, as well as smaller north-south 
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trending ranges in the Great Basin, generate complex precipitation patterns.  These 

include orographically induced precipitation increases along the windward side of ranges 

and at elevation and rain shadows in their lee.  Summer precipitation is more 

regionalized, depending on small-scale convective storms throughout much of the West 

(Barry and Chorley, 2003; Mock, 1996).  Arizona and New Mexico also experience a 

summer monsoon that can contribute over half of the annual precipitation (Sheppard et 

al., 2002). 

 

1.2.2 The Storm Track 

 In common parlance, the storm track is simply the path taken by a storm, although 

it does generally imply larger frontal storms in the mid-latitudes.  Among climate 

dynamicists, the phrase generally refers to approximately zonal regions in the mid-

latitudes that are characterized by high baroclinicity, and by large meridional and vertical 

gradients in temperature that are best developed over the oceans (Valdes and Hoskins, 

1989).  In practice, storm tracks are often identified by applying a filter to isolate daily to 

weekly changes in meridional wind or geopotential height, and then locating regions of 

high variance.  These areas do tend to generate and sustain frontal storms (Chang et al., 

2002), consistent with the colloquial understanding of storm tracks.   

 There are a number of theories about the development and maintenance of storm 

tracks.  Simplistically, strong baroclinicity coupled with meridionally varying zonal mean 

flow should be capable of developing and maintaining the observed storm tracks (Chang 

et al., 2002).  As a result, their strength and position are strongly related to those of the jet 
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stream (Christoph et al., 1997), where baroclinicity peaks, though latent heat release is 

also important in maintaining the storm track (Chang et al., 2002).  Because of their 

relationship to the mean state of the atmosphere, the strength and position of the storm 

tracks vary monthly, reaching their southernmost position in the mid-winter.  Over the 

Pacific Ocean, a weakening in storm track intensity during this time is also observed, so 

that there is a dual peak in storm activity in late autumn and early spring, as shown in 

Figure 1 (also see Chang et al., 2002). 

 In addition to varying daily and seasonally in strength and position, the storm 

track also appears to vary on longer time scales.  Most notably, storm-track intensity in 

the Northern Hemisphere has increased since the mid-1960’s, even after accounting for 

variability in the Northern Annular Mode (NAM) and the El Niño/Southern Oscillation 

(ENSO) (Chang and Fu, 2002).  This has been mirrored in an increase in the number of 

cyclones, beginning in the late-1960’s, with the pattern shifting toward higher latitudes in 

the late-1970’s (McCabe et al., 2001).  The latter may be associated with an observed 

northward shift in the mean jet stream position since the late-1970’s (Archer and 

Caldeira, 2008) and a concomitant trend toward higher NAM index values (Ostermeier 

and Wallace, 2003). 
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Figure 1.  Storm track climatology, 1977 through 1998 from the NCEP/NCAR reanalysis.  

Storm track activity is calculated as the monthly variance of daily meridional wind after 

application of a first-difference filter, per Quadrelli and Wallace (2002).  The intensity 

(color) scale is the same for all plots and runs from 0 to 450 m
2
 s

-2
. 
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1.2.3 Climate Modes 

 A number of climate modes (otherwise known as modes of oceanic and 

atmospheric variability) impact precipitation patterns in the western United States.  The 

best known is ENSO, which describes linked variability in ocean circulation and sea level 

pressure over the tropical Pacific Ocean, and has a characteristic period of two to seven 

years.  Typically, El Niño (La Niña) or warm (cold) ENSO events are associated with 

increased (decreased) precipitation to the south and decreased (increased) precipitation 

north of about 40˚N over the course of an entire winter (Gershunov and Barnett, 1998a; 

Ropelewski and Halpert, 1987), although this pattern is not entirely stable over time 

(Cole and Cook, 1998).  It appears that there may be some decadal variability in the 

strength of ENSO teleconnections to precipitation in the region (Gershunov and Barnett, 

1998b).  In addition, there may well be finer spatial scale controls over the influence of 

ENSO on precipitation, particularly in mountainous terrain (Guan et al., 2005; Hidalgo 

and Dracup, 2003).  Research suggests that warm ENSO years increase precipitation to 

the south by allowing the storm track to follow a more southerly path (Seager et al., 2009; 

Meehl et al., 2007a; Quadrelli and Wallace, 2002).   As a result, a number of factors, such 

as the phase of the NAM, i.e., the position of the jet stream, (e.g., Meehl et al., 2007a) 

may influence the strength and pattern of ENSO teleconnections. 

 The Pacific/North American pattern (PNA), which describes the zonality of the 

storm track (Leathers et al., 1991) and which may be calculated a number of different 

ways (Johansson, 2006 and references therein; Woodhouse, 1997; Leathers et al., 1991), 

is also a good predictor of precipitation.  However, it is most frequently used to predict 
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precipitation at daily and weekly, rather than monthly or seasonal time scales (Johannson, 

2006).  In agreement with synoptic studies (Byrne et al., 1999; Changnon et al., 1993), 

PNA index values that indicate zonal flow are associated with overall greater 

precipitation in the western United States than those associated with meridional flow, 

although such patterns may be important for particular areas (Leathers et al., 1991). 

 Two lower frequency modes, the Pacific Decadal Oscillation (PDO) and the 

Atlantic Multidecadal Oscillation (AMO) also influence drought and precipitation in the 

American West (McCabe et al., 2004; Enfield et al., 2001; Mantua et al., 1997).  With a 

period of approximately 30 years, the PDO describes an east/west pattern in sea surface 

temperatures (SSTs) across the mid-latitudes of the Pacific.  Warm (cold) phases of the 

PDO are characterized by warm (cold) SST anomalies along the coast, and cold (warm) 

SSTs in the North Pacific, and with increased (reduced) precipitation across the 

southwestern portion of the United States (Mantua et al., 1997).  The AMO, thought to be 

driven by changes in thermohaline circulation, varies with an approximately 70-year 

cycle.  Warm phases are associated with increased temperatures across the entire North 

Atlantic Ocean and, among other effects, with reduced summer rainfall in the United 

States (Enfield et al., 2001) and increased drought in western North America (McCabe et 

al., 2008, 2004).   

The mechanisms by which these modes might influence precipitation are not 

entirely clear.  It is likely that warmer SSTs off the Pacific coast of North America during 

warm phases of the PDO (1925 to 1947, 1977 to present) increase the moisture carried by 

storms (Mantua et al., 1997).  In addition the PDO may enhance the effect of warm 
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ENSO events (McCabe and Dettinger, 1999; Gershunov and Barnett, 1998b).  The 

connection between the AMO and precipitation is even more tenuous.  It may involve 

changing pressure patterns over North America or in the Bermuda High such that 

moisture transport or the storm track are altered.  Alternately, it could be related in some 

way to the tropical Pacific, either forced by or forcing variability there (McCabe et al., 

2008).   

All of these modes have been shown to or can be assumed to influence 

precipitation by altering the position or strength of the storm track.  Consequently, it 

makes sense to evaluate the mode that most directly describes zonal flow, the NAM. 

 

1.2.4 The Northern Annular Mode 

 The NAM describes variability in extratropical sea-level pressure (SLP).  

Although it is usually calculated by taking the first empirical orthogonal function (EOF) 

of winter SLP, the pattern extends through the entire thickness of the troposphere and is 

also associated with stratospheric processes (Thompson and Wallace, 2001).  Equivalent 

to the Arctic Oscillation and closely related to the North Atlantic Oscillation (Wallace, 

2000), the NAM is often used as an index of storm track position.  Positive index values 

(high index) are associated with a highly zonal storm track that retreats toward the pole, 

while negative (low) index values denote times when the storm track is closer to the 

equator and has an increased wave number.  Previous research has suggested that a high 

winter NAM index is associated with warmer temperatures over much of the mid-
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latitudes and with a redistribution of precipitation from south to north over western 

Europe (Thompson and Wallace, 2001; Thompson and Wallace, 1998).   

 One of the more robust Northern Hemisphere projections from the IPCC’s Fourth 

Assessment Report is a poleward shift in the position of the jet stream (Yin, 2005) and a 

corresponding shift toward higher NAM index values (Miller et al., 2006).  A poleward 

shift in the jet stream has been identified by Caldeira and Archer (2008), and it appears 

that the recent positive shift in the NAM is unique in the instrumental record (Ostermeier 

and Wallace, 2003).  There is debate over the cause of these shifts, discussed in Appendix 

E, but given the relationship between the jet and cool-season precipitation (Garreaud, 

2007; Barry and Chorely, 2003), it is likely that systemic changes in the strength and/or 

position of the jet stream will be expressed in changes to mid-latitude precipitation 

patterns. 

 

1.2.5 Precipitation Projections 

 A number of recent studies have projected changes in the amount (Barnett and 

Pierce, 2008; Christensen et al., 2007; Seager et al., 2007; Held and Soden, 2006; Meehl 

et al., 2005) and variability (Meehl et al., 2007a) of precipitation in the Southwest.  Most 

models project increased precipitation in the Northwest, with a region of uncertainty 

around 45˚N (Christensen et al., 2007).  All of these projections rely on the apparently 

robust projection that, in coming decades, the storm track will move northward, 

decreasing the frequency of storms to the south and increasing them to the north.  An 

overall increase in the intensity of the hydrological cycle may also contribute to projected 
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precipitation increases in the Northwest and Canada (Meehl et al., 2005; McCabe et al., 

2001).  Models also suggest that teleconnections to climate modes, notably ENSO, may 

change in the future, as well.  Changes in the position of the jet stream will alter its 

interaction with ENSO, changing the interannual variability of precipitation, as well as 

the spatial patterns of its teleconnections (Meehl et al., 2007a).  Several studies use these 

results to make quantitative forecasts for water resources in the Southwest (e.g., Barnett 

and Pierce, 2008).   

 

1.2.6 Western United States Ecosystems 

 Ecosystem structure in the western United States is determined by climatic, 

topographic, and edaphic controls (Turner et al., 2001).  At the broadest scales, dry low-

elevation regions are characterized by deserts, shrublands, or grasslands.  With increasing 

elevation and latitude (increased precipitation and lower temperatures), woody plants 

become more common, and forest density increases.  At the highest elevations, treeline 

and alpine environments can be present (USGS, 2002).  See Figure 2. 

Satellite-based studies of primary production in the western United States suggest 

that it is limited primarily by moisture availability (White et al., 2005; Nemani et al., 

2003.).  Species-specific investigations using dendroecological tools suggest that  the 

ubiquitous western species Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) can be 

moisture limited even in relatively humid areas (Littell et al., 2008).  Fine-scale 

topographic controls can mediate the broader relationships between climate and biology 

(Case and Peterson, 2005; White et al., 2005). 
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Figure 2.  Western North American landcover, 1-kilometer resolution.  Data are from the 

U.S. Geological Survey and the National Center for Earth Resources Observation and 

Science and are available from the National Atlas. 
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1.2.7 Ecosystem Responses to Precipitation 

 Given the importance of water availability for western United States ecosystems, 

a great deal of research has been undertaken to describe the impact of precipitation on 

ecosystem processes (e.g., Schwinning et al., 2005; Huxman et al., 2004; Ogle and 

Reynolds, 2004; Weltzin et al., 2003).  These studies have used an array of techniques to 

determine the influence of precipitation seasonality (Schwinning et al., 2005; Huxman et 

al., 2004) and storm characteristics (Loik et al., 2004) on ecosystem response.  Numerous 

dendroclimatic reconstructions (e.g., Salzer and Kipfmueller, 2005), as well as the 

mechanistic studies outlined above suggest that cool-season precipitation provides a 

particularly important moisture source for ecosystems in the western United States. 

 

1.3 Research Tools 

 This study employs three major tools to understand how changes in the mid-

latitude storm track will influence precipitation in the western Untied States and how that 

could manifest in landscape impacts.  First, I use observed precipitation data and 

reanalyses to investigate the relationship between the storm track and cool-season 

precipitation.  Second, I explore the stability of these effects over time and their 

interaction with other sources of variability using dendrochronological techniques.  

Finally, I evaluate the quality of simulations from coupled atmosphere-ocean general 

circulation models (GCMs) and use their output to drive a common landcover 

classification algorithm, the Köppen system, to test the impact of precipitation errors on 

ecosystem projections. 
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1.3.1 Gridded Climate Data 

 A number of climate data products are currently available.  Using various spatial 

statistics, data from individual meteorological stations can be distributed onto grids.  Here 

I use data primarily from the Global Precipitation Climatology Project (GPCP, Adler et 

al., 2003), and the University of Delaware (Wilmott and Matsuura, 1995).  I also employ 

the Climate Prediction Center’s Unified Precipitation, which distributes station data onto 

a 0.25˚ x 0.25˚ grid for the continental United States (Higgins et al., 2000), and the 

Parameter-elevation Regressions on Independent Slopes Model (PRISM) dataset, which 

use methods similar to statistical downscaling to produce estimates of monthly 

precipitation and temperature that explicitly considers the effects of topography on 

climate on a very fine grid (Daly et al., 1994).  While there are valid critiques of the 

PRISM dataset, it does provide a long (1895 to 2008), spatially extensive record of 

monthly minimum and maximum temperature and precipitation at 4-km resolution. 

 

1.3.2 Atmospheric Reanalyses 

Reanalyses provide exceedingly useful information for large-scale climate 

research.  In order to produce gridded, spatially and temporally complete records of a 

large suite of climate variables, observations are combined with physical models of the 

atmosphere.  Observations are used to initialize and constrain model runs, producing 

comprehensive data that is both consistent with observations and physically coherent. 

The reanalysis products used in this study are the National Center for Atmospheric 

Research/National Centers for Environmental Prediction (NCAR/NCEP) (Kalnay et al., 
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1996) and the updated NCEP-Department of Energy-Atmospheric Model 

Intercomparison Project-II (NCEP-DOE-AMIP-II) datasets (Kanamitsu et al., 2002).  The 

NCAR/NCEP reanalysis of Kalnay et al. (1996) covers the period from 1948 through the 

present.  The NCEP-DOE-AMIP-II reanalysis was produced to correct errors in the 

NCAR/NCEP reanalysis, while also making improvements to boundary layer processes, 

cloud dynamics, and seasonal variations in stratospheric ozone  (Kanamitsu et al., 2002).  

It is available for 1979 to the present. 

 

1.3.3 General Circulation Models 

 General circulation models (GCMs) are built on physically derived equations of 

motion and of conservation of heat, mass and momentum that describe the atmospheric, 

oceanic and land-surface dynamics driving global climate.  Fine-scale processes, such as 

cloud physics and land-surface hydrology, may be parameterized, i.e., approximated with 

statistical relationships (Harvey et al., 1998).  In the IPCC’s Fourth Assessment Report, 

16 modeling groups contributed runs from 23 models.  All of these models incorporate 

both sea ice and land surface models of varying complexity, and only five of the 23 still 

employ flux adjustments to keep mean climate from drifting under constant forcing. 

Models used in the IPCC AR4 range in atmospheric and land resolution from ~1.1° x 1.1˚ 

to ~4˚ x 5° (Randall et al., 2007), meaning that processes important over smaller areas, 

such as orographically induced precipitation gradients, cannot be discerned. 

In a subset of simulations used in IPCC AR4, scenarios describing various 

combinations of world population, economics, trade, policy, technology and societal 
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priorities are translated into physical forcings in terms of greenhouse gases, land use 

change, and aerosols (Meehl et al., 2007b; Nakicenovic et al., 2000).  These scenarios, in 

addition to calculated changes in solar output, are used to drive projection runs of the 

model.  Additional model runs are performed using arbitrary forcings, such as 1%/year 

increases in CO2 until the atmospheric concentration has doubled or quadrupled, in order 

to study differeneces between models (Meehl et al., 2007b). 

The climate models in use today were developed primarily as tools for studying 

global climate and not for forecasting (Knutti, 2008).  As a result, they are often tested 

for their ability to simulate processes at the global scale.  Most of the models in use today 

have been found more than adequate for simulating many global processes (Randall et 

al., 2007).  More detailed regional analysis has identified some problems in simulating 

fine-scale features of SST (Jin et al., 2008) and precipitation (Dai, 2006).   

 

1.3.4 Dendrochronology 

 As trees in the western United States are often limited by temperature or 

precipitation, they can record climate or the modes that influence climate and be used as 

archival records for times or areas with limited meteorological data.  However, tree rings 

contain information beyond that related to climate, including growth trends and, 

potentially, signals related to disturbance or stand history.  These can be avoided by 

careful site and tree choice and/or removed by detrending (standardization).  The 

influence of individual variability is limited by compiling a chronology containing a 

number of tree ring series (Fritts, 1976).  In this case, I selected records from the 
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International Tree Ring Database (ITRDB).  Doing so limited my ability to apply site 

selection criteria, but provided a far broader resource in terms of spatial coverage, species 

representation and replication than I could have acquired within the scope of the current 

project. 

 A major concern related to the detrending of tree ring series is that the detrending 

process may introduce information to the time series.  This is of particular concern near 

the recent end of long records (Cook and Peters, 1997), and it has been cited as a possible 

source of the recent “divergence” between ring-width chronologies and temperature at 

some high-latitude and high-elevation sites (D’Arrigo et al., 2008).  In order to resolve 

this problem – since the series as downloaded ranged in length from less than 100 to over 

2000 years – I truncated all series so that they extended back only to 1899.  Growth 

trends were removed with a cubic smoothing spline set to remove 50% of the variance at 

66% of the series length.  This is a relatively stiff spline.  As a result, and given the short 

length of the series used here, it would be unlikely to add decadal scale variability to the 

records (Cook and Peters, 1981). 

 

1.4  Research Goals and Approaches 

I have investigated a number of aspects of the relationship between the storm 

track and precipitation over the western United States to more fully understand how shifts 

in the position of the storm track expected with climate change will impact the region.  

The first study characterizes the relationship between the NAM, as an index of storm 

track position, with modern precipitation amounts, while the second investigates 
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variability in that relationship over time using dendrochronological, as well as climatic 

data.  Moving into the realm of GCMs, the third study evaluates the ability of currently 

used models to simulate frontal precipitation over western North America.  The final 

study assesses the impact of precipitation simulation errors on our ability to gage 

ecological impacts of climate change.  Each appendix can stand as an independent study; 

in combination, they provide a blueprint for combing tools used for understanding the 

past, present, and future to better understand climate variability, climate change and its 

impacts. 
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CHAPTER 2 

PRESENT STUDY 

 

This dissertation applies several seemingly incongruent tools to answer questions about 

the influence of the storm track on cool-season precipitation in the western United States, 

and the potential impacts of a northward shift in the position of the storm track.  Using an 

array of tools allows me to identify the most consistent and strongest conclusions.  It also 

provides an opportunity to evaluate the strengths and weaknesses of different tools and to 

assess the degree of information each can provide.  As the demands made upon climate 

projections become more detailed and more urgent, in space and time and quality, 

scientists need to apply the available tools creatively, while new methods are developed.  

In the set of studies presented here, I employ a number of different tools to explore how 

and why precipitation will change over the western United States under climate change 

and how that might impact the region’s arid and semi-arid ecosystems. 

 

2.1  Northern Annular Mode impact on spring climate in the western United States 

 In this study, a simple correlation analysis is used to discern the influence of 

storm track position, as indexed by the January to March (JFM) NAM index, on late-

winter to early spring (February to April, FMA) geopotential height, temperature and 

precipitation over the western United States.  I also confirmed that the JFM NAM is, in 

fact, a reasonable storm track index by correlating it with the storm track, calculated as 

the variance of the first-difference of daily meridional wind.  All analyses focused on the 
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late 20
th

 century (1979 to 1998).  Significance was tested using a 10,000-realization 

Monte Carlo approach. 

Higher NAM index winters were associated with an earlier shift to spring-like 

circulation patterns, and accordingly with an earlier onset of spring-like climate.  

Specifically, FMA precipitation was lower and FMA temperatures higher over the 

Southwest and portions of the Great Basin following high index winters.  Over much of 

the West, the onset of spring is marked by increasing temperatures and decreasing 

precipitation (Barry and Chorley, 2003; Mock, 1996).  Greater precipitation was observed 

over the northern Great Plains, where the onset is spring is often signaled by increased 

rain, fed by moisture drawn from the Gulf of Mexico along the low-level jet (Mock, 

1996).  Since the recent increase in the NAM index has been linked to anthropogenic 

activity (Ostermeier and Wallace, 2003), this study provides the first indication that 

anthropogenic activity may have altered U.S. climate.  Complete results are presented in 

Appendix A, as published in 2008 in Geophysical Research Letters, 35, L17701, 

doi:10.1029/2008GL034828.  Appendix B certifies that I have permission from the 

American Geophysical Union to use the published paper as part of this dissertation. 

 

2.2  AMO and PDO impact on the relationship between the Northern Annular Mode and 

climate in the western United States 

 A suite of 532 tree-ring chronologies from the western United States was 

compiled to investigate the ecological impacts of the NAM.  However, the relationship 

between the NAM and ring-width indices varied significantly over time.  Principal 
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components analysis of 31-year running correlations between ring width and the NAM 

from 1900 to 2006 found that variability in the relationship was apportioned between a 

trend (27.3%), a cycle correlated with the PDO (18.1%, p < 0.05), and a cycle most 

similar to the AMO (8.7%, p < 0.05).  Similar results were found by analyzing the 

between-month (January to March and April to June) variability in running correlations 

of local (20 km x 20 km grid surrounding each chronology site) PRISM precipitation 

with the NAM.  This suggests that some aspect of the storm track (position, intensity, or 

variability) can mediate the relationship between storm track position, for which the 

NAM is a reasonable index (Thompson and Wallace, 2001), and climate.  Appendix C 

contains complete results and a discussion of why the relationship between the NAM and 

moisture stress might vary concurrently with the AMO.  Supplementary figures and 

metadata for each of the chronologies can be found in Appendix D. 

 

2.3  Attenuated orography in IPCC AR4 models contributes to winter precipitation errors 

over the western United States 

 A number of studies have recently made moderately detailed hydrological 

forecasts for the Southwest using the output from GCMs (e.g., Seager et al., 2007; 

Barnett and Pierce, 2008).  However, it is still unclear whether this is an appropriate use 

of these global scale models.  Here, I test 18 of the 23 models used in the IPCC AR4 to 

determine how well they simulated cool-season (November to April) precipitation over 

the United States during the late 20
th

 century.  This study also addresses why errors occur 
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and evaluates the impact of those errors on the ability of models to accurately project 

changes in precipitation over the western United States.   

