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EIA - U.S. Energy Information Agency

ENSO - El Nifio-Southern Oscillation

ET — evapotranspiration

FEMA - Federal Emergency Management Agency
GCM - global climate model

GCRA - Global Change Research Act of 1990
GDP - gross domestic product

GNEB - Good Neighbor Environmental Board
GHG - greenhouse gas

Gt - gigaton

HWI - heat wave index

IBWC - International Boundary and Water Commission, the U.S. counterpart to CILA

ICLEI - Local Governments for Sustainability (originally founded in 1990 as
“International Council for Local Environmental Initiatives”)

IPCC - Intergovernmental Panel on Climate Change

LCC - Landscape Conservation Cooperatives (of the Dept. of the Interior)
LCP - local coastal plan

LFP - Livestock Forage Disaster Program

mac — million acres

maf — million acre-feet

MARAD - Maritime Administration

MCA - Medieval Climate Anomaly

M]JO - Madden-Julian Oscillation

MMT - million metric tons

MRGCD - Middle Rio Grande Conservancy District

MWh — megawatt hours

NAAQS - National Ambient Air Quality Standards (of the EPA)

NADB - North American Development Bank

NALC - Native American Land Conservancy

NAM - North American monsoon

NARCCAP - North American Regional Climate Change Assessment Program
NAS — National Academy of Sciences

NCA - National Climate Assessment

NCADAC - National Climate Assessment and Development Advisory Committee (of
NOAA)

NCDC - NOAA'’s National Climate Data Center
NETL - National Energy Technology Laboratory
NFIP - National Flood Insurance Program (of FEMA)

NGO - non-governmental organization



Abbreviations and Acronyms

NIDIS — National Integrated Drought Information System
NOAA - National Oceanic and Atmospheric Administration
NOEP - National Ocean Economic Program

NPS — National Park Service

NRC - National Research Council (of the National Academies)
NREL - National Renewable Energy Laboratory

PDF - probability density function

PDO —Pacific Decadal Oscillation

PDSI - Palmer Drought Severity Index

PEAC-BC - State of Baja California Climate Action Plan

PIA — practicably irrigable acreage

PLPT - Pyramid Lake Paiute Tribe

PM - particulate matter

POT - peaks over threshhold

ppm — parts per million

PV - photovoltaic

QDO - Pacific Quasi-Decadal Oscillation

RCM - regional climate model

Reclamation — U.S. Bureau of Reclamation

RISA - Regional Integrated Sciences and Assessments (a NOAA Climate Program)
RPS - renewable portfolio standards

RTEP - Regional Transmission Expansion Project

SECURE - Science and Engineering to Comprehensively Understand and
Responsibly Enhance

SFTP - Supplemental Federal Test Procedure (of the EPA)

SIP - state implementation plan

SRES - Special Report on Emissions Scenarios (of the IPCC Fourth Assessment Report)
SURE - Supplemental Revenue Assistance Payments Program

SWCA - Southwest Climate Alliance

SWCSC - Southwest Climate Science Center

SWE - snow-water equivalent

TAAP - Transboundary Aquifer Assessment Program, a U.S.-Mexico program that
assesses shared aquifers

Tmax — maximum daily temperature

Tmin - minimum daily temperature

TRNERR - Tijuana River National Estuarine Research Reserve
UABC - Universidad Auténoma de Baja California

UBEES - Utah Building Energy Efficiency Strategies

USFS - U.S. Forest Service (Department of Agriculture)

xiii



Xiv ASSESSMENT OF CLIMATE CHANGE IN THE SOUTHWEST UNITED STATES
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Chapter 1

Summary for Decision Makers

COORDINATING LEAD AUTHOR

Jonathan Overpeck (University of Arizona)

LEAD AUTHORS

Gregg Garfin (University of Arizona), Angela Jardine (University of Arizona), David E.
Busch (U.S. Geological Survey), Dan Cayan (Scripps Institution of Oceanography),
Michael Dettinger (U.S. Geological Survey), Erica Fleishman (University of
California, Davis), Alexander Gershunov (Scripps Institution of Oceanography), Glen
MacDonald (University of California, Los Angeles), Kelly T. Redmond (Western
Regional Climate Center and Desert Research Institute), William R. Travis

(University of Colorado), Bradley Udall (University of Colorado)