In comparison with observed, gridded precipitation from the Global Precipitation 

Climatology Project (Adler et al., 2003), all of the models showed wet errors over all or 

part of western North America.  It is unusual for such a large number of models to err in 

the same direction.  Via regression analysis, precipitation errors were linked to the 

observation that all of the models simulated 300-hPa zonal wind speeds near 30˚N that 

were too high.  The most likely explanation for the wind speed bias, confirmed by 

correlation and regression analysis, is that attenuated representations of the Rocky 

Mountains in the models limit the development of standing waves, which tend to 

decrease zonal wind speed (Held et al., 2002).  In addition to modifying atmospheric 

dynamics, low simulated topography also altered the characteristic rain shadow patterns 

observed in the western United States, leading to additional precipitation errors that are 

particularly important over the interior Pacific Northwest.   

 Because at least part of the errors in the precipitation simulation for the late 20
th

 

century are dynamically driven, it calls into question the ability of models to make 

quantitative projections of precipitation change into the future.  Indeed, in areas where 

the models are most consistently incorrect – the extreme Southwest and Mexico, and the 

Gulf Coast – there are significant correlations between error and projected changes in 

precipitation.  This study is presented in Appendix E as a manuscript for submission to 

Journal of Climate. 
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2.4  Impact of biases in model precipitation on dryland ecosystem response and carbon 

losses in western North America 

 Although large as a percent of observed precipitation, the errors documented in 

the previous study are small in absolute terms, and may or may not pose a significant 

problem for assessing climate change impacts.  In the rapidly growing arid and semi-arid 

West, understanding the impact of climate change on dryland ecological systems is 

nearly as important as understanding likely changes in climate.  The next round of 

models from the IPCC is expected to employ coupled dynamical vegetation and carbon 

cycle models in projection runs (Meehl and Hibbard, 2007).  Any climatic errors could be 

magnified by induced errors in vegetation or changes in vegetation and subsequent 

feedbacks through the carbon cycle. 

 Using simulated temperature and precipitation to drive a simplified Köppen 

classification – based on that described in Kottek et al. (2006) – I found that models 

vastly underestimated the area of dryland in the western United States.  As a result, 

subsequent drying allowed for a much greater expansion of drylands than seems 

reasonable given current observed conditions.  In addition, by relating Köppen types to 

revised Olson carbon densities (Gibbs, 2006), I show that simulated carbon fluxes from 

North American drylands by the end of the 21
st
 century can exceed the amount of carbon 

currently in place on the landscape.  Thus, small errors in climate simulations can be 

amplified in impacts models and have the potential to influence climate projections via 

carbon cycle feedbacks.  Results from this study are presented in Appendix F as a 

manuscript for submission to Ecology. 
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A.1  Abstract 

  Shifts in storm track position associated with the Northern Annular Mode (NAM) 

are linked to temperature changes and reduced spring precipitation in the western United 

States. During the transition to spring following a high index winter, weakening of the 

storm track over the northeastern Pacific Ocean and western United States is shown to 

lead to warmer and drier conditions west of the Rocky Mountains and increased 

precipitation just east of the Rocky Mountains, consistent with observations of early 

spring onset in the western United States.  Given projected increases in the average 

annular mode index and associated poleward shifts in the storm track, this analysis 

provides additional evidence that much of the western United States will experience more 

severe drought conditions over the next several decades, irrespective of changes in 

temperature, because of an earlier shift to warm-season circulation patterns. 
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A.2  Introduction 

 Cool-season precipitation plays a critical role in ecosystem (Swetnam and 

Betancourt, 1998) and hydrological processes (Redmond and Koch, 1991) in the western 

United States.  Precipitation and temperature during the transition into spring have 

particularly important phenological impacts (Schwartz and Reiter, 2000), and some of the 

strongest trends in temperature, frost days and streamflow have been observed during the 

late-winter and early spring (Cayan et al., 2001; Stewart et al., 2005).  Resource 

managers will need adequate projections of likely climate change during this season to 

optimize planning decisions.  Despite their importance in terms of impact and the focus 

on identifying trends, the atmospheric dynamics of the transitional seasons have received 

little attention (Fleming et al., 1987; Abatzoglou and Redmond, 2007). 

 The Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment 

Report projects decreasing cool-season precipitation south of about 40ºN latitude 

(Christensen et al., 2007), as do other studies (e.g., Meehl et al., 2007; Seager et al., 

2007).  Given the frontal nature of winter precipitation, storm track position provides a 

good proxy for cool-season precipitation across the western United States at the synoptic 

scale (Changnon et al., 1993; Woodhouse, 1997).  Models project a northward shift in 

storm track position (Yin, 2005; Lorenz and DeWeaver, 2007) that should be consistent 

with reduced precipitation in the western United States.  While previous studies have 

examined the impact of these dynamics on annual averages or during mid-winter (e.g., 

Meehl et al., 2007; Seager et al., 2007, Thompson and Wallace, 1998), their impact 

during the transition into spring has not been thoroughly explored. 
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 The Northern Annular Mode (NAM) is the first empirical orthogonal function of 

sea level pressure poleward of 20ºN, and the pattern extends vertically through the 

troposphere (Thompson and Wallace, 1998).  The positive phase of the NAM is 

characterized by an increase in the pressure gradient between the mid-latitudes and the 

pole (Thompson and Wallace, 1998).  High index values are commonly associated with 

poleward displacement and increased zonality of the storm track, low index values with a 

more southerly and meridional storm track pattern (Thompson and Wallace, 2001).  The 

JFM value of the NAM has previously been linked to increased temperature over much of 

the extratropics and to precipitation anomalies over the North Atlantic and Europe during 

the mid-winter (Hurrell, 1995; Thompson and Wallace, 2001).  The NAM has its greatest 

variance and coupling with the stratosphere between January and March (JFM) 

(Thompson and Wallace, 2000).  Thus, the JFM NAM index (Figure A.1a) should 

provide a reasonable proxy for cool-season average storm track position.  

 In this study we identify a quantifiable link between the NAM and precipitation 

over the western United States that appears to be unique to early spring (February to 

April).  We confirm that the NAM provides a reasonable storm track index for the spring 

and demonstrate coherent relationships between the NAM, storm track position and 

geopotential height anomalies.   Most significantly, we establish relationships between 

the mid-winter NAM and precipitation and temperature patterns across the western 

United States during the transition from winter into spring (February to April, FMA) that 

are consistent with the observed changes in atmospheric circulation. 
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Figure A.1. Annual January to March (JFM) value of the Northern Annular Mode (a) 

(Climate Prediction Center, 2007), and the monthly correlation with the February NAM, 

1978-1998 (b). White bars are not significant.  Light, medium and dark shading indicates 

one-tailed significance at p<0.01, p<0.05 and p< 0.1. 
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A.3  Data and Methods 

 Average JFM NAM index values were calculated from the National Weather 

Service Climate Prediction Center’s (CPC) Arctic Oscillation monthly index (Climate 

Prediction Center, 2007).  The Arctic Oscillation index is commonly used to track the 

state of the NAM (Thompson and Wallace, 1998).  The storm track was calculated as a 

seasonal average of the monthly variance of the daily meridional component of wind at 

300 hPa after application of a first-difference filter (Quadrelli and Wallace, 2002).  

Because of the general increase in storm track amplitude during high index years 

(Thompson and Wallace, 2001), monthly grid cell values were normalized by the 

hemispheric average variance in meridional wind, emphasizing spatial differences in the 

storm track.  Geopotential height anomalies at 500 hPa and 300-hPa meridional wind are 

derived from 2.5º x 2.5º NCEP/NCAR reanalysis (Kalnay et al., 1996).  Precipitation data 

are from the CPC Unified Precipitation 0.25º x 0.25º observational data set (Higgins et 

al., 2000), and temperature data is from the University of Delaware’s 0.5º x 0.5º 

observational record (Wilmott and Matsuura, 1995).  All analyses were conducted over 

the period 1978-1998. 

 The spatial patterns of the relationships between the JFM NAM, storm track, 

geopotential height, precipitation and temperature were investigated using point 

correlations.  The significance of correlations at individual points was tested against 

10,000 synthetic time series.  Between 1978 and 1998 the JFM NAM index approximates 

a gamma distribution and has a 1-year autocorrelation of 0.43.  We analyzed the stability 

of the correlation patterns by splitting the data into odd and even years, re-analyzing each 
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sub-sample, and comparing the sign -- negative (r ! -0.05), null (-0.05 < r  < 0.05), or 

positive (r " 0.05) -- of the correlation at each point.  
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A.4  Results 

 In addition to the marked increase in the late-1980’s (Figure A.1a), the NAM 

displays monthly autocorrelation that persists further into the spring than the autumn 

(Figure A.1b).  The expected northward shift in the storm track should be associated with 

decreased precipitation across the western United States during the cool season and with 

regional temperature anomalies consistent with the change in precipitation, although 

these have not previously been demonstrated.  

 There is little NAM signature in 500-hPa height or storm track anomalies during 

the late autumn and early winter, October to December, (Figure A.2a).  By mid-winter, 

December through February, the classic high NAM index pattern does emerge, 

particularly over the northern Atlantic Ocean and Europe (Figure A.2b).  There are 

significant positive geopotential height anomalies in the mid-latitudes over northern 

Europe, eastern North America and the western and central Pacific Ocean, and significant 

negative anomalies near the pole and over Greenland.  The storm track is shifted 

northward over much of the globe, typically just poleward of the positive geopotential 

height anomaly. 

 By early spring, however, the pattern of anomalies become more complex.  There 

are still a deep negative 500-hPa anomaly over Greenland and a mid-latitude positive 

anomaly over the Atlantic Ocean and Europe.  The storm track is zonally shifted north 

over this region, as well (Figure A.2c).  However, the positive geopotential height 

anomaly over the Pacific shifts east and north leading to an east-west pressure gradient 

over western North America.  The storm track anomaly also shifts north over the Pacific,  
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Figure A.2.  Correlation between the JFM NAM and monthly storm track  and 500-hPa 

geopotential height for October to December (a), December to February (b) and February 

to April (c).  Colors indicate correlations between the NAM and geopotential height 

significant at 90%.  Black (gray) lines indicated positive (negative) correlations between 

the NAM and storm track.  Bold lines indicate correlations significant at 90%. 
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placing the positive anomaly over the polar regions, with a significant weakening of the 

storm track over the eastern Pacific and western North America.  This leads to an 

apparent fragmentation of the storm track. 

 High index winters are typically preceded by warmer than normal conditions over 

the Pacific Northwest (Figure A.3a).  Mid-winters are cool along the California coast, 

with few significant impacts elsewhere (Figure A.3b).  Springs following high index 

winters however, are characterized by warm anomalies across much of the southwestern 

United States and northern New Mexico, with smaller areas of significant cool anomalies 

over portions of the Pacific Northwest and northern Rocky Mountains (Figure A.3c).

 Autumns prior to high index winters appear generally, but not significantly dry 

across the western United States, with regions of significant negative correlations over 

western Texas and Nebraska (Figure A.3d).  High index winters themselves are 

unremarkable, with only small, scattered regions of significant correlations between DJF 

precipitation and the NAM index (Figure A.3e).  During the spring, however, an 

interesting pattern develops with dry conditions west of the Rocky Mountains, 

particularly in the Southwest, and wetter conditions over the Plains on the lee side of the 

Rocky Mountains (Figure A.3f).  These correlations are significant at 90% and do not 

change in sign with resampling.  

 The main weaknesses in this argument are the restricted analysis period and the 

relatively weak statistical significance of the precipitation correlation.  Limiting the 

analysis to the period of time since 1978 is necessary to detect the potential NAM impact 

given the increase in data quality and the current strong influence of the El Niño – 
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Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO) on the region’s 

climate (Cayan et al., 1998).  Similar patterns are observed in the same analyses over the 

period 1955-1998 (not shown).  Moreover, each of the analyses, based on independent 

data and reanalysis, leads to the same answer.  These considerations give us additional 

confidence in the results. 
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Figure A.3.  Correlation between the JFM NAM and temperature (a-c) and precipitation 

(d-f) over the western United States for October to December (a,d), December to 

February (b,e), and February to April (c,f).  Correlations significant at 90% are outlined 

in black.  Heavy blue lines indicate major rivers; the 2000-m isohypse is indicated by fine 

gray lines. 
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A.5  Discussion 

 Given robust projections for increasing NAM index values over the 21
st
 century 

(Yin, 2005; Miller et al., 2006) and observed northward shifts in the jet (Archer and 

Caldeira, 2008), it is important to determine the potential impacts of the NAM on 

regional climate patterns.  For the first time, we have identified a link between the NAM 

and spring temperature and precipitation over the western United States.  The most 

striking results from these analyses are that 1) they are internally and mechanistically 

consistent, 2) the greatest impact of the mid-winter NAM over the western United States 

actually occurs during the late-winter and early spring, and 3) the storm track appears to 

fragment after high index winters, developing an east/west break over North America.   

 Although some of the relationships are not statistically significant at 95% or 99%, 

the basic patterns are robust to resampling and consistent with the observed changes in 

storm track position during the early spring.  Each indicates that northward shifts in the 

mid-latitude storm track have manifest as decreases in precipitation over the western, 

particularly the southwestern, United States.  The northward and eastward displacement 

in the storm track across western North America is mirrored in a reduction in 

precipitation west of the Rocky Mountains.  The generally increasing trend in the NAM 

is also consistent with the stronger trend in spring than autumn surface temperatures 

(Abatzoglou and Redmond, 2007). 

 Spring weather is critical in determining the phenology of ecological and 

hydrological events (Schwartz and Reiter, 2000; Stewart et al., 2005).  Across the 

western United States, observed shifts in the position of the storm track, as indexed by 
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the NAM, had the strongest impacts on temperature and precipitation in the spring.  

Autumn drying associated with the positive phase of the NAM is not consistent with 

observed storm track and geopotential height responses.  The NAM had almost no 

discernable impact on mid-winter precipitation, despite the fact that the polar vortex is 

most strongly developed at that time.  This may be due to aspects of the atmospheric 

dynamics during the spring, such as the northerly located and unstable jet (Fleming et al., 

1987). 

 The expected response (Thompson and Wallace, 2001), and the one observed 

over the Pacific Ocean in the winter and over the Atlantic Ocean through the winter and 

spring, is a simple zonal shift in the position of the storm track accompanied by increased 

geopotential height over the mid-latitudes.  Over the Pacific Ocean, however, the storm 

track appears to fragment during the tail end of high-index winters.  The spring-time jet 

typically has an unstable position (Fleming et al., 1987).  Archer and Caldeira (2008) 

note that one characteristic of summer (JJA) circulation is fragmentation of the Northern 

Hemisphere jet.  Thus, one consequence of a high mid-winter NAM might be an earlier 

switch from cool- to warm-season circulation characteristics.  Over much of the western 

United States, the transition from winter to summer is marked by a reduced frequency of 

frontal storm events (Barry and Chorley, 1998).  An earlier switch to summer-like 

circulation is consistent with the observed decrease in precipitation and increase in 

temperature over the Southwest.  It also explains why many of the anomalies are short-

lived.  For example, the transition between the cool rainy season and the hot dry 

foresummer in the Southwest typically occurs between March and April (Barry and 
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Chorley, 1998).  An earlier transition into warm-season circulation patterns shifts the 

season that March experiences, but not April.  It also suggests that reduced precipitation 

in the West, particularly the Southwest, will be the result of a shorter rainy season – 

fewer storms, not a change in the character of storms. 

 We expect that, given observed increases in average jet latitude (Archer and 

Caldeira, 2008), projections for a northward shift in the storm track (Yin, 2005; Lorenz 

and DeWeaver, 2007) and changes in ENSO’s interaction with mid-latitude circulation 

(Meehl et al., 2007), the NAM will have greater influence on the region’s climate in the 

future.  Projections of the NAM are considered robust because general circulation models 

(GCMs) simulate the historical spatial pattern of the NAM well and recreate many 

features of the temporal index, as demonstrated by Shindell et al. (1999).  If anything, 

GCMs underestimate the amplitude of variability over time (Miller et al., 2006).  Model 

results have suggested that a northward shift in the storm track associated with expansion 

of the Hadley cell will result in reduced winter precipitation over the southwestern United 

States (Seager et al., 2007; Seidel et al, 2008).  Whether the northward shift in the storm 

track is driven by the tropics, the extra-tropics, or the two acting in concert, it is likely to 

have the same result – a reduction in precipitation over western and particularly 

southwestern North America related to changes in the length of the rainy season.  This 

observational study demonstrates that even the small northward displacements observed 

over the past 30 years are associated with reduced precipitation in the sub-tropics and 

increases our confidence in precipitation projections for the 21
st
 century. 
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A.6  Conclusions 

 The projected increase in the NAM (Miller et al., 2006) and northward shift in the 

storm track (Lorenz and DeWeaver, 2007; Yin, 2005) may lead to reductions in late-

winter and spring precipitation over the western United States, exacerbating drought 

associated with increases in surface temperature.  The most striking results from these 

analyses are that they are consistent, both internally (despite using independently 

collected observational data and reanalysis) and with climate theory and coupled model 

projections, and they are also most pronounced during the spring.  At least initially, the 

northward shift in the storm track may manifest as an earlier shift to warm-season 

circulation patterns.  Given the presence of hydrological and ecological thresholds such 

as snowmelt and growing season onset during the spring and the significance of the 

phenology of those events, climate change during the spring may have more significant 

impacts than similar variations during the mid-winter or mid-summer.  



 69 

A.7  Acknowledgements  CPC US Unified Precipitation data, University of Delaware Air 

Temperature data, and NCEP reanalysis data provided by the NOAA/OAR/ESRL PSD, 

Boulder, Colorado, USA, from their Web site at http://www.cdc.noaa.gov/. This work 

was funded by the National Oceanic and Atmospheric Administration's Climate Program 

Office through Grant #NA16GP2578 with the Climate Assessment for the Southwest 

program at the University of Arizona. 

 



 70 

A.8  References 

 

Abatzoglou, J.T., and K.T. Redmond (2007), Asymmetry between trends in spring and 

autumn temperature and circulation regimes over western North America, 

Geophys. Res. Lett., 34, L18808, doi:10.1029/2007GL030891, 2007. 

 

Archer, C.L., and K. Caldeira (2008), Historical trends in the jet streams. Geophys. Res. 

Lett., 35, L08808, doi:10.1029/2008GL033614, 2008. 

 

Barry, R.G., and R.J. Chorley (1998), Atmosphere, Weather, and Climate, 8
th

 ed., 

Routledge, New York. 

 

Cayan, D. R., M.D. Dettinger, H.F. Diaz, and N.E. Graham (1998), Decadal variability of 

precipitation over western North America, J. Clim., 11, 3148-3166. 

 

Cayan, D.R., S.A. Kammerdiener, M.D. Dettinger, J.M. Caprio, and D.H. Peterson 

(2001), Changes in the onset of spring in the western United States, Bull. Am. 

Meteorol. Soc., 82, 399-415. 

 

Changnon, D., T.B. McKee, and N.J. Doesken (1993), Annual snowpack patterns across 

the Rockies: long-term trends and associated 500-mb synoptic patterns, Mon. 

Weather Rev., 121, 633-647. 

 



 71 

Christensen, J.H., B. Hewitson, A. Busuioc, A. Chen, X. Gao, I. Held, R. Jones, R.K. 

Kolli, W.T. Kwon, R. Laprise, V. Magaña Rueda, L. Mearns, C.G. Menéndez, J. 

Räisänen, A. Rinke, A. Sarr, and P. Whetton. 2007. Regional Climate Projections. 

In Climate Change 2007: The Physical Science Basis. Contribution of Working 

Group I to the Fourth Assessment Report of the Intergovernmental Panel on 

Climate Change, edited by S. Solomon, D. Qin, M. Manning, Z. Chen, M. 

Marquis, K.B. Averyt, M.Tignor and H.L. Miller. United Kingdom and New 

York, NY, USA: Cambridge University Press. 

 

Climate Prediction Center (2007), Monitoring and Data, Monitoring Weather & Climate, 

Indices and Forecasts, Daily Arctic Oscillation Index. Available online at 

http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/ao_index.

html 

 

Fleming, E. L., G.-H. Lim, and J.M. Wallace (1987), Differences between the spring and 

autumn circulation of the Northern Hemisphere, J. Atmos. Sci., 44, 1266-1286. 

 

Higgins, R.W., A. Leetmaa, Y. Xue, and A. Barnston (2000), Improved United States 

Precipitation Quality Control System and Analysis, NCEP/Clim. Predict. Cen. 

ATLAS 7, National Weather Service, NOAA, Camp Springs, Md. 

 



 72 

Hurrell, J.W. (1995), Decadal trends in the North Atlantic Oscillation: regional 

temperatures and precipitation, Science, 269, 676-679. 

 

Kalnay, E., M. Kanamitsu, R. Kistler, W. Collins, D. Deaven, L. Gandin, M. Iredell, S. 

Saha, G. White, J. Woollen, Y, Zhu, M. Chellah, W. Ebisuzaki, W. Higgins, J. 

Janowiak, K.C. Mo, C. Ropelewski, J. Wang, A. Leetmaa, R. Reynolds, R. Jenne, 

and D. Joseph  (1996), The NCEP/NCAR 40-year reanalysis project, Bull. Am. 

Meteorol. Soc., 77, 737-471. 

 

Lorenz, D.J., and E.T. DeWeaver (2007), Tropopause height and zonal wind response to 

global warming in the IPCC scenario integrations. J. Geophys. Res., 112, D10119, 

doi:10.1029/2006/JD008087, 2007. 

 

Meehl, G.A., C. Tebaldi, H. Teng, and T.C. Peterson (2007), Current and future U.S. 

weather extremes and El Niño, Geophys. Res. Lett., 34, L20704, 

doi10.1029/2007/GL031027, 2007. 

 

Miller, R.L., G.A. Schmidt, and D.T. Shindell (2006), Forced annular variations in the 

20
th

 century Intergovernmental Panel on Climate Change Fourth Assessment 

Report models, J. Geophys. Res., D18101, doi:10.1029/2005/JD006323, 2006. 

 



 73 

Quadrelli, R., and J.M. Wallace (2002), Dependence of the structure of the Northern 

Hemisphere annular mode on the polarity of ENSO, Geophys. Res. Lett., 29, 232, 

doi:10.1029/2002GL015807, 2002. 

 

Redmond, K.T., and R.W. Koch (1991), Surface climate and streamflow variability in the 

western United States and their relationship to large-scale circulation indices, 

Water Resour. Res., 27, 2381-2399. 

 

Schwartz, M.D., and B.E. Reiter (2000), Changes in North American spring, Int. J. 

Climatol., 20, 929-932. 

 

Seager, R., M. Ting, I. Held, Y. Kushnir, J. Lu, G. Vecchi, H.-P. Huang, N. Harnik, A. 

Leetmaa, N.-C.Lau, C. Li, J. Velez, and N. Naik  (2007), Model projections of an 

imminent transition to a more arid climate in southwestern North America, 

Science, 316, 1181-1184. 

 

Seidel, D.J., Q. Fu, W.J. Randel, and T.J. Reichler  (2008).  Widening of the tropical belt 

in a changing climate.  Nature Geos., 1, 21-24. 

 

Shindell, D.T., R.L. Miller, G.A, Schmidt, and L. Pandolfo  (1999), Simulations of recent 

northern winter climate trends by greenhouse-gas forcing, Nature, 399, 452-455. 

 



 74 

Stewart, I.T., D.R. Cayan, and M.D. Dettinger (2005), Changes toward earlier streamflow 

timing across western North America, J. Clim., 18, 1136-1155. 

 

Swetnam, T.W., and J.L. Betancourt (1998), Mesoscale disturbance and ecological 

response to decadal climatic variability in the American Southwest, J. Clim., 11, 

3128-3147. 

 

Thompson, D.W.J., and J.M. Wallace (1998), The Arctic Oscillation signature in the 

wintertime geopotential height and temperature fields, Geophys. Res. Lett., 25, 

1297-1300. 

 

Thompson, D.W.J., and J.M. Wallace (2000), Annular modes in the extratropical 

circulation. Part I: month-to-month variability, J. Clim., 13, 1000-1016. 

 

Thompson, D.W.J., and J.M. Wallace (2001), Regional climate impacts of the Northern 

Hemisphere Annular Mode, Science, 293, 85-89. 

 

Willmott, C.J., and K. Matsuura (1995), Smart interpolation of annually averaged air 

temperature in the United States, J. App. Meteorol., 34, 2577-2586. 

 

Woodhouse, C.A. (1997), Winter climate and atmospheric circulation patterns in the 

Sonoran Desert region, USA, Int. J. Climatol., 17, 859-873. 



 75 

Yin, J.H., (2005), A consistent poleward shift of the storm tracks in simulations of 21
st
 

century climate, Geophys. Res. Lett., 32, L18701, doi:10.1029/2005GL023684, 

2005. 



 76 

APPENDIX B 

 

 

COPYRIGHT PERMISSION 

 

 

McAfee, S.A. and J.L. Russell, 2008. Northern Annular Mode Impact on Spring Climate 

in the Western United States. Geophysical Research Letters, 35, L17701, 

doi:10.1029/2008/GL034828, 2008. 



 77 

Date:    Fri, 20 Feb 2009 13:12:30 -0500 [Friday February 20, 2009 11:12:30 AM MST] 

From:   Michael Connolly <MConnolly@agu.org> 

To:   smcafee@email.arizona.edu 

Subject:   permission 

Headers:   Show All Headers 

 

We are pleased to grant permission for the use of the material requested for inclusion in 

your thesis.  The following non-exclusive rights are granted to AGU authors: 

 

        •     All proprietary rights other than copyright (such as patent rights). 

        •     The right to present the material orally. 

        •     The right to reproduce figures, tables, and extracts, appropriately cited. 

        •     The right to make hard paper copies of all or part of the paper for classroom use. 

        •     The right to deny subsequent commercial use of the paper. 

 

Further reproduction or distribution is not permitted beyond that stipulated.  The 

copyright credit line should appear on the first page of the article or book chapter.  The 

following must also be included, “Reproduced by permission of American Geophysical 

Union.”  To ensure that credit is given to the original source(s) and that authors receive 

full credit through appropriate citation to their papers, we recommend that the full 

bibliographic reference be cited in the reference list.  The standard credit line for journal 

articles is: "Author(s), title of work, publication title, volume number, issue number, 

citation number (or page number(s) prior to 2002), year. Copyright [year] American 

Geophysical Union." 

 

If an article was placed in the public domain, in which case the words “Not subject to 

U.S. copyright” appear on the bottom of the first page or screen of the article, please 

substitute “published” for the word “copyright” in the credit line mentioned above. 

 

Copyright information is provided on the inside cover of our journals. For permission for 

any other use, please contact the AGU Publications Office at AGU, 2000 Florida Ave., 

N.W., Washington, DC 20009. 

 

Michael Connolly 

Journals Publications Specialist 

 



 78 

Date:    Wed, 18 Feb 2009 14:36:44 -0700 [Wednesday February 18, 2009 02:36:44 PM 

MST] 

From:   smcafee@email.arizona.edu 

To:   grlonline@agu.org 

Subject:   copyright permission for dissertation 

Headers:   Show All Headers 

 

Dear Sir or Madam, 

 

I would like to include my paper about the impact of the Northern Annular Mode 

on western US climate, published in Geophysical Research Letters as part of my 

dissertation.  Could you send me the copyright permission to do so? 

 

The article citation is McAfee and Russell, 2008.  Northern Annular Mode impact on 

spring climate in the western United States. GEOPHYSICAL RESEARCH LETTERS, 

VOL. 35, L17701, doi:10.1029/2008GL034828, 2008 

 

Thank you very much, 

Stephanie McAfee 

 



 79 

APPENDIX C 

 

 

AMO AND PDO INFLUENCE ON THE RELATIONSHIP BETWEEN THE 

NORTHERN ANNULAR MODE AND CLIMATE IN THE WESTERN UNITED 

STATES 

 

Manuscript for submission to Geophysical Research Letters 



 80 

AMO and PDO influence on the relationship between the Northern Annular Mode and 

climate in the western United States   

 

 

C.1  Abstract 

 

The relationship between the Northern Annular Mode (NAM) and western United States 

climate varies over time and is influenced seasonally by the Pacific Decadal Oscillation 

(PDO) and the Atlantic Multidecadal Oscillation (AMO).  Although the exact 

mechanisms by which the AMO and PDO mediate the relationships between the 

Northern Annular Mode (NAM) and climate are not clear, there is some indication that 

variations in the intensity of the storm track (which are related to the AMO and PDO) 

alter the influence of storm track position, which is indexed by the NAM.  In addition to 

changing the spatial patterns of the NAM/climate correlations, the AMO and PDO also 

appear to impact the temporal stability of the NAM-temperature correlation within a 

season.  Similar patterns were also found in a network of 532 tree-ring chronologies in 

the western United States. 
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C.2  Introduction 

Modeling studies have recently determined that a northward shift in the position 

of the mid-latitude storm tracks is likely to occur in the coming decades (Yin, 2005), and 

observations have already documented such a trend in the jet (Archer and Caldeira, 

2008).  The Northern Annular Mode (NAM), which provides an index of storm track 

position (Thompson and Wallace, 2001) is projected to become more positive as well 

(Miller et al., 2006).  Given the documented climate impacts of the NAM (McAfee and 

Russell, 2008; Thompson and Wallace, 2001), and robust projections of its change, it 

would be informative to develop a long-term reconstruction of the NAM.  However, this 

has proved challenging. 

Budikova (2005) noted that compositing climate division data on the NAM 

produced different results depending on the phase of the Pacific Decadal Oscillation 

(PDO), a decadal to multidecadal fluctuation in extratropical sea surface temperatures 

(SSTs, Mantua et al., 1997).  Budikova (2005) suggests a mechanism by which the storm 

track interacts with the Aleutian Low and the subtropical high off of the California coast. 

Warmer SSTs off the southern Pacific coast of North America tend to increase 

precipitation by advecting moisture into the region.  Cooler SSTs in this location during 

negative phases of the PDO and associated high sea-level pressures could increase the 

flux of cooler air into the western United States (Budikova, 2005). 

 Another line of inquiry has linked both the PDO and the Atlantic Multidecadal 

Oscillation (AMO), an ~70-year cycle of SST anomalies in the Atlantic Ocean (Enfield et 

al., 2001), with drought in the western United States (McCabe et al., 2004).  However, 
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there is not currently a satisfactory explanation for how North Atlantic SST anomalies, 

could directly impact precipitation and/or temperature in the western United States during 

the winter.  McCabe and colleagues (2008) summarize four mechanisms.  Two associate 

changing Atlantic SSTs with altered pressure patterns in the mid-latitudes, which could 

moderate either storm track patterns or moisture fluxes.  The other two posit that the 

AMO either influences or is driven by SST variability in the tropical Pacific and 

associated atmospheric processes.   

 In recent decades, the jet stream has moved north (Archer and Caldeira, 2008) and 

the storm track strengthened (Chang and Fu, 2002).  Over that same period, both the 

number and intensity of cyclonic storms have increased, and their distribution has 

changed latitudinally (McCabe et al., 2001), suggesting concurrent changes in both the 

intensity and position of the storm track.  Here we investigate the relationship between 

the AMO, the PDO and the NAM’s changing influence on precipitation, temperature and 

drought and suggest that the impact of the NAM (as a proxy for storm track position) 

varies with the intensity of the storm track, which varies with the PDO (Chang and Fu, 

2002) and is associated with, and may in fact drive the AMO (Dima and Lohmann, 

2007).   
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C.3  Data and Methods 

 We created a NAM chronology for 1899 to the present by combining David 

Thompson’s monthly values (January 1899 to June 2002) with those from the CPC (1950 

to present).  In the period of overlap, the two series were correlated with r
2
 = 0.95.  

Monthly values were used to produce a NAM index for mid-winter (January to March, 

JFM). 

We searched the International Tree-Ring Database for tree-ring chronologies from 

the contiguous United States west of 100˚W that extend to at least 1980 and contain more 

than 10 well-dated series.  A small number of sites were excluded because there appeared 

to be errors in the location or elevation data or because raw data were not available.  

Individual series with significant dating errors were also removed.  We considered a 

series to have dating errors if more than one segment during the 20
th

 century dated better 

at a different time than indicated by the assigned date (a “B” flag in COFECHA). 

After screening, we were left with 532 chronologies representing 36 species.  

Ponderosa pine was the most common species, used for 122 chronologies, followed by 

Douglas-fir (73), western hemlock (39), pinyon pine (36), and Engelmann spruce (34).  

Five species were represented by only one chronology.  A complete listing of all 

chronologies can be found in the supplementary material (Table D.1). 

In order to avoid varying end effects introduced by detrending series of uneven 

lengths (Cook and Peters, 1997), individual series were truncated at 1899 to retain just 

the 20
th

 century.  Chronologies were compiled in ARSTAN (Cook, 1985), using a cubic 

spline that retains 50% of the variance at 66% of the series length.  We chose to use this 
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detrending because it retained high-frequency variability, allowing us to investigate 

correlations to interannual variability in the NAM.  Autocorrelation was calculated for 

each series using the minimum Akaike Information Criterion (AIC), and the final 

chronology compiled using a biweight robust mean.   

 Monthly precipitation, minimum and maximum temperature were downloaded 

from the PRISM website for the years 1920 to 2006 (Daly et al., 1994).  Average 

monthly temperatures were calculated from minimum and maximum temperature.  In 

order to provide regionally representative rather than site-specific climate, PRISM 

climate estimates were smoothed with a two-nearest-neighbor smoothing to a 20 km x 20 

km grid rather than 4 km x 4 km.  Monthly data were combined into seasonal composites 

centered on the months February through July.  Finally, the data set was limited to only 

those grid cells containing chronologies, in order to develop a view of the NAM’s 

influence on climate consistent with that recorded in the dendrochronological record.   

 To investigate the stability (or lack thereof) in the influence of NAM on western 

United States climate, we performed 31-year running correlations between the NAM and 

1) seasonal and monthly precipitation, and 2) seasonal and monthly average temperature, 

and 3) ring-width index at each of the 532 chronology sites.  For each time step and at 

each site, correlations with an estimated p > 0.10 were set to zero.  The matrix of running 

correlations was then subjected to principal components analysis (PCA) to look for 

patterns in NAM-induced climate variability.  The first three principal components (PCs) 

resulting from these analyses were then correlated with the AMO and PDO indices.   
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Significance was tested by a Monte Carlo approach, wherein random time series 

matching the mean and variance of data at each of the sites was subjected to a 31-year 

running correlation with a random times series possessing the mean and variance of the 

JFM NAM.  This synthetic correlation matrix was also subjected to PCA, and the first 

three PCs correlated with the AMO or PDO.  We chose not to simulate the AMO or 

PDO; the auto-correlation functions are both complex and variable over time, and we 

would not be able to recreate an exact match to those frequencies.  All PCs are 

normalized to the standard deviation. 

 We also investigated between-month variability in the correlation between the 

NAM and climate.  For each site and year, we calculated the variance between the NAM-

correlation coefficients over January through March (JFM) and April through June 

(AMJ).  Correlations with estimated p > 0.10 were removed from the analysis. 
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C.4  Results 

 During the mid-winter (JFM), the first PC of the running correlations between the 

NAM and precipitation is significantly correlated with the PDO index, while the AMO 

does not influence the relationship.  As might be expected given the pattern of PDO 

influence on precipitation, the spatial pattern associated with this PC is a north-south 

dipole (Figure D.1a).  Progressing into the spring, the influence of the PDO decreases in 

importance, while that of the AMO increases (Table C.1). By March through May 

(MAM), the second PC of precipitation is strongly correlated with the AMO.  These PCs 

are associated with an east-west dipole (Figure D.1 c-d).   

 Correlations of winter temperatures with the NAM are more strongly related to 

the AMO than the PDO.  The influence of the PDO becomes more pronounced in the 

spring.  By AMJ, the PDO is strongly correlated with PC1, which explains 55.3% of the 

variance in the NAM-temperature correlations for this season (Table C.1).  Spatial 

loading patterns associated with PCs correlated with the PDO show a relatively uniform 

response across the western United States (Figure D.2 b-d). 

 The AMO and PDO also appear to influence intraseasonal variability of NAM-

temperature correlations.  During JFM, the warm phase of the PDO is associated with 

vastly increased intraseasonal variability in correlations between the NAM and 

temperature (Figure C.1a).  Between-month variability in the NAM-temperature 

correlations during AMJ is higher during the warm phase of the AMO (Figure C.1b).  

Between-month variability in precipitation does not respond to the AMO or PDO, but is 
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Table C.1.  Association of NAM-climate correlations with the Atlantic Multidecadal 

Oscillation (AMO) and Pacific Decadal Oscillation (PDO).  Principal components (PC) 

with a correlation that is significant at p ! 0.05 are shown along with the percent variance 

explained by that PC. 

 

 
 AMO –  

Precipitation 

PDO –  

Precipitation 

AMO - 

Temperature 

PDO - 

Temperature 

JFM ---- PC1, 45.0% PC2, 11.8% ---- 

FMA PC3, 14.1% ---- PC1, 30.4% PC2, 22.7% 

MAM PC2, 18.5% ---- ---- PC1, 42.5% 

AMJ PC2, 18.7% ---- ---- PC1, 55.3% 
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Figure C.1.  Between-month variability in the correlation between the NAM and 

temperature (solid blue line) or precipitation (dashed green line) in January to March (a) 

and April to June (b).  The pale yellow box in panel a) denotes the recent warm phase of 

the PDO.  The pale orange box in panel b) indicates the last warm AMO phase.  Red and 

cyan asterisks indicate El Niño and La Niña events, respectively. 

 

a 
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Figure C.2.  Principal components (PCs) of 31-year running correlations between the 

Northern Annular Mode and ring-width from 532 chronologies.  The first three PCs are 

shown in a), b) and c), respectively. If the correlation with the AMO or PDO is 

significant at p ! 0.05, the index and the related correlation coefficient are shown.  Panel 

d) demonstrates that the first trending PC can be modeled using the principal components 

of running correlations between the NAM and FMA temperature (PC1), AMJ and MAM 

precipitation (PC1), and AMJ temperature (PC2). 

 

 

r = 0.47 

r = 0.49 

a 

b 

c 
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low when storm track intensity is relatively low and there are few ENSO events (Figure 

C.1). 

Most of the variance in the relationship between the NAM and ring-width in the 

western United States (27.3%) is represented by a trend (Figure C.2a).  The second and 

third PCs (18.1% and 8.7% of total variance, respectively) are significantly correlated 

with the PDO and the AMO (Figure C.2b-c).  The spatial patterns associated with these 

PCs are difficult to interpret due to the large amount of information they contain (Figure 

D.3); each chronology likely responds individualistically to the NAM depending on the 

combination of species and site characteristics.   

  The trend represented by the first PC of the ring-width NAM correlation 

described by a linear combination of the principal components of running NAM-climate 

correlations: February to March (FMA) temperature PC1, AMJ and March through May 

precipitation PC1 and AMJ temperature PC2, which is correlated with the PDO, 

suggesting that variability in spring climate is crucial in forcing this trend. 
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C.5  Discussion 

 The storm track can vary in three climatically important ways – location, 

intensity, and.  The mean position, indexed by the NAM (Thompson and Wallace, 2001), 

varies daily, seasonally, and on longer time-scales.  Storm track behavior – the tendency 

toward zonal or meridional flow and the persistence of those patterns can change on a 

number of time scales (Leathers et al., 1991).  Intensity of the storm track, i.e., the 

number and or strength of cyclonic storm spawned can also fluctuate (Chang and Fu, 

2002).  The data presented here suggest that the climatic impacts of storm track position, 

as indexed by the NAM are altered by the intensity and/or the synoptic behavior of the 

storm track.   

Since the early 1960’s the intensity of both the Atlantic and Pacific storm tracks 

has increased, even after removing variability associated with the NAM and the El 

Niño/Southern Oscillation (ENSO).  That this increase has been “symmetrical” over the 

two basins is unusual, as trends in other atmospheric variables, such as sea level pressure 

(SLP), tend to differ between the two (Chang and Fu, 2002).  Such disparities may be 

attributed to ENSO, as demonstrated by Quadrelli and Wallace (2002). Over this same 

time period, the intensity, as well as the number, of Northern Hemisphere cyclones has 

increased (McCabe et al., 2001), suggesting that the increased storm track intensity found 

in reanalyses does have a quantifiable impact on climate. 

Dima and Lohmann (2007) noted that the fourth empirical orthogonal function 

(EOF) of SLP is an annular structure that, unlike the NAM, is symmetrical over the 

Atlantic and Pacific Oceans.  It’s associated PC has had an upward trend since 1960 and 
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appears to have a period of ~70 years.  Although the authors do not make this contention, 

we suggest that the fourth EOF of SLP is related to multi-decadal fluctuations in the 

intensity of the storm track that are correlated with, and could even drive, multi-decadal 

variability in Atlantic SSTs.  Evidence for this argument can be found in the fact that the 

regression of the first PC of storm track intensity on SLP is quite similar to the fourth 

EOF of SLP (cf. Chang and Fu, 2002 Figure 4c and Dima and Lohmann, 2007 Figure 

2a). 

The AMO is thought to be related to the thermohaline circulation (Enfield et al., 

2001).  Numerous studies, including Dima and Lohmann (2007), make a compelling case 

that wind-driven variability in sea ice export through the Farm Strait controls 

thermohaline circulation variability, thus linking the AMO with the behavior of the 

Northern Hemisphere storm track.  For reasons that are less well understood, probably 

involving long-term changes in the strength of the Aleutian Low, the PDO is also linked 

with the storm track intensity, particularly over the Pacific Ocean (Chang and Fu, 2002). 

In the western United States, precipitation is strongly controlled by ENSO 

variability (Ropelewski and Halpert, 1987), and there is a documented interaction 

between the NAM and ENSO (Quadrelli and Wallace, 2002); as a result, the fact that 

changes in intraseasonal variability in NAM-precipitation correlations appear related to 

ENSO is unsurprising.  The association of winter (JFM) variability in the NAM-

temperature correlations with warm phases of the PDO is consistent with the mechanism 

altering the impact of the NAM on temperature described in Budikova (2005).  The 
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increasing influence of the AMO on spring variability in correlation suggests a role for 

blocking associated with the Bermuda High, as summarized in McCabe et al. (2008). 

This study raises intriguing questions about how the behavior of the storm track 

can alter relationships between its position and climate, particularly during the transition 

from winter to spring.  If the annular SLP structure presented by Dima and Lohmann 

(2007) does indeed represent storm track intensity, it should, by definition, vary 

independently of storm track position, which is represented by the first EOF of SLP.  

Further observational and modeling studies will be needed to determine how the 

combination of storm track intensity and position impact climate in the western United 

States, as well as globally.  In addition, continuing research on decadal to multi-decadal 

variability in the climate system will be required to further understand how such 

variability is triggered in the atmosphere, the ocean or from synergistic interactions 

between the two.   
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C.6  Conclusions 

 Correlations between the NAM and western United States climate appear to be 

modulated by the AMO and the PDO.  The PDO and the AMO impact the NAM-

correlation patterns associated with temperature and precipitation differently.  The PDO 

(AMO) appears to have a stronger effect on the relationship between the NAM and 

winter (spring) precipitation.  The opposite is true for temperature.  Warm phases of the 

AMO and PDO also appear to influence the temporal stability of intraseasonal NAM-

temperature correlations and do so differently for winter and spring.  That these patterns 

are also detected in a wide dendrochronological network suggests that they do indeed 

influence climate in a detectable and ecologically relevant way.   
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APPENDIX D 

 

 

SUPPLEMENTARY MATERIAL FOR 

AMO AND PDO INFLUENCE ON THE RELATIONSHIP BETWEEN THE 

NORTHERN ANNULAR MODE AND CLIMATE IN THE WESTERN UNITED 

STATES 
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Table D.1.  Descriptive information for all tree-ring chronologies used in this study. 

Site Name Site ID Latitude Longitude Elevation Species End year 

Beaver Creek Watershed az509 34.88 -111.57 2050 PIPO 1985 

San Francisco Peaks A az510 35.50 -111.67 3535 PIAR 1983 

Mount Graham Pinaleno Mts. az511 32.70 -109.87 3221 PCEN 1990 

Emerald Peak Pinaleno Mts. az512 32.70 -109.88 3120 ABLA 1989 

Beaver Creek az513 33.70 -109.23 2392 PIPO 1986 

Black River Arizona az514 33.80 -109.32 2438 PSME 1987 

Bear Wallow az515 32.42 -110.73 2484 PSME 1987 

Devil's Bathtub az516 32.20 -110.55 1186 PIED 1987 

Dry Creek Arizona az517 34.88 -111.82 1377 PIED 1986 

Eagle Creek az518 33.47 -109.48 1694 PIED 1987 

Green Mountain az519 32.38 -110.68 2194 PSME 1986 

Green Mountain az520 32.38 -110.68 2194 PIPO 1986 

Gus Pearson az521 35.43 -111.75 2255 PIPO 1987 

Girl's Ranch az522 34.38 -110.42 1969 PIPO 1986 

Grasshopper Recollection az523 34.07 -110.62 1798 PIPO 1985 

Helen's Dome az524 32.22 -110.55 2535 PIPO 1987 

Helen's Dome az525 32.22 -110.55 2535 PIST 1987 

Mount Hopkin's az526 31.70 -110.87 2133 PIPO 1987 

Muletank az527 34.32 -110.77 2362 PIPO 1986 

Noon Creek az528 32.65 -109.82 2346 PIPO 1987 

North Slope az529 32.22 -110.55 2441 ABCO 1987 

North Slope az530 32.22 -110.55 2441 PIPO 1987 

North Slope az531 32.22 -110.55 2441 PSME 1987 

North Slope az532 32.22 -110.55 2441 PIST 1987 

Ord Mountain az533 33.90 -111.40 2133 PIPO 1987 

Pinery Canyon az534 31.93 -109.27 2286 PSME 1986 

San Francisco Peaks B az535 35.32 -111.72 2682 PSME 1987 

Post Creek az536 32.68 -109.88 2727 PSME 1986 

Rhyolite Canyon az537 32.00 -109.33 1828 PSME 1987 

Rocky Gulch az538 34.72 -111.50 1965 PIPO 1986 

Robinson Mtn. Recollection az539 35.38 -111.53 2225 PIPO 1986 

Rhyolite Canyon az540 32.00 -109.33 1828 PIPO 1987 

Rose Peak Recollection az541 33.42 -109.37 2316 PIPO 1987 

Sit. Gravel Pit az542 34.25 -109.93 2072 PIPO 1986 

Slate Mountain Recollection az543 35.50 -111.83 2194 PIPO 1986 

Santa Rita az544 31.72 -110.83 2407 PSME 1986 

Tucson Side az545 32.20 -110.55 2362 PIPO 1987 

Tucson Side az546 32.22 -110.55 2362 PIST 1987 

Walnut Canyon az547 35.17 -111.52 2057 PIPO 1987 

Walnut Canyon az548 35.17 -111.52 2026 PSME 1986 

Peter's Flat Pinaleno Mts. az549 32.70 -109.93 2950 PSME 1991 

Fly Peak Chiricauhua ts. az551 31.85 -109.30 2790 PSME 1983 

Snow Bowl San Francisco Pk. az553 35.43 -110.20 3150 PCEN 1983 

Baldy Peak az554 33.97 -109.55 2940 PSME 1983 

Mt. Lemon az555 32.45 -110.78 2700 PSME 1983 

Reef of Rocks az557 32.45 -110.78 2550 PSME 1998 

Webb Peak Pinalenos az558 32.70 -109.92 3025 PSME 1999 
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Site Name Site ID Latitude Longitude Elevation Species End year 

Webb Peak LTRR 2001 az559 32.72 -109.92 3020 PSME 2001 

Paria Plateau 2 az563 36.85 -112.02 1800 PIED 1999 

Lemon Canyon ca064 39.57 -120.25 1859 PIJE 1980 

Dalton Reservoir ca065 41.62 -120.70 1531 PIPO 1980 

Antelope Lake ca066 40.15 -120.60 1480 PIJE 1980 

Hager Basin Reservoir ca073 41.77 -120.75 1524 JUOC 1980 

Devil's Dance Floor ca076 37.75 -119.75 2084 PIJE 1980 

Snow White Ridge ca079 38.13 -120.05 1731 PIPO 1980 

St. John Mountain ca082 39.43 -122.68 1555 PIPO 1980 

Blue Banks ca084 39.67 -122.97 1598 PIJE 1980 

Hell's Half Acre ca085 39.60 -122.95 1922 PIJE 1980 

Kaiser Pass ca087 37.28 -119.08 2731 JUOC 1981 

Sorrel Peak ca089 35.43 -118.28 2011 PIJE 1981 

Bryant Creek ca091 38.75 -119.67 2073 PIMO 1983 

Buena Vista ca092 36.72 -118.88 2280 PIJE 1981 

Piute Mountain ca094 35.53 -118.43 1975 PIJE 1981 

Sharp Mountain ca095 41.72 -121.80 1417 JUOC 1982 

Kennedy Meadows ca514 36.03 -118.18 2024 PIJE 1981 

Timbered Mountain ca517 41.72 -120.75 1586 JUOC 1980 

Likely Mountain ca520 41.15 -120.57 1811 PIJE 1980 

Flower Lake ca528 36.77 -118.37 3291 PIBA 1987 

Timber Gap Upper ca529 36.45 -118.60 3261 PIBA 1987 

Cirque Peak ca530 36.45 -118.22 3505 PIBA 1987 

Onion Valley ca531 35.77 -118.35 2865 PIBA 1987 

Timber Gap Lower ca532 36.45 -118.62 3017 PIBA 1987 

Campito Mountain ca533 37.50 -118.22 3400 PILO 1983 

Sheep Mountain California ca534 37.37 -118.22 3475 PILO 1990 

San Bernardino Mountains A ca536 34.27 -117.28 1400 PSMA 1988 

San Bernardino Mountains B ca537 34.27 -117.33 1400 PSMA 1988 

San Bernardino Mountains D ca539 33.98 -116.90 1600 PSMA 1988 

San Bernardino Mountains E ca540 34.02 -116.90 1550 PSMA 1988 

San Bernardino Mountains F ca541 34.05 -116.97 1500 PSMA 1988 

San Bernardino Mountains G ca542 34.10 -117.02 1400 PSMA 1988 

San Bernardino Mountains H ca543 34.12 -116.98 1600 PSMA 1988 

San Bernardino Mountains I ca544 34.17 -117.12 1400 PSMA 1988 

San Bernardino Mountains J ca545 34.17 -117.10 1500 PSMA 1988 

San Bernardino Mountains K ca546 34.17 -117.07 1400 PSMA 1988 

San Bernardino Mountains L ca547 34.17 -117.05 1400 PSMA 1988 

San Bernardino Mountains M ca548 34.15 -117.02 1400 PSMA 1988 

San Bernardino Mountains N ca549 34.17 -116.97 1600 PSMA 1988 

San Bernardino Mountains O ca550 34.22 -117.22 1400 PSMA 1988 

San Bernardino Mountains P ca551 34.22 -117.27 1700 PSMA 1988 

San Bernardino Mountains Q ca552 34.10 -116.97 1600 PSMA 1988 

San Bernardino Mountains R ca553 34.17 -116.73 1500 PSMA 1988 

San Bernardino Mountains S ca554 33.97 -116.90 1600 PSMA 1988 

Yolla Bolly ca555 40.03 -122.87 2460 PIBA 1988 

Lone Lake ca556 37.17 -118.47 2850 PICO 1983 

Lassen National Park ca557 40.45 -121.52 2550 TSME 1983 

Fryday Ridge (Oberhalb) ca558 40.75 -123.67 1560 PSME 1983 
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Site Name Site ID Latitude Longitude Elevation Species End year 

Squaw Valley Lake Tahoe ca559 39.10 -119.27 2280 ABMA 1983 

Yosemite Park E Eingang ca560 37.80 -119.25 3000 PICO 1983 

Various Sequoia NP ca561 36.57 -118.75 1848 PILA 1990 

Little Baldy Sequoia NP ca562 36.62 -118.80 2394 PIJE 1990 

Little Baldy Sequoia NP ca563 36.62 -118.80 2387 ABMA 1990 

Colony Mill Sequoia NP ca565 36.55 -118.82 1670 QUCF 1990 

Crystal Cave Sequoia NP ca566 36.57 -118.80 1640 CADE 1990 

Cathedral Peak Yosemite NP ca567 37.87 -119.38 2702 TSME 1990 

Crystal Cave Sequoia NP ca568 36.57 -118.78 1712 PIPO 1990 

Colony Mill Sequoia NP ca569 36.57 -118.80 1644 PILA 1990 

Colony Mill Sequoia NP ca570 36.57 -118.80 1641 ABCO 1990 

Employees Cabin Sequoia NP ca571 36.57 -118.75 2013 CADE 1990 

Porcupine Flat Yosemite NP ca572 37.82 -119.55 2498 PIJE 1990 

Gin Flat Yosemite NP ca573 37.77 -119.77 2149 PIJE 1990 

Gin Flat Yosemite NP ca574 37.77 -119.77 2183 ABMA 1990 

Gin Flat Yosemite NP ca575 37.77 -119.77 2134 PILA 1990 

Gin Flat Yosemite NP ca576 37.77 -119.77 2180 ABCO 1990 

Hodgdon Yosemite NP ca577 37.80 -119.87 1579 QUCF 1990 

Hodgdon Yosemite NP ca578 37.80 -119.87 1730 PIPO 1990 

Hodgdon Yosemite NP ca579 37.80 -119.87 1722 PILA 1990 

Kuna Crest Yosemite NP ca580 37.85 -119.23 3065 PICO 1990 

Crescent Meadow Sequoia NP ca581 36.55 -118.75 2012 PIJE 1990 

Merced Grove Yosemite NP ca582 37.75 -119.85 1793 PILA 1990 

Oak Flat Road Yosemite NP ca583 37.75 -119.77 1803 PIPO 1990 

Pimple Rock Peak Sequoia NP ca584 36.57 -118.75 2010 PIJE 1990 

Panorama Point Sequoia NP ca585 36.55 -118.82 1507 PIPO 1990 

Pillars Sequoia NP ca586 36.57 -118.75 2118 ABMA 1990 

Pillars Sequoia NP ca587 36.57 -118.75 2118 ABCO 1990 

Ranger Station Peak Sequoia 

NP 

ca588 36.55 -118.82 1772 PIPO 1990 

South Fork Tuolumne Creek 

Yosemite NP 

ca589 37.78 -119.73 2075 ABMA 1990 

South Fork Tuolumne Creek 

Yosemite NP 

ca590 37.78 -119.73 2070 ABCO 1990 

Tuolumne Grove Yosemite NP ca591 37.77 -119.80 1942 PILA 1990 

Upper Yosemite Creek 

Yosemite NP 

ca592 37.83 -119.58 2370 PIJE 1990 

Upper Yosemite Creek 

Yosemite NP 

ca593 37.83 -119.58 2402 ABCO 1990 

Wawona Yosemite NP ca594 37.55 -119.67 1235 QUCF 1990 

Wolverton Sequoia NP ca595 36.60 -118.70 2475 ABMA 1990 

Wolverton Sequoia NP ca596 36.60 -118.73 2239 PILA 1990 

Wolverton Sequoia NP ca597 36.60 -118.70 2475 ABCO 1990 

Santa Lucia Mts. ca598 36.07 -121.57 625 PIPO 1995 

Torrey Pine State Reserve ca599 32.92 -117.25 100 PITO 1994 

Volcan Mountain Santa Ysabel 

Res. 

ca600 33.13 -116.60 1465 PICO 1995 

Volcan Mountain Santa Ysabel 

Res. 

ca601 33.13 -116.60 1465 PSMA 1995 

Cathedral Peak Yosemite NP ca602 37.83 -119.42 2960 PIAL 1991 
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Dana Plateau Inyo NF ca603 37.92 -119.23 3300 PIAL 1996 

Granite Lakes Yosemite NP ca604 37.92 -119.28 3300 PIAL 1996 

Mammoth Peak Yosemite NP ca605 37.87 -119.28 3300 PIAL 1996 

Spillway Lake Yosemite NP ca606 37.83 -119.22 3300 PIAL 1996 

Yosemite Valley Yosemite NP ca607 37.72 -119.67 1310 PSME 1991 

Point Reyes Bear Valley ca608 38.02 -122.80 120 PSME 1997 

Fish Creek Trail  

(San Gorgonio) 

ca609 34.12 -116.80 2890 PIJE 1995 

Mt. Laguna ca610 32.87 -116.42 1800 PIJE 1995 

Fry Creek Palomar Mt. ca611 33.35 -116.85 1524 PSMA 1992 

Pine Mountain North ca612 34.65 -119.37 1500 PSMA 1993 

Santa Ana Mts (New & Old) ca613 33.73 -117.55 1200 PSMA 1995 

American Canyon ca614 35.30 -120.27 580 QUDG 1996 

Clear Lake State Park ca615 39.02 -122.82 426 QUDG 1996 

Don Pedro Reservoir and 

Green Valley 

ca616 37.72 -120.42 274 QUDG 1992 

Eel River ca617 39.82 -123.07 610 QUDG 1996 

Feather River Lake Ororville ca618 39.52 -121.43 305 QUDG 1996 

Finley Lake ca619 40.27 -121.85 853 QUDG 1996 

Folsom Lake State Recreation 

Area, American River 

ca620 38.77 -121.10 183 QUDG 1996 

Kern River ca621 35.52 -118.67 670 QUDG 1996 

Mt. Diablo State Park ca623 37.87 -121.95 185 QUDG 1997 

Mt. Diablo State Park ca624 37.87 -121.95 245 QULO 1996 

Pacheco Pass State Park ca625 37.05 -121.00 396 QUDG 1996 

Pinnacles National Monument ca626 36.47 -121.18 350 QUDG 1996 

San Joaquin River Millerton 

Lake 

ca627 37.03 -119.67 213 QUDG 1996 

Antelope Lake Recollection ca628 40.15 -120.60 1480 PIPO 1998 

Boles Creek ca629 41.45 -120.90 1302 JUOC 1998 

Carson Pass East and Caples 

Lake 

ca630 38.70 -120.00 2591 JUOC 1999 

Jackson Meadow Reservoir ca631 39.52 -120.55 1921 JUOC 1999 

Sardine Point ca632 39.55 -120.20 2268 JUOC 1999 

Glass Mountain ca633 37.75 -118.68 2990 PIFL 2000 

Sycamore Grove Park ca634 37.63 -121.77 149 PLRA 2003 

Sycamore Grove Park ca635 37.63 -121.77 149 QULO 2003 

Boreal Plateau ca636 36.45 -118.55 3420 PIBA 1992 

Upper Wright Lakes ca637 36.62 -118.37 3519 PIBA 1992 

Crabtree ca638 36.97 -118.62 3378 PIBA 1988 

Hamilton ca640 36.95 -119.08 2630 JUOC 1988 

Fourth of July Hill ca641 37.87 -119.37 2630 PICO 2005 

Climbing Bear Hill ca642 37.88 -119.37 2626 PICO 2005 

Tuolumne Meadows ca643 37.87 -119.37 2615 PICO 2005 

Island Lake co511 40.03 -105.58 3200 PIFL 1989 

Arapahoe co517 40.05 -105.58 3320 PCEN 1982 

Mount Goliath co522 39.63 -105.58 3535 PIAR 1983 

Windy Ridge co523 39.32 -106.08 3570 PIAR 1985 

Almagre Mountain B co524 38.77 -104.98 3536 PIAR 1983 

Hermit Lake co525 38.10 -105.63 3660 PIAR 1983 
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Devil's Gulch co526 40.42 -105.47 2400 PIPO 1980 

Big Elk Meadows, Colorado co527 40.22 -105.42 2438 PIPO 1983 

Indian Creek co528 39.37 -105.13 2400 PIPO 1983 

Ophir Creek co529 38.07 -105.13 2438 PIPO 1984 

Ormes Peak co531 38.95 -104.95 2895 PIPO 1984 

Eldorado Canyon co534 39.93 -105.27 1889 PIPO 1987 

Frosty Park co535 38.77 -104.97 3218 PIFL 1987 

Hidden Valley co536 40.40 -105.63 2828 PICO 1987 

Horsetooth Reservoir B co537 40.53 -105.20 2097 PSME 1987 

Horsetooth Reservoir A co538 40.53 -105.13 1706 PIPO 1987 

Kassler Recollect co540 39.45 -105.12 1828 PSME 1988 

Kassler Recollect co541 39.45 -105.13 1828 PIPO 1987 

Lykins Gulch co542 40.17 -105.28 1798 PIPO 1987 

Milner Pass co543 40.42 -105.80 3413 PCEN 1988 

Monarch Lake co544 40.10 -105.73 2621 PIPO 1987 

Niwot Ridge B co545 40.05 -105.55 3169 PIFL 1987 

Onahu Creek co546 40.33 -105.83 2804 PICO 1987 

Rainbow Curve  

(aka Rainbow Creek) 

co547 40.40 -105.67 3352 PIFL 1987 

Turkey Creek Bluff co548 38.60 -104.87 1938 PIPO 1988 

Timberline Pass co549 40.37 -105.67 3505 PCEN 1987 

Van Bibber Creek co550 40.37 -105.25 1920 PIPO 1987 

Alto Picnic Ground co551 40.05 -105.43 2560 PIPO 1987 

Red Mountain Pass Silverton co552 37.90 -107.72 3400 PCEN 1983 

Pike Peaks co553 39.33 -105.03 3600 PCEN 1983 

Cottonwood Pass co554 38.67 -107.58 3700 PCEN 1982 

Great Sand Dunes Lower co555 37.78 -105.50 2530 PIPO 1995 

Great Sand Dunes High co556 37.72 -105.47 2865 PIFL 1995 

Pool Table Pines co557 37.78 -106.82 2877 PIPO 1997 

Roadsite co558 38.10 -106.37 2621 PIPO 1997 

Terrace Lake Pines co559 37.38 -106.28 2658 PIPO 1997 

Wilson Ranch co560 37.63 -106.68 2560 PIPO 1997 

Hogback Rampart Hills co561 37.38 -108.12 3230 PIFL 1994 

Dark Mountain co563 40.42 -105.57 2816 PICO 2001 

Black Forest East co564 39.50 -104.22 1800 PIPO 1997 

Ridge Road co565 39.38 -104.20 1850 PIPO 1998 

Valley View Ranch co566 39.07 -104.43 2170 PSME 1998 

Round Prairie co567 37.50 -103.53 1600 PIED 1997 

Kim co568 37.23 -103.25 1650 PIPO 1998 

Mesa de Maya co569 37.10 -103.62 2060 PIPO 1997 

Sheep Pen Canyon co570 37.07 -103.27 1580 PIPO 1998 

Lily Lake co572 40.32 -105.55 2800 PSME 1998 

Wheelman co573w 40.00 -105.37 1950 PIPO 1982 

Niwot Ridge C co574w 40.05 -105.57 3400 PCEN 1982 

Nederland co575w 39.98 -105.50 2500 PCPU 1982 

Eldora co577w 39.95 -105.55 2650 PIPO 1982 

Boulder Creek Colorado co578w 40.00 -105.37 1900 PSME 1982 

Pumphouse co579 39.95 -106.52 2195 PIED 1999 

Land's End co580 39.00 -108.15 2987 PSME 2000 
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Seedhouse co581 40.75 -106.85 2377 PSME 2000 

Escalante Forks Update co582 38.67 -108.35 1737 PIED 1999 

Trail Gulch co583 39.72 -106.98 2210 PIED 2002 

Red Canyon co584 39.70 -106.73 2164 PIED 1999 

Fool Creek  co586 39.87 -105.87 3370 PCEN 1992 

Lexan Creek co587 39.88 -105.93 3200 PCEN 1992 

Platt Bradbury co588 37.47 -106.30 2835 PIPO 2004 

Almont Triangle co589 38.73 -106.80 2926 PSME 1999 

Bennett Creek co590 40.67 -105.52 2301 PIPO 2002 

Boulder Ridge Road co591 40.98 -105.67 2650 PIPO 2001 

Big Thompson co592 40.42 -105.28 2012 PSME 2000 

Cathedral Creek co593 38.08 -107.00 2895 PSME 2002 

Cochetopa Dome co594 38.25 -106.67 2835 PIPO 2002 

Collins Gulch co595 39.83 -108.20 2050 PIED 2001 

Crags Hotel co596 39.93 -105.30 2002 PIPO 2003 

Dillon co597 39.60 -105.90 2880 PSME 2002 

Deer Mountain Update co598 40.37 -105.58 2652 PIPO 2000 

Douglas Pass co599 39.60 -108.80 2591 PSME 2000 

Dry Park co600 38.25 -108.33 1996 PIED 2000 

Eagle Rock co601 39.38 -105.17 2103 PIPO 1998 

Elevenmile Reservoir co602 38.87 -105.43 2743 PIPO 1997 

Eldorado Canyon co603 39.93 -105.30 2002 PSME 2003 

Green Mountain Reservoir co604 39.85 -106.23 2514 PSME 2000 

Gould Reservoir co605 38.60 -107.58 2271 PIED 2002 

Hot Sulphur Springs co606 40.07 -106.13 2499 PSME 1999 

Jamestown co607 40.13 -105.42 2469 PIPO 2000 

Jefferson County Colorado co608 39.68 -105.20 1965 PIPO 2003 

McGee Gulch co609 38.85 -106.02 2743 PSME 1997 

McPhee co610 37.58 -108.58 2195 PIED 2002 

Meyer Ranch co611 39.55 -105.27 2530 PIPO 2002 

Montrose co612 38.38 -108.02 2286 PIED 2002 

New North Park co613 40.95 -106.33 2450 PSME 2001 

Owl Canyon co614 40.78 -105.18 1874 PIED 2002 

Piceance co615 40.05 -108.30 1900 PIED 2001 

Plug Hat Butte co616 40.78 -108.97 2133 PIED 2000 

Princeton co617 38.80 -106.23 2956 PSME 2002 

Princeton co618 38.80 -106.22 2774 PIED 1999 

Peak to Peak co619 40.02 -105.52 2746 PSME 2000 

Red Creek co620 38.53 -107.22 2835 PSME 2000 

Rifle co621 39.67 -107.88 2073 PIED 2000 

Rustic co622 40.72 -105.58 2499 PIPO 2002 

Sapinero Mesa co623 38.32 -107.20 2700 PIPO 2000 

Sargents co624 38.40 -106.43 2621 PSME 2002 

South Fork co625 37.67 -106.65 2591 PIPO 2002 

Slickrock co626 38.02 -108.92 2000 PIED 2002 

Soap Creek co627 38.53 -107.32 2417 PIPO 1999 

Stultz Trail co628 38.33 -105.27 2465 PSME 1997 

Unaweep Canyon co629 38.83 -108.57 2225 PIED 2002 

Vasquez Mountain co630 40.03 -106.07 2865 PSME 1999 
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Wild Rose co631 39.02 -108.23 2636 PIED 2002 

Wet Mountains co632 37.90 -105.15 2690 PSME 1997 

Cameron Pass co633 40.55 -105.83 3100 PCEN 2003 

Cameron Pass co635 40.55 -105.83 3100 ABLA 2003 

Grasshopper Trail id006 42.52 -116.80 1701 JUOC 1984 

Cascade Radar St. Payette id007 44.43 -116.08 2140 PCEN 1983 

Galena Pass Sawtooth NF id008 43.87 -114.72 2580 PCEN 1983 

Twin Peaks id009 44.60 -114.45 2800 PIAL 1992 

Sandpass id010 43.97 -114.97 2800 PIAL 1991 

Upper Sandpass id011 43.97 -114.97 2800 PIAL 1992 

Railroad Ridge id012 44.13 -114.55 2930 PIAL 1992 

Sleeping Deer Road id013 44.62 -114.50 2820 PCEN 1997 

Salmon River Valley id014 44.42 -114.25 1700 PSME 1996 

Hododoo Pass-SW Superior mt105 47.00 -115.17 1710 PCEN 1983 

Lost Trail Pass mt106 45.70 -113.95 2130 PCEN 1983 

Skalkaho Pass Bitterroot mt107 46.23 -113.77 2160 PCEN 1983 

Highland Fire Outlook mt108 45.75 -112.53 2730 PCEN 1983 

Grass Mountain #2 mt109 45.17 -109.52 3208 PCEN 1999 

North Fork Ridge mt110 45.30 -111.33 2500 PSME 2000 

North Fork Ridge mt111 45.30 -111.33 2500 PIFL 2000 

Yellow Mountain Ridge 1 mt112 45.30 -111.32 2500 PIFL 1998 

Yellow Mountain Ridge 1 -- 

Entire Bark Trees 

mt113 45.30 -111.32 2500 PIFL 1998 

Yellow Mountain Ridge 2 mt114 45.30 -111.32 2500 PSME 1998 

Flint Creek Range mt116 46.28 -113.15 1645 LALY 1998 

Preston Park mt117 48.72 -113.65 2150 ABLA 2006 

Burning Coal Vein nd001 44.60 -103.47 792 PIPO 1990 

Cross Ranch Sanger Unit nd002 47.15 -101.02 442 QUMA 1991 

Killdeer - Dvirnak nd004 47.42 -102.92 823 QUMA 1990 

Masonic Island/Bear Island nd005 48.98 -100.35 658 QUMA 1990 

Theodore Roosevelt NP nd006 46.92 -103.48 1630 JUSC 1991 

Niobrara Valley Preserve ne004 42.82 -100.00 725 PIPO 1997 

Snake River ne005 42.70 -100.87 810 PIPO 1998 

Ash Canyon ne008 42.63 -103.25 1280 PIPO 1997 

White Creek nm063 33.25 -108.50 2134 PSME 1980 

Gallinas Mountains nm111 34.20 -105.80 2170 PIED 1981 

Gallinas Mountains nm112 34.23 -105.78 2621 PSME 1982 

Clines Corner nm118 35.08 -105.65 2225 PIED 1982 

Salinas Peak San Andres Mts. nm547 33.25 -106.75 2438 PIED 1990 

Cabresto Canyon nm548 36.72 -105.55 2438 PIED 1981 

Cabresto Canyon nm549 36.73 -105.47 2835 PIPO 1987 

Fenton Lake nm550 35.88 -106.67 2560 PIPO 1986 

Garcia Park nm551 36.33 -105.37 2743 PIPO 1981 

Osha Mountain nm552 36.30 -105.42 2896 PIPO 1981 

Spring Canyon New Mexico nm553 32.72 -106.37 2500 PIPO 1990 

Mouth of La Junta nm554 36.12 -105.52 2713 PIPO 1986 

Abouselman Spring nm555 35.80 -106.62 2438 PIPO 1986 

Cat Mesa nm556 35.78 -106.62 2515 PIPO 1986 

Rio Pueblo nm557 36.15 -105.60 2469 PIPO 1986 
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Baca nm558 35.82 -106.57 2515 PIPO 1987 

Elephant Rock nm559 36.70 -105.43 2743 PIPO 1989 

Italian Canyon nm560 36.73 -105.47 2894 PIFL 1989 

Elk Canyon nm561 33.05 -106.53 2499 PIPO 1990 

Hoosier Canyon nm562 32.70 -106.35 2500 PIPO 1990 

Agua Fria nm564 34.22 -108.62 2225 PIED 1987 

Black Mountain nm565 33.38 -108.23 2651 PSME 1987 

Black Mountain nm566 33.38 -108.23 2651 PIPO 1987 

Gila Cliff Dwellings nm567 33.22 -108.27 1767 PIPO 1987 

Mimbres Junction 

Recollection 

nm568 32.95 -108.02 1950 PIED 1986 

Ski Valley Wheeler Park nm569 36.58 -105.50 3120 PCEN 1983 

Sierra Blanca Ruidosos nm570 33.33 -105.67 3120 PSME 1983 

Sandia Crest nm571 35.25 -107.50 3000 PSME 1983 

El Malpais NM nm572 34.97 -108.10 2423 PSME 1992 

West Side Road Sacramento 

Mts. 

nm573 32.80 -105.90 2250 PIPO 1994 

Cornay Ranch nm574 36.80 -103.98 2020 PIPO 1998 

Capulin Volcano nm576 36.77 -103.95 2380 PIED 1998 

Mill Canyon nm577 36.07 -104.35 1710 PIPO 1998 

Capulin Volcano NM nm578 36.78 -103.93 2320 PIED 1992 

Sunspot nm579 32.80 -105.80 2865 PSME 1993 

Pony Express nv049 39.82 -114.62 2210 PIMO 1982 

Moody Mountain nv052 39.10 -115.80 2004 PIMO 1982 

White Horse Summit nv053 40.40 -114.22 1996 PIMO 1982 

Wall Canyon nv055 38.68 -117.23 2316 PIMO 1983 

Pequap Summit nv056 41.05 -114.58 2286 PIMO 1982 

Panaca Summit nv057 37.77 -114.18 2103 PIMO 1982 

Pete's Summit nv058 39.18 -116.78 2347 PIMO 1982 

Jarbidge Canyon nv061 41.90 -115.42 1825 JUSC 1984 

Charleston Peak nv510 39.28 -115.63 3048 PILO 1984 

Mount Jefferson nv511 38.78 -116.95 3300 PIFL 1980 

Pearl Peak nv512 40.23 -115.53 3170 PILO 1985 

Mount Washington Nevada nv513 38.90 -114.32 3415 PILO 1983 

Spruce Mountain nv514 40.55 -114.82 3110 PILO 1985 

Indian Garden nv515 39.08 -115.43 2900 PILO 1980 

Hill 10842 Recollection nv516 38.93 -114.23 3050 PILO 1984 

Spring Mountains Lower nv517 36.32 -115.70 3000 PILO 1984 

Jackson Mountains Oct98 

Recollection 

nv518 41.30 -118.43 2097 JUOC 1998 

Lucky Horseshoe nv519 37.87 -118.33 3140 PIFL 2000 

Spring Canyon Oregon or006 44.90 -118.93 1366 JUOC 1982 

Calamity Creek or009 43.98 -118.80 1464 JUOC 1982 

Little Juniper Mountain or018 43.13 -119.87 1596 JUOC 1982 

Cross Canyon Oregon or029 45.97 -117.68 1317 PIPO 1991 

Grizzly Bear or030 45.97 -117.72 1231 PIPO 1991 

Indian Crossing or032 45.12 -117.02 0 PIPO 1990 

Bally Mountain or033 45.28 -118.57 0 PIPO 1990 

Emigrant Springs or034 45.55 -118.48 1169 PIPO 1990 
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Lookout Mountain or035 45.83 -117.80 1372 PIPO 1990 

Summit Springs or037 45.68 -117.47 1354 PIPO 1990 

Big Sink or038 45.78 -117.92 1206 PIPO 1990 

Fish Lake or039 45.00 -117.07 1600 PIPO 1991 

Lugar Springs or040 45.77 -117.97 1200 PIPO 1991 

Crater Lake NE-Medford or042 42.97 -122.17 2200 TSME 1983 

Barlow Pass am Mt. Hood or043 45.32 -121.65 1300 PSME 1983 

Mt. Ashland sudl. Medford or044 42.07 -122.72 1860 ABMA 1983 

Mt. Hood Timberline Lodge or045 45.33 -121.68 1600 TSME 1983 

Lookout Mountain Lower or046 43.75 -121.65 1320 PIPO 1995 

Pringle Falls Prescribed Fire or047 43.73 -121.65 1320 PIPO 1991 

Pringle Falls RNA or048 43.70 -121.62 1460 PIPO 1993 

Experimental Forest or049 43.72 -121.60 1530 PIPO 1993 

Deschutes or051 43.47 -121.40 1420 PIPO 1995 

Junction of HWYS 51 and 97 or052 43.32 -121.75 1420 PIPO 1995 

Skookum Butte or053 43.23 -121.65 1670 PIPO 1995 

Diamond Lake or054 43.08 -121.95 1510 PIPO 1995 

Blue Jay Spring or055 42.92 -121.53 1490 PIPO 1995 

Telephone Draw or056 42.93 -121.62 1550 PIPO 1995 

Telephone Draw South or057 42.75 -121.52 1550 PIPO 1995 

Crater Lake or058 42.78 -122.07 1370 PIPO 1990 

Calimus Butte or059 42.63 -121.53 2020 PIPO 1995 

Frederick Butte Recollection or060 43.58 -120.45 1494 JUOC 1996 

Horse Ridge Recollection or061 43.97 -121.07 1146 JUOC 1996 

Table Rock Arrow Gap or062 43.18 -120.90 1418 JUOC 1996 

Steens Mountain Recollection or063 42.67 -118.92 1460 JUOC 1998 

Mount Hood Low or064 45.33 -121.67 1585 TSME 1992 

Mount Hood Medium or065 45.33 -121.67 1790 TSME 1992 

Mount Hood High or066 45.33 -121.67 1920 TSME 1992 

Mount Jefferson Low or067 44.67 -121.83 1585 TSME 1993 

Mount Jefferson Medium or068 44.67 -121.83 1785 TSME 1993 

Mount Jefferson High or069 44.67 -121.83 1950 TSME 1993 

Sheridan Mountain Low or070 43.83 -121.67 1755 TSME 1993 

Sheridan Mountain Medium or071 43.83 -121.67 1920 TSME 1993 

Sheridan Mountain High or072 43.83 -121.67 2090 TSME 1993 

Crater Lake East Low or073 42.83 -122.00 1910 TSME 1992 

Crater Lake East Medium or074 42.83 -122.00 2075 TSME 1992 

Crater Lake East High or075 42.83 -122.00 2300 TSME 1992 

Crater Lake West Low or076 43.00 -122.33 1950 TSME 1992 

Crater Lake West Medium or077 43.00 -122.33 2075 TSME 1992 

Crater Lake West High or078 43.00 -122.33 2210 TSME 1992 

Wizard Island or079 43.00 -122.17 2015 TSME 1992 

Mount Hood Medium or080 45.33 -121.67 1770 ABLA 1992 

Page Mountian or081 42.00 -123.57 1070 CHLA 2000 

Greenhorn Mountain or082 44.70 -118.55 2295 PIAL 2002 

Greenhorn Mountain or083 44.70 -118.55 2295 PICO 2002 

Greenhorn Mountain or084 44.70 -118.55 2295 ABLA 2002 

Mill Creek Research Natural 

Area 

or085 45.50 -121.42 1002 PIPO 1999 
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Husband Lake or086 44.13 -121.83 1820 TSME 1990 

Lane Plateau or087 44.15 -121.83 1945 TSME 1990 

Obsidian Lava Flow or088 44.18 -121.83 1700 TSME 1990 

Buckhorn Mountain sd002 43.78 -103.60 1768 PIPO 1991 

Blair sd003 44.33 -103.43 1097 QUMA 1990 

Cedar Butte sd004 43.60 -101.12 785 PIPO 1991 

Cedar Butte sd005 43.60 -101.12 785 JUSC 1991 

Crystal Cave sd006 43.95 -103.30 1230 QUMA 1990 

Eagle Nest Canyon sd008 45.35 -103.13 1090 PIPO 1990 

Frawley Dairy Farm sd009 44.47 -103.67 1130 QUMA 1990 

Grace Coolidge sd011 43.75 -103.35 1234 QUMA 1991 

Grace Coolidge sd012 43.75 -103.35 1234 PIPO 1990 

Hankins Group sd013 44.33 -103.68 1520 QUMA 1991 

Reno Gulch sd017 43.90 -103.60 1658 PIPO 1991 

Moreau River sd020 45.28 -100.73 501 PPDE 2006 

Big Bend NP incl. Camp 

Springs 

tx042 29.25 -103.30 2057 PSME 1992 

Guadalupe Peak tx046 31.90 -104.85 2438 PSME 1992 

Wild Horse Ridge ut508 39.42 -111.07 2805 PILO 1985 

Mammoth Creek ut509 37.65 -112.67 2590 PILO 1989 

Electric Lake ut510 39.58 -113.85 2970 PCEN 1983 

Ceader Breaks ut511 37.58 -111.63 3120 PCEN 1983 

Hidden Peak Wasatch 

Mountain 

ut512 40.57 -111.33 3150 PCEN 1983 

Bryce Point ut513 37.60 -112.15 2500 PSME 1998 

Upper Henderson Canyon ut514 37.72 -111.93 3000 PSME 1998 

Yovimpa Point ut515 37.47 -112.25 2750 PSME 1998 

Coal Bench ut516 37.62 -112.00 2100 PIED 2000 

Deer Springs Mesa ut517 37.30 -112.18 2200 PIED 1998 

Lower Henderson Canyon ut518 37.65 -111.97 2100 PIED 1999 

Round Valley Draw ut520 37.42 -111.88 2000 PIED 2000 

Skutumpah Road #1 ut521 37.50 -112.07 1800 PIED 2000 

Skutumpah Road #2 ut522 37.47 -112.10 1900 PIED 2000 

Swauk Pass N of Ellensburg wa3 47.37 -120.30 1250 PSME 1986 

Goat Mountain Mt. St. Helens 

NM 

wa6 46.35 -122.08 980 TSHE 1986 

Crater Mountain wa046 48.73 -120.90 1800 LALY 1989 

Hart's Pass R1 wa067 48.68 -120.63 2050 LALY 1991 

Hart's Pass R1 wa068 48.68 -120.63 2050 PIAL 1991 

Hart's Pass N1 wa069 48.70 -120.65 1925 LALY 1991 

Hart's Pass N1 wa070 48.70 -120.65 1925 ABLA 1991 

Hart's Pass N1 wa071 48.70 -120.65 1925 PCEN 1991 

Hart's Pass N2 wa072 48.73 -120.65 2000 LALY 1990 

Hart's Pass N2 wa073 48.73 -120.65 2000 ABLA 1990 

Hart's Pass N2 wa074 48.73 -120.65 2000 PCEN 1990 

Hart's Pass V1 wa075 48.68 -120.65 1875 PCEN 1990 

Hart's Pass V1 wa076 48.68 -120.65 1875 ABLA 1990 

Hart's Pass V2 wa077 48.75 -120.63 1825 ABLA 1991 

Hart's Pass V2 wa078 48.75 -120.63 1825 PCEN 1990 
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Hart's Pass R2 wa079 48.70 -120.65 2050 LALY 1991 

Hart's Pass S1 wa080 48.72 -120.65 1825 ABLA 1992 

Mt. St. Helens wa081 46.15 -122.15 1200 ABAM 1983 

Hurricane Ridge wa082 47.95 -123.47 1560 ABAM 1983 

Sherman Creek Pass wa083 48.70 -118.33 1800 LAOC 1983 

Mt. Angeles wa084 47.97 -123.43 1360 PSME 1983 

Annette Lake Trail wa085 47.37 -121.33 798 PSME 1987 

Big Quilcene River wa086 47.83 -123.03 867 PSME 1987 

Deer Creek Pass wa087 48.33 -121.72 1052 PSME 1987 

Olympic Road 3116 wa088 48.00 -124.00 267 PSME 1987 

Silver Creek wa089 46.63 -121.83 900 PSME 1987 

San Juan Hill wa090 47.88 -121.33 967 PSME 1987 

Tahoma Creek Trailhead wa091 46.80 -122.88 970 PSME 1987 

Thornton Lakes Low wa092 48.67 -121.33 1220 TSME 1992 

Thornton Lakes Medium wa093 48.67 -121.33 1370 TSME 1992 

Thornton Lakes High wa094 48.67 -121.33 1525 TSME 1992 

Hoh Lake Low wa095 47.90 -123.75 1220 TSME 1992 

Hoh Lake Medium wa096 47.90 -123.75 1315 TSME 1992 

Hoh Lake High wa097 47.90 -123.75 1465 TSME 1992 

Lake Minotaur Low wa098 47.83 -121.00 1130 TSME 1992 

Lake Minotaur Medium wa099 47.83 -121.00 1465 TSME 1992 

Lake Minotaur High wa100 47.83 -121.00 1740 TSME 1992 

Mount Rainier Low wa101 46.83 -121.75 1425 TSME 1992 

Mount Rainier Medium wa102 46.83 -121.75 1645 TSME 1992 

Mount Rainier High wa103 46.83 -121.75 1830 TSME 1992 

Mount Adams Low wa104 46.17 -121.50 1465 TSME 1992 

Mount Adams Medium wa105 46.17 -121.50 1735 TSME 1993 

Mount Adams High wa106 46.17 -121.50 1890 TSME 1992 

Mount Adams Low wa107 46.17 -121.50 1465 ABLA 1992 

Mount Adams Medium wa108 46.17 -121.50 1735 ABLA 1993 

Mount Adams High wa109 46.17 -121.50 1890 ABLA 1992 

Mount Rainier Low wa110 46.83 -121.75 1540 ABLA 1992 

Mount Rainier Medium wa111 46.83 -121.75 1645 ABLA 1992 

Mount Rainier High wa112 46.83 -121.75 1840 ABLA 1992 

Lake Minotaur Medium wa114 47.83 -121.00 1630 ABLA 1992 

Lake Minotaur High wa115 47.83 -121.00 1740 ABLA 1992 

Dodger Point Low wa116 47.83 -123.52 1395 ABLA 1990 

Dodger Point Medium wa117 47.83 -123.52 1525 ABLA 1990 

Dodger Point High wa118 47.83 -123.52 1725 ABLA 1990 

Mount Dana Low wa119 47.85 -123.48 1540 ABLA 1990 

Mount Dana Medium wa120 47.85 -123.48 1675 ABLA 1990 

Mount Dana High wa121 47.85 -123.48 1860 ABLA 1990 

Klahhane Ridge Low wa122 48.00 -123.42 1375 ABLA 1990 

Klahhane Ridge Medium wa123 48.00 -123.42 1560 ABLA 1990 

Klahhane Ridge High wa124 48.00 -123.42 1820 ABLA 1990 

Blue Mountain Low wa125 47.92 -123.25 1340 ABLA 1991 

Blue Mountain Medium wa126 47.92 -123.25 1595 ABLA 1990 

Blue Mountain High wa127 47.92 -123.25 1800 ABLA 1990 

Hart's Pass Low wa128 48.72 -120.65 1495 ABLA 1992 
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Site Name Site ID Latitude Longitude Elevation Species End year 

Heather Meadows Mt. Baker 

Ski Area 

wa134 48.86 -121.68 1310 TSME 2006 

Powder River Pass wy021 44.15 -107.05 2850 PCEN 1983 

Medicine Bow Peak wy022 41.30 -107.70 3150 PCEN 1983 

Sylvan Pass bei Cody wy023 44.37 -110.13 2580 PCEN 1983 

Granite Pass Hunt Mountain wy024 44.78 -107.87 2820 PCEN 1983 

Togwatee Pass wy025 43.72 -110.05 2820 PCEN 1983 

Fossil Butte National 

Monument 

wy026 41.87 -110.80 2225 PIFL 1998 

Mount Everts wy027 44.98 -110.67 2179 PSME 1999 

Whiskey Mountain wy028 43.43 -109.55 2692 PSME 2000 

Clarks Fork of the 

Yellowstone 

wy029 44.18 -108.72 1474 PSME 1999 

Sheep Trail wy030 41.37 -106.23 3235 PCEN 1999 

Encampment wy031 41.15 -106.78 2500 PSME 2001 

Vedauwoo wy032 41.15 -105.37 2500 PIPO 2001 

Hot Springs Basin wy033 44.75 -110.25 2542 PIAL 2005 

 

NP = National Park; NF = National Forest; NM = National Monument 

 

 

Species codes:

ABAM - Abies amabilis  

ABCO - Abies concolor  

ABLA - Abies lasiocarpa 

ABMA - Abies magnifica  

CADE - Calocedrus decurrens  

CHLA - Chamecyparis lawsoniana  

JUOC - Juniperus occidentalis  

JUSC - Juniperus scopulorum  

LALY - Larix lyallii 

LAOC - Larix occidentalis  

PCEN - Picea Engelmannii  

PCPU - Picea pungens  

PIAL - Pinus albicaulis  

PIAR - Pinus aristata  

PIBA - Pinus balfouriana  

PICO - Pinus contorta  

PIED - Pinus edulis  

PIFL - Pinus flexilis  

PIJE - Pinus jeffreyi  

PILA - Pinus lambertiana  

PILO - Pinus longaeva  

PIMO - Pinus monophylla  

PIPO - Pinus ponderosa  

PIST - Pinus strobiformis  

PITO - Pinus torreyana  

PLRA - Platanus racemosa  

PPDE - Populus deltoides  

PSMA - Pseudotsuga macrocarpa  

PSME - Pseudotsuga menziesii  

QUCF - Quercus kelloggii  

QUDG - Quercus douglasii   

QULO - Quercus lobata  

QUMA - Quercus macrocarpa 

TSHE - Tsuga heterophylla 

TSME - Tsuga mertensiana 
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Figure D.1.  The first two principal components of the correlation between the JFM NAM 

and precipitation in January to March (JFM, a), February to April (FMA, b), March to 

May (MAM, c), and April to June (AMJ, d).  The percent of the variance explained by 

each is shown in the lower left-hand corner of the map.  If the correlation with the AMO 

or PDO is significant at p ! 0.05, the index and the related correlation coefficient are 

shown. 
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Figure D.2.  As in Figure D.1, but for temperature. 
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Figure D.3.  Spatial loading patterns of the first three principal components of the running 

correlation between the NAM and ring-width.  The percent of variance explained by each 

pattern is indicated in the lower left-hand corner of the map. 
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Attenuated orography in IPCC AR4 models contributes to precipitation errors over the 

western United States 

 

Stephanie A. McAfee and Joellen L. Russell 

Department of Geosciences, The University of Arizona, Tucson, AZ 85721 

 

E.1  Abstract  

Adaptation planning will require regional-scale projections of climate change that are 

quantitatively, as well as qualitatively, robust.  General circulation models (GCMs) are 

successful in simulating global climate, and they are the primary tool available for 

producing regional climate projections consistent with global changes in forcing.  

However, they were not designed to capture regional climate dynamics.  When using 

GCMs outside of their global design specifications, it is important to understand their 

regional strengths and weaknesses and any resulting implications for regional climate 

projections.  By comparing simulated 300-hPa zonal winds and precipitation for the late 

20
th

 century with National Centers for Environmental Prediction reanalyses and Global 

Precipitation Climatology Project data in the context of simulated orography, we show 

that attenuated land surface topography over the United States Rocky Mountains tends to 

increase the zonality of Northern Hemisphere circulation, in addition to distorting 

observed rain shadows.  This is seen most markedly in an increase in zonal wind speed 

around 30˚N that contributes to wet biases over western North America.  Over the 

western United States, GCMs project drier conditions to the south, and increasing 
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precipitation to the north, as the storm track shifts northward.  That conclusion is highly 

robust.  The Southwest, in particular, is likely to experience increased drought over the 

coming decades.  However, dynamical errors introduced by low spatial resolution in the 

models may make it difficult to quantify the amount of drying for this region or to 

describe the temporal characteristics of the drying trend, such as the rate of drying or 

interannual to decadal variability in the drying trend. 
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E.2  Introduction 

During the last five years a number of studies have highlighted projected drying 

in southwestern North America (Diffenbaugh et al., 2008; Hoerling and Eischeid, 2007; 

Seager et al., 2007; Meehl et al., 2005).  These studies, however, have generally not 

assessed potential changes in precipitation in the context of the current portfolio of 

GCMs’ skill in simulating precipitation over western North America or in simulating the 

dynamics driving winter precipitation in the region.  Although models generally simulate 

global precipitation well (Randall et al., 2007; Dai, 2006), small errors are not usually 

addressed.  Common error metrics, such as the root-mean-square (RMS) error, are biased 

toward identifying large absolute errors.  In arid regions such as western North America, 

however, relatively small absolute errors in precipitation can be significant in terms of 

percent of observed precipitation and in the conclusions drawn from impacts models, 

such as those designed to simulate future hydrological or ecological conditions. 

Western North America typically receives winter precipitation from large frontal 

storms developed over the Pacific Ocean and traveling along the storm track.  

Cyclogenesis east of the Rocky Mountains and over the North Atlantic impacts the 

eastern third of the continent (Barry and Chorely, 2003).  Although there are complexities 

in the relationship, the location and strength of the storm track are related to those of the 

jet stream over the Pacific Ocean (Chang et al., 2002; Christoph et al., 1997).  A recent 

analysis by Garreaud (2007) confirms the relationship between zonal wind and 

precipitation for the West Coast of North America.  In addition, the Pacific North 

American pattern (PNA), which describes the relative zonality of flow across the United 
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States, is well correlated with precipitation.  Strongly zonal flow is associated with wetter 

conditions over much of the West, although the spatial details of the relationship vary by 

month (Leathers et al., 1991). 

Numerous studies note poleward shifts in the position of the jets and storm tracks 

in both hemispheres with warming (Lorenz and DeWeaver, 2008; Seidel et al., 2008; 

Yin, 2005), and a slight northward shift in the latitude of the Northern Hemisphere mid-

winter jet stream during the late 20
th

 century was identified by Archer and Caldeira 

(2008).  There is still debate as to whether this shift is caused by the expansion of the 

Hadley cell (e.g., Seidel et al., 2008), by changes in the altitude of the tropopause (Lorenz 

and DeWeaver et al., 2007; Lu et al., 2007), or increasingly positive annular mode 

indices (Previdi and Liepert, 2007). 

Modeling studies suggest that the Northern Annular Mode (NAM), and thus the 

position of the storm track, cannot be adequately simulated without accounting for 

stratospheric ozone dynamics and that recent high values of the NAM are associated with 

ozone depletion (Shindell et al., 1999).  Although ozone depletion over the Arctic is not 

as severe as that over the Antarctic, depressions in total column ozone have been detected 

in the Arctic since the early 1980s, particularly during cold winters (Solomon et al., 

2007).  Reductions in ozone-depleting chlorofluorocarbons mandated by the Montreal 

Protocol, should lead to increases in the concentration of stratospheric ozone; however, 

the recovery is slower than simulated, as increasing greenhouse gas concentrations in the 

troposphere lead to stratospheric cooling and an increase in ice-catalyzed ozone 

destruction (Müller, 2009). 
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A northward shift in the position of the jet should manifest in reduced 

precipitation over the southwestern portion of North America during the winter and 

increased precipitation to the north and east.  This is the pattern projected for the 21
st
 

century by the Intergovernmental Panel on Climate Change Fourth Assessment Report 

(IPCC AR4, Christensen et al., 2007) and described by numerous other studies (Previdi 

and Liepert, 2007; Seager et al., 2007; Held and Soden, 2006; Meehl et al., 2005).  

Orography can impact precipitation distribution and amount in a number of ways.  

Early GCM experiments showed that the North American interior was drier in 

simulations with mountains than without, due to subsidence (Manabe and Broccoli, 

1990).  Mountain ranges are also known to cause rain shadows at less than continental 

scale.  Orography can trigger increased precipitation through a number of scale-

dependent mechanisms, which are discussed in Roe (2005).  Finally, orography may be 

able to alter precipitation patterns through the mediation of zonal flow.  

It has long been understood that mountains strongly influence wind speeds and 

the presence of stationary waves.  As early as 1986, Palmer and colleagues noted that a 

momentum bias apparent in their GCM was resolved by applying frictional drag.  A 

somewhat more recent analysis by Lott (1999) applied drag and lift forces separately.  

While drag was more effective in reducing zonal wind speeds, the application of lift 

decreased wind speed, while generating realistic stationary waves.  Lott (1999) noted that 

the average elevation of mountains was approximated by drag, but that mountain volume 

was better modeled with lifting force.  Recent work by Chang (2009) suggests that 
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removing mountains from a simple GCM limited the model’s ability to adequately 

simulate stationary waves, even in the presence of realistic diabatic heating. 

The inability of GCMs to accurately simulate the amplitude of stationary waves 

has been thoroughly documented by Boyle (2006).  Since meridional waves in the mid-

latitudes tend to decrease the speed of zonal winds generated by tropically driven Coriolis 

forces (Held et al., 2002), we expect that simulated zonal winds will exceed observed 

wind speeds, particularly in the subtropics and the southern portion of the Northern 

Hemisphere mid-latitudes.  This trend may be exacerbated by the fact that many of the 

models used in the most recent IPCC assessment display overly vigorous Hadley 

circulation (Caballero, 2008), which would tend to stimulate stronger zonal winds.  

Stationary wave generation is complex, involving forcing from orography and from 

differential surface heating patterns that can also be influenced by orography (Held et al., 

2002), but the use of an orographic parameterization mimicking the Rocky Mountains is 

sufficient to generate reasonably distributed, though weak, stationary waves in a simple 

GCM (Lott, 1999). 

Here we show how orography in a suite of 18 IPCC AR4 models impacts average 

cool-season zonal wind speeds over the eastern Pacific Ocean and western North 

America (220˚ to 260˚).  Increased zonal flow, particularly around 30˚N, contributes to 

increased precipitation over much of the western United States, and we quantify the 

change in precipitation associated with changes in zonal wind speed between 220˚ and 

260˚ over the latitude band 23.75˚ to 41.25˚N (grid cell centers 25˚ to 40˚N).  We provide 

error maps for cool-season precipitation over the United States for single runs of 18 
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models, for an eight-member NCAR-CCSM3.0 ensemble and an 18-member multi-model 

ensemble.  Finally, we demonstrate weak, but potentially important relationships between 

cool-season precipitation patterns simulated for the late 20
th

 century and projected 

changes in precipitation over 20-year periods centered at 2040 and 2090. 
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E.3  Data, models, and methods 

E.3.1  Data and models 

We evaluate the ability of 18 of the IPCC AR4 coupled GCMs to simulate cool-

season (November to April) zonal winds and precipitation over North America from 

1979/80 to 1998/99.  The winters of 1979/80 to 1998/99 were chosen because the 

National Centers for Environmental Prediction – Department of Energy – Atmospheric 

Model Inter Comparison Project (NCEP-DOE-AMIP-II) reanalysis (hereafter NCEP2), 

the Global Precipitation Climatology Project (GPCP) and all of the models evaluated had 

monthly data coverage throughout the period.  Climate model output from the A1B 

scenario was used to investigate relationships between model bias and projected changes 

in cool-season precipitation.  Projections were evaluated early (2029/30 to 2048/49) and 

late (2079/80 to 2098/99) in the 21
st
 century. 

For statistical analyses, a single run was used from each of the models’ Climate of 

the 20
th

 Century simulations (20C3M).  For comparison, an eight-member ensemble of 

the NCAR-CCSM3.0 model and an 18-member multi-model ensemble were also 

compiled.  Table E.1 describes models and runs used.  Data and additional documentation 

are available from the Program for Climate Model Diagnosis and Intercomparison 

(PCMDI) at http://www-pcmdi.llnl.gov/. 

Orography was compared to the two-minute ETOPO2v2 dataset (NGDC, 2006).  

Although a number of latitude bands were tested with most showing consistent, if weak, 

relationships with wind, we focus here on orography in the region closest to 30˚ to 55˚N, 

245˚ to 260˚ within each model – the Rocky Mountains.   
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Model simulations of monthly precipitation were compared to values from the 

GPCP dataset.  The monthly 2.5˚ x 2.5˚ GPCP data set was compiled from rain gauge 

data at 6500-7000 locations and from satellite estimates of precipitation (Adler et al., 

2003).  Over land, GPCP data are comparable with the Climate Prediction Center Merged 

Analysis of Precipitation (CMAP), although GPCP estimates slightly higher global land 

precipitation (Yin et al., 2004).  Simulations of zonal wind at 300 hPa were compared 

with the ~1.9˚ x 1.875˚ NCEP2 reanalysis (Kanamitsu et al., 2002).  Although the 

NCEP2 reanalysis estimates of wind velocity are not, strictly speaking, observations, they 

are treated as such lacking a better option.   

 

E.3.2  Zonal wind analysis 

For each model and for the NCEP2 reanalysis, we calculated the monthly average 

zonal wind at each grid point.  Zonal averages over the eastern Pacific/western North 

America (EPWNA) region (~220˚ to ~260˚) were calculated from the global climatology.  

Cool-season (November to April) averages were calculated for each year from the 

complete grid, as well as over the EPWNA region.  In order to make more 

straightforward comparisons between models, EPWNA averages and the full zonal wind 

field were regridded to match the NCEP2 grid using one- and two-dimensional linear 

interpolation (Matlab R2008b).  Changes introduced by regridding were few and small. 

Cool-season average values of 300-hPa zonal winds from the reanalysis were 

tested for normality using the Lilliefors test (Lilliefors, 1967).  At ! = 0.05, fewer than 

10% of individual grid cells globally or latitudinal bands in the EPWNA region displayed 
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non-normal distributions, and there did not seem to be spatial patterns in the location of 

non-normality.  Because the zonal wind data were, by and large, normally distributed, we 

calculated 95% confidence intervals around the zonal averages via ±t
0.05,2! tailed ,"

* s , 

where s is the standard deviation and " is the degrees of freedom equal to n-1 (Zar, 1999).   

The relationship between orography and zonal wind was investigated by 

correlating mountain volume over the Rocky Mountains (30˚ to 55˚N, 245˚ to 260˚) with 

maximum wind speed in the EPWNA region and with average cool-season wind speeds 

over the entire Northern Hemisphere for the 18 individual runs.  Orography in each of the 

models was regridded to match the NCEP2 grid so that consistent regions could be 

compared.   

 

E.3.3  Precipitation evaluation 

 To evaluate the quality of precipitation simulations, simulated precipitation was 

regridded to match GPCP’s grid using a two-dimensional linear interpolation (Matlab 

R2008b).  Other gridding schemes (1˚ x 1˚ and 5˚ x 5˚) were also explored to determine if 

they changed the results.  Differences between gridding schemes were minimal.  Percent 

difference from observed was calculated from the average cool season value for each grid 

cell. 

 We test the assumption that precipitation is related to zonal wind by correlating 

average cool-season zonal wind speeds between 23.75˚ and 41.25˚N over the EPWNA 

with precipitation.  This latitudinal band was chosen as it encompasses the region of 

maximum winds.  This is also the region over which most models have notably elevated 
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wind speeds (Figure E.3).  In order to determine how strong an impact the elevated zonal 

wind speeds had on precipitation, we regressed precipitation errors on wind speed errors 

and then calculated the absolute precipitation errors associated with bias in wind speed.  

These are compared to the absolute differences in cool-season precipitation between the 

multi-model ensemble simulation and GPCP. 

Projections from the A1B scenario were processed to calculate average November 

to April precipitation over the years 2029/30 to 2048/49 and 2079/80 to 2098/99 in the 

same way that simulations of the 20
th

 century were treated.  Those averages were also 

regridded to match the GPCP grid so that equivalent areas could be compared. Model 

runs used for this analysis are listed in Table E.1.  Individual grid cell errors for each of 

the models were correlated with the absolute and percent changes in precipitation 

projected for 2029/30 to 2048/49 and 2079/80 to 2098/99 

 

E.3.4  Statistical analysis 

Since we could not assume that the relationships between orography and wind or 

wind and precipitation would be linear, we employ a non-parametric Spearman 

correlation throughout the paper.  The Spearman correlation is also robust to non-

normality (Zar, 1999), which may exist within the large data fields.  Non-normality is of 

particular concern for precipitation data.  Similarly, we were unsure that the relationships 

expressed in our data would always fit the assumptions of least-squares regression.  As a 

result, a robust biweight regression method that reduces the influence of outliers was used 
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(Matlab R2008b).  Comparison of the two regression methods showed the results to be 

largely similar (not shown). 

Limiting the analyses to one realization per model is a necessary requirement, but 

there is some question as to whether the 18 model runs used in the statistical analyses are 

strictly independent, as there are three related pairs of models: GFDL-CM2.0 and CM2.1, 

GISS-AOM and GISS-ER, and MIROC3.2 (hires) and MIROC3.2 (medres).  The two 

GFDL models are built on the same grid but have different orography, use different 

dynamical cores, and differ mainly in their simulation of mid-latitude winds (Delworth et 

al., 2006).  As our analysis is centered on the relationship between orography and mid-

latitude winds, we feel that we can consider the two GFDL models to be independent.  

Although NASA produced and runs both GISS-ER and GISS-AOM, they are 

substantially different models (Schmidt et al., 2006).  MIROC3.2 (hires) and MIROC3.2 

(medres) are the same model run at different resolutions, increasing the potential that the 

results of these two models are not independent.  Practically, however, they differ greatly 

in their representation of orography, in zonal wind profiles with latitude over the 

EPWNA region, and in their precipitation errors.  As a result we are not overly concerned 

about the independence of the two models in this situation. 
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E.4  Results and Discussion 

E.4.1  Model orography 

 Figure E.1 shows the orography over the western United States for each of the 18 

models used in this study, as well as the ETOPO2v2 topography.  Peak elevations are 

substantially lower in the models than in the still relatively coarse resolution (2’) 

ETOPO2v2 dataset.  Peak elevation in the Rocky Mountains (30-55˚N, 245-260˚) in the 

ETOPO2 dataset is 4124 m.  Peak model elevations range from 1910 m (INM-CM3.0) to 

2670 m (MIROC3.2 hires).  Average elevation over the region in the models is similar to 

that calculated for the observed topography (1142 m).  The observed volume is 5.08 x 10
6
 

km
3
, while modeled mountain volumes range from 4.61 x 10

6
 to 5.15 x 10

6
 km

3
.   

Only three of the models [NCAR-CCSM3.0, UKMO-HadGEM1, MIROC3.2 

(hires)] have sufficient resolution to distinguish the Sierra Nevada (Figure E.1).  

Nevertheless, a number of models simulate peak elevation slightly south and west of its 

actual position, suggesting a merged Rocky Mountain/Sierra Nevada massif (Figure E.2).  

None of the models capture the Olympic or Cascade Mountains of Oregon and 

Washington or the coastal mountains of British Columbia.  

 

E.4.2  Zonal wind evaluation 

 Simulations typically overestimate EPWNA cool-season wind speeds between 20˚ 

and 40˚ N, while slightly underestimating wind speeds around 50˚N (Figure E.3a and b).  

Between 20˚ and 30˚N, all of the individual model runs and the ensembles simulate wind 

speeds above the average value from NCEP2.   Indeed four of the models  (GISS-AOM, 
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Figure E.1.  Western North American orography in the 18 IPCC AR4 models assessed in 

this study.  Topography from the ETOPO2v2 two-minute data is shown for comparison.  

All plots extend from 20˚ to 55˚N and from 225˚ to 265˚.  
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Figure E.2.  Plot showing the latitude and longitude of peak elevation in the Rocky 

Mountains (30˚ to 55˚N, 245˚ to 260˚).  Grid cell centers are identified by symbols.  Grid 

cell extent is indicated by vertical and horizontal lines; grid cell extent lines for 

ETOPO2v2 fall within the symbol. 
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GISS-ER, NCAR-PCM1, and UKMO-HadCM3) simulate wind speeds outside the 95% 

confidence intervals.  Around 50˚N, the opposite is true, with only five of the 18 models 

simulating stronger winds than NCEP2; two simulations fall below the 95% confidence 

intervals (IPSL-CM4 and UKMO-HadCM3).  Figure E.3b shows the difference between 

the simulations and the reanalysis, highlighting the southward bias in positive zonal wind 

errors. 

 Decreased volume in the Rocky Mountains is associated with significantly higher 

zonal wind speeds stretching across the Pacific Ocean around 30˚N and with reduced 

wind speeds between 45° and 60°N.  This reduction in wind speed is most significant 

over the Gulf of Alaska (Figure E.4).  This tendency is seen globally, as well.  Increased 

mean elevation and volume in the models are strongly correlated with the maximum 

average speed of mid-latitude zonal winds during the cool season (r = -0.519 and -0.517, 

respectively, p <0.05). 

 

E.4.3  Precipitation evaluation 

During the cool season, the eastern third of the continent is wetter than most of 

the western two-thirds of the continent, although coastal regions of the western United 

States and Canada between approximately 40˚ and 55˚N are quite wet (Figure E.5).  The 

driest portions of the continent include Mexico and the southwestern United States.  All 

of the models evaluated here simulate wetter winters on the eastern portion of the 

continent than the west (not shown).  In addition, most of the models simulate wetter 

conditions in the northwestern portion of the continent than in the southwestern region.   
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Figure E.3.  (a) Average cool-season (November to April) 300 hPA-zonal wind speeds 

over the eastern Pacific Ocean and western North America (220˚ to 260˚) for the 

individual runs from 18 models, the 8-member NCAR-CCSM3.0 ensemble, the multi-

model ensemble, and the NCEP2 reanalysis are shown by heavy purple, gray and black 

lines, respectively.  The 95% confidence interval around the NCEP2 mean is shown by 

the gray shading. (b) Difference between simulated zonal wind speed and NCEP2 

reanalysis.   
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Figure E.4.  Between model correlation between zonal wind speed and mountain volume 

in the Rocky Mountain region (30˚ to 55˚N and 245˚ to 260˚, outlined by the white box).  

Spearman correlation coefficients are indicated by colors.  Dashed, thin and thick black 

lines indicated regions where p < 0.10, p< 0.05, and p < 0.01, respectively. 
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Figure E.5.  Average cool-season (November to April) precipitation from the Global 

Precipitation Climatology Project (GPCP).  Averages were calculated over the period 

1979/80 to 1998/99.  Accumulated precipitation is shown in mm. 
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All of the models are successful in simulating high precipitation over the North Atlantic 

off of the New England coast.  With the exception of UKMO-HadGEM1, models are not 

as successful in capturing the slightly elevated precipitation observed over the central 

Gulf coast region (Figure E.6). 

Over the northern Midwest and northeastern United States and southeastern 

Canada, model errors are typically within 25% of observed values, although some models 

have wet biases of 25% to 50% of observed precipitation in the northeastern Canada 

(Figure E.6).  The GISS-ER model is somewhat unique in simulating drier than observed 

conditions over the northern Midwest and portions of eastern Canada.  Most models 

simulated drier than observed conditions near the Gulf Coast, with some models 

simulating only 25% of observed precipitation.   

The most notable characteristic of the simulations is that all of the models 

overestimate precipitation over much, if not all, of western North America and Mexico 

by at least 25%.  The largest errors are typically over the arid portions of the 

southwestern United States and Mexico, but positive biases are also common over the 

northern Rocky Mountains.  The Hadley models (UKMO-HadCM3 and UKMO-

HadGEM1) have the smallest precipitation errors for the cool-season over western North 

America as a whole.  Unique among the models, UKMO-HadGEM1 actually 

underestimates precipitation over Arizona and the southern parts of California, Utah and 

Nevada.  UKMO-HadGEM1’s largest errors occur over the Montana Rocky Mountains 

and south central Mexico, where they approach 200%.  The UKMO-HadCM3 model has  
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Figure E.6.  Percent difference between model simulations of November to April 

precipitation and precipitation from Global Precipitation Climatology Project (GPCP) 

over the years 1979/80 to 1998/99. 
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50% to 100% errors over most of the western United States and over the Canadian 

prairies with errors near 200% over central Mexico. 

All of the other models evaluated here have errors of up to 300% over at least part 

of western North America.  BCCR-BCM2.0 simulates relatively small areas of error over 

much of the United States, but errors of nearly 300% over much of northern Mexico and 

parts of Texas.  CCCMA-CGCM3.1(t47) and MRI-CGCM2.3.2a simulate relatively 

small errors, typically less than 100% over much of the western United States and 

Canada, but produce larger errors over central Mexico.  The simulation by MIROC3.2 

(medres) is similar, but has slightly larger errors over the inland Pacific Northwest.  All 

of the remaining models have errors of over 100% across much of western North 

America.  Many models, however, are more successful along the California coast, where 

errors tend to be small.  In addition, both positive and negative errors are common over 

coastal portions of the Pacific Northwest and western Canada.  Neither the 8-run NCAR-

CCSM3.0 ensemble nor the multi-model ensemble produced substantially lower errors 

than the individual runs. 

 

E.4.4  Relationship between zonal wind and precipitation 

Figure E.7a shows the correlation between NCEP2 winds and GPCP precipitation 

during the cool season over the period 1979/80 to 1998/99.  Figure E.7b shows the 

between-model correlation of wind and precipitation for the 18 individual runs.  In both 

analyses, increased wind speeds are associated with higher precipitation amounts over 

much of the western United States and drier conditions to the north.  Positive correlations 
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Figure E.7.  Spearman correlation (a-b) and robust biweight regression (c-d) of 300 hPa 

wind speed over the eastern Pacific Ocean and western North America between 23.75˚ 

and 41.25˚N. Panels (a) and (c) show the between-year relationships for Global 

Precipitation Climatology Project and NCEP2 data.  Panels (b) and (d) show the between-

model relationships.  In the correlation maps, dashed, thin and thick lines show areas 

where the estimated significance is significant at p < 0.10, p < 0.05, and p < 0.01. 
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over the western states are as significant as p < 0.01 in the observational analysis and as 

significant as p < 0.05 in the model analysis.  In the model analysis, there is a stronger 

negative response over the Pacific Northwest and coastal British Columbia.  The model 

and observational analyses show weak relationships of conflicting sign over Texas and 

Mexico.  Over the eastern third of the country, there is a relatively strong positive 

correlation between precipitation and EPWNA zonal wind speed (p < 0.01 over the 

southeastern seaboard) that is not apparent in the between-model correlation.  Despite 

disagreements over some parts of the country, these analyses confirm that increased zonal 

wind speeds are associated with additional precipitation over the western United States.  

These findings are in line with the Garreaud (2007) analysis and with the fact that on 

synoptic time scales, zonal flow is often associated with wetter conditions over western 

North America (Byrne et al., 1999; Leathers et al., 1991). 

 Robust regression analysis of the observations (Figure E.7c) shows that the 

associated changes in precipitation are quite small for regions displaying a negative 

correlation between zonal wind speed and precipitation – generally less than 20 mm m
-1

 

s
-1

 over a six-month period.  The response is larger for regions with a positive 

relationship, approaching 80 mm m 
-1

 s
-1

 over northern California.  In the model analysis, 

there are fairly large precipitation responses to variability in wind speed over the West 

Coast (positive to the south, negative to the north of ~40˚N), similar to the correlation 

analysis.  All of the models simulated wind speeds stronger than those seen in the NCEP2 

reanalysis, and most models had some degree of wet error over the western United States.  

Interestingly, UKMO-HadGEM1, the only model to display negative errors over the 
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Southwest and one of the few to have positive errors over the coastal Northwest had peak 

wind speeds around 47˚N, well north of their position in the NCEP2 reanalysis (27.5˚N). 

 Differences between precipitation errors calculated solely from wind errors and 

those observed in the data are shown in Figure E.8 for the 18-member multi-model 

ensemble.  Over much of the United States, the sign of the error calculated using the 

regression is the same as that of the absolute difference from observed precipitation.  

There are two exceptions to this.  One is over the Gulf Coast, where fairly large negative 

errors are not captured by the regression model, despite the fact that most of the models 

underestimate precipitation in the lower Mississippi Valley.  The other region is the 

Pacific Northwest, where there are large changes in the sign of the error from the west 

(negative) to the east (positive).  The negative impact on precipitation suggested by the 

regression model does appear to be expressed west of the Cascade Mountains.  East of 

the Cascades, the regression-based and calculated errors disagree.  This may be because 

positive precipitation errors in this region are related more to the absence of significant 

rain shadows in the models, as the Cascades and northern Rocky Mountains are not well 

resolved (Figure E.1).  As none of the models have significant orography in this region 

and all demonstrate wet biases, this is the most likely and straightforward explanation.  

Over much of the West, only part of the precipitation error can be ascribed to 

errors in zonal wind speed.  This suggests that other factors may contribute, as well.  

Warmer than observed sea surface temperatures (SSTs) could presumably feed larger or 

wetter storms, much the way that warm SSTs off the southwestern coast of the United 

States are associated with greater precipitation during warm phases of the Pacific Decadal 
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Figure E.8.  Comparison of the absolute difference between simulated cool-season 

(November to April) precipitation and Global Precipitation Climatology Project data for 

1979/80 to 1998/99 with the precipitation error predicted by the between-model 

regression of precipitation and of 300 hPa wind speed over the eastern Pacific Ocean and 

western North America between 23.75˚ and 41.25˚N.  Color indicates observed error, and 

gray contour lines the error predicted from the regression model.  Dashed contours are 

negative, and the zero contour is omitted.  Results for the multi-model ensemble are 

shown.   
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Oscillation (Mantua et al., 1997).  Many, but not all of the models have warm SST biases 

along the southwest coast of North America, but the patterns are not as consistent 

between models (Randall et al., 2007) as are the errors in precipitation (Figure E.6).  

Kumar et al. (2008) compared a coupled run from the National Center for Environmental 

Prediction Climate Forecast System model, with a warm SST bias to a run of the 

atmospheric component of the model forced with corrected SSTs.  There were no 

differences in precipitation over western North America, suggesting that the warm SST 

biases in that model had little impact on precipitation in the region.  

Recent work by Chang (2009) suggests that removing the Rocky Mountains 

entirely from a simple model may send the jet far to the south of its observed average 

position, consistent with our conclusion that attenuation of the Rocky Mountains by 

coarse model resolution contributes to a southward bias in zonal wind speeds.  Son et al. 

(2009) also address the importance of topography in controlling mean flow, showing that 

greater relief can significantly weaken the storm track if there is a strong coherent jet 

stream, as there is over the Pacific Ocean. 

Orographically induced increases in zonal wind speed aloft at the expense of 

stationary waves seem to explain a reasonable proportion of the wet bias observed over 

southern and central western North America in the late 20
th

 century simulations.  Even 

though average elevation in the models was similar to that calculated from the 

ETOPO2v2 data, the models may not be providing a representation of orography that is 

adequate to produce observed atmospheric patterns.  Other factors likely influence the 

pattern as well, but this mechanism appears consistent across all of the models.  
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Enhanced precipitation to the north seems to be more closely related to the lack of a 

significant rain shadow in the lee of the (nonexistent) Cascade and (significantly reduced) 

northern Rocky Mountains. 

 

E.4.5  Implications for precipitation projections 

Since there appears to be a dynamically driven bias in precipitation among most, 

if not all, of the models, it calls into question the reliability of precipitation projections, 

especially in those regions where the models are both in agreement and in error over the 

late 20
th

 century.  A better understanding of how zonal winds and precipitation are related 

in the model may also provide insight to between-model disagreements in the sign of 

projected changes in precipitation over the western United States (Christensen et al., 

2007). 

There is a weak, but potentially important, correlation between precipitation 

projections for the 21
st
 century and simulated precipitation for 1979-1999 in regions 

where the models are most consistently incorrect (the southwestern United States and 

Mexico and the Gulf Coast).  Although the correlations are only significant at estimated p 

< 0.05 or 0.01 in fairly limited locations, even a 20% chance that the projections are not 

independent from error is cause for concern (Figure E.9a and E.9b).  Using percent 

change, rather than delta weakens the relationship between simulations for the late 20
th
 

century and for the future, but the relationship is still significant at 2030 over the Gulf 

Coast (Figure E.9c and E.9d).  Over the Southwest, the wettest models tend to simulate 

the largest decreases in precipitation by the decades around 2030 (Figure E.9a), while 
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those that most closely simulate late 20
th

 century precipitation disagree about the sign of 

precipitation change over the Southwest over the next three to four decades.  MIROC3.2 

(medres) projects a reasonable amount of drying, UKMO-HadGEM1 suggests relatively 

little drying, MRI-CGCM2.3.2a slightly greater precipitation by 2030.  Determining why 

the three best-performing models (for this purpose) disagree will be key in understanding 

the pace of drying in the Southwest. 

The fact that the bias in precipitation appears to be related to circulation – namely 

the southward bias in zonal wind speeds – means that it could impact the quality of 

precipitation projections.  Although there is still debate over why, the storm track is 

projected to move northward, the projection is considered highly robust (Yin, 2005).  The 

fact that this will occur in the models against a mean state that is different than observed 

could influence the magnitude of precipitation changes.  It may also make it more critical 

to quantify tropical versus extra-tropical contributions to the northward shift in the jet, as 

different forces could interact differently with the zonal flow patterns demonstrated here.  

For example, in the real atmosphere, elevation of the tropopause with warming 

could reduce interaction between the jet and the orography, leading to more zonal flow 

and slower drying.  In the models, however, a southerly displaced jet that does not now 

appear deflected to the north by the Rocky Mountains (as occurs in reality) could become 

more likely to deflect north as it shifts into a position where it interacts more strongly 

with the highest peaks of the Cordillera, leading the model to predict much more rapid 

and severe drying for the Southwest and Mexico.  This scenario is less likely if the 

mountains are so diminished as to have limited influence on the jet, as it appears they 



 

 

150 

may be.  In sum, determining the drying trajectory will require understanding how zonal 

winds interact with the Rocky Mountains in simulations of the 20
th

 century, and how that 

changes in the future. 
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Figure E.9.  Spearman correlation between November to April precipitation simulated for 

1979/80 to 1998/99 and the (a,b) change in precipitation  or (c,d) percent change in 

precipitation projected for (a,c) 2029/30 to 2048/49 and (b,d) 2079/80 to 2098/99.  Areas 

with light gray shading display a positive correlation > 0.2, dark gray shading indicates 

negative correlations < -0.2.  Dotted, dashed, thin and thick black lines indicated regions 

where p < 0.2, p < 0.1, p< 0.05, and p < 0.01, respectively.  
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E.5  Summary and concluding statements 

We found that all of the 18 models investigated in this study had wet biases over 

at least part of western North America during the cool season (November to April), when 

compared to data from the Global Precipitation Climatology Project (GPCP) for 1979/80 

to 1999/2000.  Precipitation was generally well simulated over the eastern United States 

and Canada.  The largest errors were observed over the southwestern United States and 

Mexico.  Precipitation biases in the model over the southwestern United States and 

northern Mexico appear to be related to biases in the speed of peak zonal winds aloft, 

while those in the Pacific Northwest appear to be related to difficulties in simulating the 

precipitation patterns generated by the Cascade Mountains. 

Increased zonal wind speeds over the eastern Pacific Ocean and western North 

America were associated with reduced mountain volume in the Rocky Mountains, 

suggesting that both the wind and precipitation errors are part of a tendency in GCMs to 

over-emphasize zonal circulation at the expense of meridional flow (Boyle, 2006).  While 

the relationship is non-linear, it has long been understood that mountains are a key driver 

for stationary waves (Held et al., 2002; Chang, 2009), so that difficulties in simulating 

realistic orography can impact the simulation of zonal flow (Palmer et al., 1986; Lott, 

1999).  There is also a substantial amount of research linking mountains and precipitation 

patterns in models (e.g., Manabe and Broccoli, 1990) and the real world (e.g., Roe, 

2005).  Here we have demonstrated that this is still a problem in the state-of the-art 

GCMs used by the IPCC AR4, and one with potentially significant consequences.  
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General projections for changes in precipitation amount over the western United 

States (drier to the south, and increased precipitation to the north) are quite robust.  

However, the fact that biases in precipitation are related to problems in accurately 

simulating the interaction of zonal flow, which is expected to shift northward (Yin, 

2005), with orography, suggests that the current set of models may not be able to 

accurately quantify precipitation changes in this region in the coming decades, 

particularly given the disagreement over the driving force behind the northward shift in 

the jet. (Seidel et al., 2008; Lorenz and DeWeaver et al., 2007; Lu et al., 2007; Previdi 

and Liepert, 2007).  Resolving this question and determining how the non-linear 

relationship between orography and zonal wind will change as the jet moves northward 

will be critical in making accurate, quantifiable precipitation projections for the western 

United States.  A first step might involve investigating changes in synoptic circulation 

patterns through the 21
st
 century, as done in Byrne et al. (1999) to determine why each of 

the models projects increasing, decreasing or constant precipitation.  This is of great 

practical concern as civic planners and water resource managers increasingly use results 

from GCM simulations and demand projections to deal with the diminishing water 

supplies and growing population of the American West. 
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F.1  Abstract 

Projections from general circulation models (GCMs) are increasingly used to make 

ecological and hydrological forecasts.  Here we investigate the implication of 

precipitation errors among a suite of 18 Intergovernmental Panel on Climate Change 

(IPCC) Fourth Assessment Report (AR4) models for predicting land cover using the 

Köppen-Geiger classification.  Although precipitation simulations for much of the 

continent match observations, all of the 18 models had relatively small wet errors over at 

least part of the approximately 2.3 x 10
6
 km

2
 arid region of western North America, 

including portions of the United States experiencing heavy population growth and 

supporting intensive irrigated agriculture.  Though minor, the 20
th

 century biases were 

significant enough to underestimate dryland area by up to 89%.  Carbon stocking was, 

consequently, overestimated by up to 18 GtC.  Dynamic vegetation and carbon cycle 

models are commonly coupled with GCMs in an attempt to improve climate projections 

and resolve questions about the size and stability of terrestrial and ocean carbon sinks and 

sources.  However, the large inconsistencies between model-generated and observed land 

cover types induced by relatively small precipitation errors raise legitimate questions 
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about whether including dynamic vegetation and carbon will provide an improvement or 

not.  Given the importance of accurate climate input data for impacts simulation, and the 

fact that precipitation projections, in particular, may be difficult to adequately bias correct 

(or not bias corrected when models are coupled), we suggest that care be taken in 

choosing GCMs for impacts simulation and that those results be interpreted with regard 

to the performance of the GCMs used to derive them. 
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F.2  Introduction 

Approximately 28% of North America (WRI, 2003) and 37% of the United States 

(McClure, 1998) can be classified as drylands (orange and tan areas labeled BS and BW 

in Figure F.1).  In the United States, the vast majority of federal lands are located in the 

arid and semi-arid West (Figure F.2a).  Despite their name, drylands support diverse 

ecosystems from deserts to grasslands, savannahs, shrublands, and even forests (White et 

al., 2002).  In the United States, they are used for agriculture, grazing, resource 

extraction, recreation, and timber harvest (McClure, 1998).  Agriculture in the region 

depends heavily on irrigation (Figure F.2b). 

In addition, many of the fastest growing counties in the United States are located 

in dryland regions (U.S. Census Bureau, 2008, Figure F.2c).  The combination of climate 

change and land use impacts on dryland ecosystems could affect many of the world’s 

most vulnerable people (White et al., 2002), including the residents on reservations 

throughout the West (Figure F.2a).   

Drylands also have significantly lower carbon densities than most other 

ecosystem types (Gibbs, 2006; JRC 2003; Olson et al., 1985), suggesting that 

transitioning toward drier ecosystems will reduce terrestrial carbon storage.  

Understanding how drying the subtropics will impact sensitive dryland ecosystems and 

how that might differ from model projections of change is critical for management, 
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Figure F.1.  Köppen classification map produced using average monthly Global 

Precipitation Climatology precipitation and NCEP2 reanalysis 2-m air temperature over 

the years 1979 to 1999. 
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Figure F.2.  Maps of federal lands and American Indian reservations (a), the percent of 

cropland irrigated (b), and the percent change in population from 2000 to 2008 (c).  Data 

from the National Atlas and the U.S. Census Bureau. 



 

 

169 

scientific and humanitarian purposes, but it may be more complicated than simple 

expansion of drylands (Hughes and Diaz, 2008). 

 The Köppen (or Köppen-Geiger) classification system, developed in the early 20
th

 

century, describes the expected natural vegetation for an area based on monthly average 

temperature and precipitation.  The Köppen system describes five major 

climate/vegetation types:  tropical (A), arid (B), temperate (C), strongly seasonal (D), and 

polar (E).  Each of these types can be further subdivided based on the amount and 

seasonality of precipitation and/or by annual minimum and maximum temperatures 

(Kottek et al., 2006).  The Köppen classification scheme has frequently been used to 

assess the quality of climate model simulations (e.g., Gnanadesikan and Stouffer, 2006; 

Kalvova et al., 2006; Lohman et al., 1993).  It has the advantage of producing a single 

metric that evaluates simulations of average temperature and precipitation, and of annual 

precipitation and temperature extremes and their seasonality.  The most recent Köppen 

classifications characterize much of the western United States as drylands, specifically 

desert (BW) and steppe (BS) (Peel et al., 2007; Kottek et al., 2006; also see Hughes and 

Diaz, 2008). 

The expansion of drylands in western North America will have significant 

implications for management and for understanding vegetation feedbacks onto the 

climate system via the carbon cycle.  There are critical economic questions associated 

with the expansion of drylands.  Much of the agricultural land in the western United 

States is irrigated (Figure F.2b), yet the West’s economy and the nation’s grocers depend 

heavily on production in this region.  In addition, the federal government owns 
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significant portions of the West, increasing the need to appreciate how climate change 

might interact with wide-scale land use planning.   

Understanding the role of feedbacks is particularly important because the models 

used for the next IPCC assessment are expected to include fully dynamic and interactive 

vegetation and a realistic carbon cycle in standard projection runs (Meehl and Hibbard, 

2007), instead of reserving carbon models for special study (e.g., Friedlingstein et al., 

2006).  Because of the coupling, errors in climate simulation could have additional 

feedbacks from vegetation.  For example, models that start with too much vegetation on 

the landscape have the potential for overly large losses of carbon from the terrestrial pool, 

which could increase simulated warming.  As a result, we need to better understand how 

errors in simulated climate could impact the ecosystem response over the 21
st
 century. 

 We analyze land cover classifications produced by applying a simplified Köppen 

algorithm to precipitation and temperature simulations from 18 of the coupled climate 

models used in the IPCC Fourth Assessment Report.  We compare them to those 

produced using data and reanalysis and investigate the potential for climate-driven 

changes in land cover in the 21
st
 century under the A1B scenario to show the impact of 

small errors in climate simulation on land cover classification and projected ecosystem 

change.  In addition, we will examine the potential carbon fluxes associated with 

projected changes in dryland area and determine the potential for errors in carbon cycle 

feedbacks. 
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F.3  Data and Methods 

We used output from 18 of the 23 coupled climate models included in the IPCC 

AR4 assessment, along with monthly precipitation from the Global Precipitation 

Climatology Project (GPCP, Adler et al., 2003) and 2m-temperature from the National 

Centers for Environmental Prediction 2 (NCEP2) reanalysis (Kanamitsu et al., 2002) to 

investigate the impact of errors in precipitation simulation on land cover classification 

and assess its potential for feedbacks into the carbon cycle.  Model output and model 

documentation are available from the Program for Climate Model Diagnosis and 

Intercomparison at Lawrence Livermore National Laboratory.  More information about 

the models used can be found at http://www-pcmdi.llnl.gov/.  Table F.1 lists the models 

used in this study.  A late 20
th

 century baseline was developed using data, reanalysis and 

model output for 1979 to 1999, as that was the period of overlap between all datasets. 

To demonstrate the impacts of potential errors in precipitation and temperature 

simulations on modeled land cover, we determined the Köppen classification for each 

grid cell according to a simplified version of the criteria outlined in Kottek et al. (2006).  

Table F.2 outlines the algorithms used in this classification.  An “observed” map was 

created using NCEP2 temperature and GPCP precipitation (Figure F.1).  Modeled land 

cover was created by combining NCEP2 temperature with simulated precipitation from 

each model (obsT) and by combining GPCP precipitation with simulated temperature 

from each model (obsP).  Future scenarios for 2029 to 2049 and 2079 to 2099 were 

generated by combining individual model precipitation with the model average 

temperature, both from the A1B scenario.  In an effort at figure brevity, maps shown in 
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Figure F.4 are of Köppen classifications calculated from the average temperature and/or 

precipitation across all 18 models, hereafter referred to as the ensemble classification.  

Dryland was defined as Köppen categories BS and BW (steppe and desert, respectively), 

and the areas of those two types were summed over the region 20˚ to 70˚N and 230˚ to 

290˚ to determine how well each model represented arid and semi-arid ecosystem types 

in North America. 

In order to assess implications for the carbon cycle, we assigned each Köppen 

class a carbon density, based on the updated Olson medium carbon densities (Gibbs, 

2006; JRC, 2003; Olson et al., 1985).  As the Köppen and Olson classes are quite 

different, we calculated the carbon density in each Köppen class as the unweighted 

average of all natural Olson cover types likely to be associated with it.  The associations 

and derived carbon densities are shown in Table F.3.  We limited our analysis of carbon 

stocking to the areas in each model classified as drylands (BS and BW) when the Köppen 

classification was run using simulated temperature and GPCP precipitation (obsP), in 

order to focus on errors introduced by precipitation biases.  Throughout the paper, non-

parametric Spearman correlations are used to accommodate non-normality in the 

distribution of data between models (Zar, 1999). 
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Table F.1.  Models used for the current study.  Only one run was used from each model. 

 
Group Model(s) 

Bjerknes Centre for Climate Research BCCR-BCM2.0 

Canadian Centre for Climate Modeling & Analysis CCCMA-

CGCM3.1(t47) 

Météo-France / Centre National de Recherches Météorologiques CNRM-CM3 

CSIRO Atmospheric Research CSIRO-Mk3.0 

NOAA/Geophysical Fluid Dynamics GFDL-CM2.0 

GFDL-CM2.1 

NASA/Goddard Institute for Space Studies GISS-AOM 

GISS-ER 

LASG/ Institute of Atmospheric Physics IAP-FGOALS1.0 

Institute for Numerical Mathematics INM-CM3.0 

Institut Pierre Simon Laplace IPSL-CM4 

Center for Climate System Research, National Institute for Environmental 

Studies, and Frontier Research Center for Global Change  

MIROC3.2 (hires) 

MIROC3.2 (medres) 

Meteorological Research Institute MRI-CGCM2.3.2a 

National Center for Atmospheric Research NCAR-CCSM3.0 

NCAR-PCM 

Hadley Center for Climate Prediction and Research, Met Office UKMO-HadCM3 

UKMO-HadGEM1 
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Table F.2.  Description of Köppen Classification used in this study, modified from Kottek 

et al. (2006) Tables 1 and 2 and equation 2.1.  Precipitation is in millimeters for all 

calculations. 

 
 Temperature Criteria Precipitation Criteria 

Af Minimum monthly temperature greater than 

or equal to 18˚C  

Minimum monthly precipitation greater than 60 

mm 

Am Minimum monthly temperature greater than 

or equal to 18˚C 

Annual precipitation is greater than 25*(100-

minimum monthly precipitation) 

As Minimum monthly temperature greater than 

or equal to 18˚C 

Minimum monthly precipitation is less than 60 mm 

and occurs in the summer 

Aw Minimum monthly temperature greater than 

or equal to 18˚C 

Minimum monthly precipitation is less than 60 mm 

and occurs in the winter 
If winter precipitation is greater than or equal to 2/3 
annual precipitation: 

Annual precipitation is at least 5* double the 

annual average temperature and less than 10* 

double annual average temperature 
If summer precipitation is greater than or equal to 
2/3 annual precipitation: 

Annual precipitation is at least 5* double the 

annual average temperature + 28 and less than 

10* double the annual average temperature +28 

BS NONE 

Annual precipitation is at least 5* double the annual 

average temperature + 14 and less than 10* double 

annual average temperature +14 
If winter precipitation is greater than or equal to 2/3 
annual precipitation: 

Annual precipitation is less than 5* double the 

annual average temperature 
If summer precipitation is greater than or equal to 
2/3 annual precipitation: 

Annual precipitation is less than 5* double the 

annual average temperature +28 

BW NONE 

Annual precipitation is less than 5* double the 

annual average temperature +14 

Cs Minimum monthly temperature is between -

3˚C and 18˚C 

Minimum monthly summer precipitation is less 

than minimum monthly winter precipitation, AND, 

Maximum monthly winter precipitation is greater 

than 3* maximum monthly summer precipitation, 

AND Minimum monthly summer precipitation is 

less than 40 mm 

Cw Minimum monthly temperature is between -

3˚C and 18˚C 

Minimum monthly winter precipitation is less than 

minimum monthly summer precipitation, and 

Maximum monthly summer precipitation is more 

than 10 * winter monthly minimum precipitation. 

Cfab Minimum monthly temperature is between -

3˚C and 18˚C AND monthly temperature in 

4 or more months is at least 10˚C 

Does not meet criteria for Cs or Cw 

Cfcd Minimum monthly temperature is between -

3˚C and 18˚C AND monthly temperature is 

at least 10˚C in fewer than 4 months 

Does not meet criteria for Cs or Cw 
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Table F.2, continued 

 
 Temperature Criteria Precipitation Criteria 

Ds Minimum monthly temperature is less than 

or equal to -3˚C 

Minimum monthly summer precipitation is less 

than minimum monthly winter precipitation, AND, 

Maximum monthly winter precipitation is greater 

than 3* maximum monthly summer precipitation, 

AND Minimum monthly summer precipitation is 

less than 40 mm 

Dw Minimum monthly temperature is less than 

or equal to -3˚C 

Minimum monthly winter precipitation is less than 

minimum monthly summer precipitation, AND 

Maximum monthly summer precipitation is more 

than 10 * winter monthly minimum precipitation. 

Dfab Minimum monthly temperature is less than 

or equal to -3˚C AND monthly temperature 

in at least 4 months is at least 10˚C 

Does not meet criteria for Ds or Dw 

Dfcd Minimum monthly temperature is less than 

or equal to -3˚C AND monthly temperature 

is at least 10˚C in fewer than 4 months 

Does not meet criteria for Ds or Dw 

ET Maximum monthly temperature is less than 

10˚C and at least 0˚C 

NONE 

EF Maximum monthly temperature is less than 

0˚C 

NONE 

Summer = May to October; Winter = November to April. 
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Table F.3. Köppen type descriptions, equivalent GLC 2000 land cover classes and carbon 

densities.  Carbon densities listed here are unweighted averages of all equivalent GLC 

2000 cover classes, using the medium revised values provided by Gibbs, 2006. Köppen 

type descriptions were modified from Gnanadesikan and Stouffer (2006) and Kottek et al. 

(2006).  Descriptions of the GLC 2000 classes and their individual carbon densities can 

be found in Gibbs, 2006. 

 

Köppen Classification and Description Equivalent GLC 2000 Classes Revised Olson 

C (tons ha
-1

) 

Af Rainforest Tropical Classes 1,2,4,5,6,7,8 120 

Am Monsoonal. Forests. Tropical Classes 2,3,4,5,6 108 

As Savannah, winter wet General Classes 11,12,13,9,18 17.4 

Aw Savannah, summer wet General Classes 11,12,13,9,18 17.4 

BS Semi-arid scrub or grassland General Classes 11,12,13,14,9,18 16 

BW Desert General Classes 11,14,19,21,22 6 

Cs Temperate warm, winter wet.  

Mediterranean ecosystems 

Temperate Classes 1,2,3,4,5 

General Classes 6,9,11,12 

72 

Cw Temperate warm, summer wet. 

Rare in North America 

Temperate Classes 1,2,3,4,5,6 100 

Cfab Temperate, warm. Moist year-round with 

warm/hot summers Primarily deciduous forest 

Temperate Classes 1,2,3,4,5,6 100 

Cfcd Temperate, warm.  Moist year-round with cool 

summers/cold winters. Primarily evergreen 

forest 

Temperate Classes 1,2,3,4,5,6 100 

Ds Cold snowy winters, winter wet.  

Rare in North America 

Temperate Classes 1,2,3,4,5,6 

Boreal Classes 2,3,4,5,6 

86.4 

Dw Cold winters, summer wet.  

Rare in North America 

Temperate Classes 1,2,3,4,5,6 

Boreal Classes 2 ,3,4,5,6 

General Classes 11,12,13 

69.8 

Dfab Cold winters. Moist year-round with warm/hot 

summers. Deciduous or mixed forests 

Temperate Classes 1,2,3,4,5,6 

Boreal Classes 2,3,4,5,6 

86.3 

Dfcd Cold winters, Moist year round with cool 

summers.  Boreal forest 

Boreal Classes 2, 3, 4,5,6 70 

ET Tundra General Classes 11,12,13,14,15 9 

EF Polar desert/ice General Classes19,21,22,12,13 6 
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F.4  Results 

 The average observed and simulated (ensemble) precipitation for winter 

(November to April) and summer (May to October) are shown in Figure F.3.  During the 

winter, precipitation is overestimated for much of the West.  Though errors are typically 

less than 200 mm over the six-month season, they approach 400 mm in parts of the 

Pacific Northwest.  Perhaps more importantly, the arid climate of the region means that, 

in many areas, simulated precipitation is more than double observed.  Two notably wet 

areas (the Gulf Coast and the Pacific Northwest) are too dry in the models.  These general 

patterns carry into summer (May to October), as well, though the absolute errors are not 

as large.  Temperature simulations (not shown) are generally quite good, although there 

does tend to be a cool bias in surface temperatures (Randall et al., 2007). 

Model simulation of temperature has relatively little impact on the Köppen 

classification map in general, and the area simulated in drylands, in particular.  The 

match for most types is quite close, with some differences in the Pacific Northwest, 

where simulated temperatures seem to introduce warmer ecosystem types (Figure F.1 and 

Figure F.4a).  Between 10.3% and 15.9% (ensemble – 12.6%) of North America (20˚ to 

70˚N and 230˚ to 290˚) was placed in the dryland category as compared to 13.5% using 

observed temperature and precipitation (Figure F.5).  The main differences are in the 

Great Plains, particularly eastern Montana and western Nebraska/southeastern Colorado.  

Three models, IAP-FGOALS1.0, MIROC3.2 (hires) and MIROC3.2 (medres), simulated 

slightly greater dryland extent. 
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Figure F.3.  (a) Winter (November to April) and (b) summer (May to October) 

precipitation errors from an 18-member multi-model ensemble and average observed 

precipitation over 1979 to 1999 from the Global Precipitation Climatology Project.  

Shading indicates absolute errors  (mm).  Numbered gray contours indicate average 

observed precipitation  (also in millimeters) over each six-month season. 

a b 

Error (mm) 
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2029-2049 
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Figure F.4. Köppen classification maps produced using monthly Global Precipitation 

Climatology precipitation and simulated monthly temperature from an 18-member multi-

model ensemble (obsP, panel a), NCEP2 air temperature and simulated monthly 

precipitation from an 18-member multi-model for the late 20
th
 century (1979 to 1999) 

ensemble (obsT, panel b), ensemble projections of temperature and precipitation for 2029 

to 2049 (c), and ensemble projections of temperature and precipitation for 2079 to 2099 

(d). 



 

 

180 

 

 

 

 

Figure F.5.  Comparison of the percent of North American (20˚ to 70˚N, 230˚ to 290˚) 

land area covered by dryland Köppen types (BS and BW) when Global Precipitation 

Climatology Project (GPCP) precipitation and simulated monthly temperature from an 

18-member multi-model ensemble or NCEP2 air temperature and simulated monthly 

precipitation from an 18-member multi-model for the late 20
th

 century (1979 to 1999) are 

used.  The percent area calculated using NCEP2 air temperature and GPCP is shown as a 

black square along the one-to-one line. 
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When simulated precipitation (obsT, Figure F.4b) was used, the percent of North 

America classified as drylands varied from 1.6% to 9.8% (Figure F.5). In Köppen 

classifications produced using simulated precipitation, the decrease in dryland area is 

accommodated by an increase in the area covered by the Cs (17.1% of obsP dryland area 

in the ensemble), Cfab (49.9% of obsP dryland area in the ensemble), and to a lesser 

extent the Cw (5.6% of obsP dryland area in the ensemble) types (Figure F.4a and b, 

Table F.3).  The Cs classification is typically given to areas with a wet winter and dry 

summer and might represent Mediterranean type vegetation or conifer forests, depending 

on the temperature.  Here it is likely similar to oak-dominated ecosystems of California.  

The Cfab type describes a relatively warm temperate climate with an even distribution of 

precipitation throughout the year and could produce vegetation like that found in much of 

the southeastern United States.  The Cw, or wet summer/dry winter temperate zone, is 

relatively rare in North America (Kottek, et al., 2006).   

Projected changes in precipitation by the mid- and late-21
st
 century should impact 

the distribution of Köppen classification types in North America, particularly the area 

classified as drylands, which has expanded in the current drought (Hughes and Diaz, 

2008).  Most of the models project an increase in the extent of dryland area by around 

2030, although seven models show little to no change, and one model (GFDL-CM2.0) 

suggests a 16% decrease in dryland area (Figure F.4c, Figure F.6a).  Most models predict 

larger increases in dryland area by the decades around 2080 (Figure 4d, Figure 6b).  The 

Hadley center models (UKMO-HadCM3 and UKMO-HadGEM1) suggest increases in 

dryland area of less than 20%.  Interestingly, simulated precipitation is so much greater  
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Figure F.6.  Change in area (a,b) and percent (c,d) of North American (20˚ to 70˚N, 230˚ 

to 290˚) covered by dryland Köppen types (BS and BW) between the late 20
th

 century 

(1979 to 1999) and 2029 to 2049 (a,c) and 2079 to 2099 (b,d) related to the area covered 

by those types when NCEP2 air temperature and simulated monthly precipitation from an 

18-member multi-model for the late 20
th

 century (1979 to 1999) are used for the Köppen 

classification. 

 

b a 

d c 
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than observed, even in the best models, that by the end of the 21
st
 century, all but two 

models (MIROCM3.2 (medres) and IPSL-CM4) still project 500,000 to 1,000,000 km
2
 

less dryland area than is currently observed (2.3 x 10
6
 km

2
), despite significant projected 

drying and warming over the western United States (Hoerling and Eischeid, 2007).   

Neither the absolute nor the percent change in dryland area between the late 20
th

 

century and 2020 to 2049 was correlated with skill in simulating the current extent of 

North American drylands (Figure F.6a and F.6c, p > 0.15).  Nor was the absolute change 

in dryland area between the late 20
th

 and late 21
st
 centuries significantly correlated with 

simulated modern dryland area (Figure F.6b, p > 0.15).  

Percent change in dryland area between the late 20
th

 and late 21
st
 centuries, 

however, was significantly correlated with the amount of dryland simulated during the 

late 20
th

 century (Figure F.6d, r = -0.55, p < 0.05).  Models that simulated the most 

dryland area (closest to observed) simulated the smallest percent changes in dryland area 

by the end of the 21
st
 century.  The driest models predicted increases in dryland area of 

less than 20% (1.4 x 10
5
 to 3.1 x 10

5
 km

2
).  The wettest models, however, project a range 

of scenarios including up to tripling of dryland area by the end of the 21
st
 century (Figure 

F.6). 

Other notable changes by around 2030 include the loss of ET or tundra in the 

Canadian Rocky Mountains and along the southeastern shore of Hudson Bay (Figure 

F.4c).  The edge of the warmer boreal forest (Dfab) pushes north into previously more 

continental forest (Dfcd).  There are also some expansions of C types at the expense of 

Dfab in Iowa and eastern Nebraska (Cfab) and in Washington and Oregon (Cs).  Trends 
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toward increasing Dfab/decreasing Dfcd and increasing Cs and Cfab at the expense of 

Dfab continue toward the end of the 21
st
 century, with notable changes along the Pacific 

coast of Canada and over New England (Figure F.4d).  By the end of the 21
st
 century, 

tropical vegetation increases over Florida and appears near the Pacific coast of Mexico 

for the first time.  Although there are dry errors (Figure F.3) and drying is expected over 

the Gulf Coast (Christensen et al., 2007), models successfully simulate Cfab type 

vegetation over the lower Mississippi Valley, and continue to simulate that type of 

vegetation through the end of the 21
st
 century. 

Average carbon stocking for this region over all the models, using observed 

precipitation and simulated temperature was 3.2 GtC, similar to the value derived using 

NCEP2 temperature and observed precipitation (3.4 GtC).  Differences in the carbon 

densities between B (dryland) and C ecosystem types (Table F.3) mean that 

misclassification of dryland ecosystem types when using simulated precipitation places 

4.9 to 16.9 Gt more C on the landscape than when simulated temperature and observed 

precipitation are used (obsP, Figure F.7a).  Projected increases in dryland area by 2030 

and 2080 lead to loss of carbon from areas already defined as drylands using observed 

precipitation and NCEP2 temperature.  Losses by 2030 are small, typically less than 2 

GtC (Figure F.7b).  However, projected carbon losses by the end of the 21
st
 century range 

from less than one to nearly 6 GtC, with the ensemble losing 2.9 GtC (Figure F.7c).  The 

models with the largest C stocks, initially, experience the greatest losses over time (r =       

-0.54, p = 0.02).  Thus, misclassification of landcover type leads to an ensemble 

projection for the loss of over 85% of the carbon currently stored in the dry regions of 
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North America.  Nine of the models (CCCMA-CGCM3.1 (t47), GFDL-CM2.0, GISS-

AOM, GISS-ER, IAP-FGOALS1.0, IPSL-CM4, MIROC3.2 (hires), MIROC3.2 

(medres), and NCAR-CCSM3.0) project carbon losses that exceed those determined 

using observed precipitation and NCEP2 temperature, i.e., these models produce a larger 

carbon source than current observations would suggest is available. 
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Figure F.7.  Comparison of carbon stocking in the area covered by dryland Köppen types 

(BS and BW), as defined using NCEP2 temperature and GPCP precipitation.  Observed 

precipitation (GPCP) and simulated temperature vs. simulated precipitation and 

temperature from NCEP2, 1979 to 1999 (a).  Simulated precipitation and temperature 

from NCEP2, 1979 to 1999 vs. simulated precipitation and temperature, 2029 to 2049 

(b).  Simulated precipitation and temperature from NCEP2, 1979 to 1999 vs. simulated 

precipitation and temperature, 2079 to 2099 (c).  The one-to-one line is shown on panels 

(b) and (c). 
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F.5  Discussion 

Much of North America is expected to warm over the coming century, with the 

greatest winter warming toward the north, and summer warming exceeding 4˚C over the 

western and central United States.  Patterns in precipitation change are more complex, 

and there can be significant disagreement between models.  However, the general 

patterns of change suggest drying to the south and increasing precipitation to the north 

during the winter.  Much of the west coast and the central United States are expected to 

dry during the summer, as well.  Areas north of 50˚N and the eastern seaboard may 

become wetter during the summer.  Models disagree about the direction of the change in 

summer precipitation over much of the eastern and central United States, as well as in the 

southwestern monsoon region (Christensen et al., 2007).  The errors in precipitation 

simulation shown in Figure F.3 are somewhat similar between summer and winter.  This 

may be due in part to the fact that the summer period includes May and October, months 

that are transitional between winter and summer circulation patterns (Fleming et al., 

1987). 

Although the data used to generate the observed Köppen map were available on a 

relatively coarse grid, they estimate that drylands cover 11.1% of the entire continent 

(13.5% of the more central portion between 20˚ to 70˚N and 230˚ to 290˚) in comparison 

to 15.3% estimated by Peel et al. (2007).  Most of the mismatch occurs across the western 

plains region of the United States, and likely has to do with averaging of wet high-

elevation regions with drier lower elevation sites.  Similarly, the coarse resolution does 

not allow for discrimination of cooler and wetter ecosystem types at higher elevations.  
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This does not necessarily match other estimates of dryland area at 28% of North America 

(WRI, 2003) or 37% of the United States, as the arid and semi-arid classes defined in 

those publications include dry forests (White et al., 2002), while the Köppen classes 

considered drylands in this study are exclusively grassland, steppe and desert biomes.  

Other biome assignments are quite close.  We chose not to split out the third-order classes 

a vs. b, which distinguish hot from merely warm summers; c vs. d, which separate 

regions with minimum monthly temperatures above and below -38˚C; and k vs. h, which 

characterize hot and cold arid regions (Kottek et al., 2006), as the smaller number of 

categories was adequate for answering the questions posed in this study. 

Models are being used for assessing potential changes to the carbon cycle 

associated with global warming and associated climate feedbacks with increasing 

frequency and sophistication (Boucher et al., 2009; Cox et al., 2004).  The carbon cycle 

impacts of shifting between low carbon drylands (Köppen type B) or arctic regions 

(Köppen type E) and the other classes may be particularly extreme.  Carbon densities in 

the Olson ecosystem types most similar to the Köppen BS and BW categories are around 

16 and 6 tons C ha
-1

, respectively (Gibbs, 2006; JRC, 2003; Olson et al., 1985).  The Cs, 

Cfab, and Cw types that compensated for the under-representation of arid regions when 

using GCM simulated precipitation in this study, are stocked with ~72, 100, and 100 tons 

C ha
-1

, respectively (Gibbs, 2006; GLC, 2000; Olson et al., 1985).  Models project 

conversion of between 1.5 x 105 and 1.7 x 106 km2 of mostly C types to B types in North 

America by the end of the 21st century, leading to carbon losses close to or exceeding the 

available carbon on the landscape. 
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In the real world, ecosystem carbon density depends on vegetation type, species, 

age and density.  As a result it can be quite variable in space – much more so than 

modeled carbon density (e.g., Hicke et al., 2007).  However, the Köppen classification 

scheme is a good analog for the dynamic vegetation models included in coupled climate 

models, which tend to represent vegetation types with a limited number of functional 

groups (Friedlingstein et al., 2006).   

Since the revised landcover carbon densities (Gibbs, 2006; JRC, 2003; Olson et 

al., 1985) do not match perfectly with the Köppen classifications, there is an obvious 

source of uncertainty in our estimates of the impact that precipitation errors in the IPCC 

AR4 models might have on simulated carbon pools and fluxes.  A simple sensitivity test 

compared changes in carbon stocks over the dryland region of North America at the end 

of the 21
st
 century under two scenarios: 1) a 50% increase in the C density of C 

ecosystem types and a 50% decrease in the C density of B ecosystem types, and 2) a 50% 

decrease in the C density of C ecosystem types and a 50% increase in the C density of B 

ecosystem types.  Neither of these scenarios is particularly realistic, but they do provide 

generous error estimates for the values shown here.  The ensemble carbon loss by the end 

of the 21
st
 century using the C densities specified in Table F.3 was approximately 2.9 

GtC, or about 18% of the initially simulated C when observed temperature and 

precipitation are used for the calculation.  Under the first scenario, the ensemble loss 

increased to 4.4 GtC, about 19% of initially available C (obsT).  When the density of C 

ecosystem types was lowered and that of B increased, the average carbon loss dropped to 

about 1.3 GtC or about 14% of initially simulated C.  In comparison with carbon 
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densities calculated using observed precipitation and simulated temperature, these losses 

represent 89%, 92%, and 27% of the initially calculated carbon stocks, respectively.  

Altering the carbon densities did increase between-model variability with carbon 

increases as much as 0.02 GtC and losses as large as 9.2, an expansion from loss estimate 

ranging from 0.2 to 5.9 GtC calculated using the parameters in Table F.3.   

Despite the errors in precipitation shown here, projected changes in precipitation 

are correlated with simulated late 20
th

 century precipitation in just two areas 

(southwestern North America and the Gulf Coast) and only weakly (McAfee and Russell, 

2009).  In contrast, changes in the projected extent of drylands by the late 21
st
 century are 

more strongly correlated with modern simulations (Figure F.6 and F.6d).  This is 

problematic for at least two reasons.   

First, it challenges a truism among climate modelers and model users that “the 

average of all the models is better than any one model”.  This has been shown to be true 

in many cases, and is undoubtedly true globally, but when all the models underestimate 

dryland area regionally, the average is, by definition, worse than the best performing 

model.  This limits the utility of the common practice of ensembling (i.e., averaging) to 

accommodate individual model errors.  Also, agreement among models is often treated as 

evidence of skill (e.g., Christensen et al., 2007, Figure 11.12).  Here we demonstrate a 

case in which conformity provides no assurance of proficiency.  Rather all models seem 

to share a common problem (McAfee and Russell, 2009). 

Second, a dependence of the future on current conditions, which is quite 

reasonable to expect in ecosystems and observed in ecosystem models (Schimel et al., 
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2005), suggests that errors in simulating the present will necessarily influence ecosystem 

projections, calling into question their validity when the present is poorly simulated.  This 

is of particular concern when dynamic vegetation models are run in-line with GCMs.  As 

shown here, some models may project carbon losses from North American drylands by 

the end of the 21
st
 century that are larger than total ecosystem carbon available, as land 

misclassified as C-rich forests and woodlands transitions into grassland, steppe and 

desert.  Although the losses identified here are not particularly large – in comparison, 

Nepstad et al. (2008) propose that carbon losses from the Amazon over the next two 

decades could approach 30 GtC – they are of significant concern for scientists studying 

North American drylands and they suggest that these sorts of errors may be present in 

other regions.   

This analysis does not address other feedback mechanisms, such as albedo and 

modification of the hydrological cycle that could influence local climate and regional 

climate significantly, either enhancing or muting the impact of inappropriate carbon cycle 

feedbacks.  It also does not include an analysis of how land use change might alter 

climate-driven landscape change, an ecological impact of particular importance in 

western North America.  However, it does strongly suggest that challenges in climate 

modeling can influence the results of impacts models.  
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F.6  Conclusions 

Here we demonstrate that small but consistent wet errors over the western United 

States among 18 of the 23 IPCC AR4 models lead to significant misclassification of 

landcover in a Köppen classification scheme.  Underestimates of dryland ecosystem area 

by up to 89% led to overestimates of regional carbon stocks that approached 18 GtC.  

Projections for the end of the 21
st
 century suggest more rapid expanse of drylands than is 

feasible and carbon losses that, in some cases, exceed the observed C stocks in North 

American drylands.   

Consequently, we reiterate that bias-correction is necessary before using GCM 

output in off-line impacts models, as is already common.  However, we also note that a 

number of models should be scrutinized to determine which model(s) are most skillful in 

simulating aspects of climate most critical for the impact being simulated.  As 

demonstrated here, incorrect initial conditions allowed carbon losses over the 21
st
 century 

from an approximately 2.3 x 10
6
 km

2 
area to exceed available (observed) ecosystem 

carbon by up to 200%.  It may also be necessary to employ tools beyond impacts 

modeling, such as paleoclimatic reconstructions and scenario testing, to understand how 

ecosystems will change in the face of climate change. 

Coupled vegetation and carbon cycle models pose a more difficult problem, as 

there is not an easy way to introduce bias correction, so we recommend that results be 

evaluated in the context of any given model’s ability to accurately simulate historical 

conditions.  While this is no guarantee that projections will be correct, it does eliminate a 

potential source of error for situations where current conditions impact outcomes. 
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