With contributions from the authors of this assessment report

1.1 Introduction

Natural climate variability is a prominent factor that affects many aspects of life, liveli-
hoods, landscapes, and decision-making across the Southwestern U.S. (Arizona, Cal-
ifornia, Colorado, Nevada, New Mexico, and Utah; included are the adjacent United
States-Mexico border and Southwest Native Nations land). These natural fluctuations
have caused droughts, floods, heat waves, cold snaps, heavy snow falls, severe winds,
intense storms, the battering of coastal areas, and acute air-quality conditions. And as a
region that has experienced —within the relatively short time span of several decades—
rapid increases in human population (Figure 1.1), significant alterations in land use
and land cover, limits on the supplies of water, long-term drought, and other climatic

Chapter citation: Overpeck, J., G. Garfin, A. Jardine, D. E. Busch, D. Cayan, M. Dettinger, E. Fleish-
man, A. Gershunov, G. MacDonald, K. T. Redmond, W. R. Travis, and B. Udall. 2013. “Summary
for Decision Makers.” In Assessment of Climate Change in the Southwest United States: A Report Pre-
pared for the National Climate Assessment, edited by G. Garfin, A. Jardine, R. Merideth, M. Black, and
S. LeRoy, 1-20. A report by the Southwest Climate Alliance. Washington, DC: Island Press.
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changes, the Southwest can be considered to be one of the most “climate-challenged”
regions of North America. This document summarizes current understanding of climate
variability, climate change, climate impacts, and possible solution choices for the climate
challenge, all issues that are covered in greater depth in Assessment of Climate Change in the
Southwest United States.!
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The juxtaposition of the Southwest’s many landscapes —mountains, valleys, plateaus,
canyons, and plains—affect both the region’s climate and its response to climate change.
Whether human and natural systems are able to adapt to changes in climate will be in-
fluenced by many factors, including the complex topographic pattern of land ownership
and the associated policies and management goals. Moreover, the human population in
the region will likely grow, primarily in urban areas, from a population of about 56 mil-
lion in 2010 to an estimated 94 million by 2050 (Figure 1.1). [Chapter 3]

The Southwest climate is highly variable across space and over time related to such
factors as ocean-land contrasts, mountains and valleys, the position of jet streams, the
North American monsoon, and proximity to the Pacific Ocean, Gulf of California, and
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Gulf of Mexico. The Mojave and Sonoran Deserts of Southern California, Nevada, and
Arizona are the hottest (based on July maximum temperatures), driest regions of the
contiguous United States. Coastal zones of California and northwestern Mexico have
large temperature gradients and other properties from the shore to inland. Mountain
regions are much cooler and usually much wetter regions of the Southwest, with the Si-
erra Nevada and mountains of Utah and Colorado receiving nearly half of their annual
precipitation in the form of snow. The resulting mountain snowpack provides much of
the surface water for the region, in the form of spring runoff. [Chapter 4]

There is mounting scientific evidence that climate is changing and will continue to
change. There is also considerable agreement—at varying levels of confidence sufficient
to support decision making—regarding why the climate is changing, or will change
[Chapter 19]. Readers of this summary may wish to review all or parts of the complete
report, Assessment of Climate Change in the Southwest United States, to learn more about
the region’s climate, and its likely changes and effects.

1.2 Observed Recent Climatic Change in the Southwest

The climate of the Southwest is already changing in ways that can be attributed to hu-
man-caused emissions of greenhouse gases, or that are outcomes or expressions consis-
tent with such emissions—with these notable observations:

* The Southwest is warming. Average daily temperatures for the 2001-2010 de-
cade were the highest (Figure 1.2) in the Southwest from 1901 through 2010.
Fewer cold waves and more heat waves occurred over the Southwest during
2001-2010 compared to average decadal occurrences in the twentieth century.
The period since 1950 has been warmer than any period of comparable length in
at least 600 years, as estimated on the basis of paleoclimatic tree-ring reconstruc-
tions of past temperatures. [Chapter 5]

* Recent drought has been unusually severe relative to droughts of the last cen-
tury, but some droughts in the paleoclimate record were much more severe. The
areal extent of drought over the Southwest during 2001-2010 was the second
largest observed for any decade from 1901 to 2010. However, the most severe
and sustained droughts during 1901-2010 were exceeded in severity and dura-
tion by multiple drought events in the preceding 2,000 years (Figure 1.3). [Chap-
ter 5]

* Recent flows in the four major drainage basins of the Southwest have been low-
er than their twentieth century averages. Streamflow totals in the Sacramento-
San Joaquin Rivers, Upper Colorado, Rio Grande, and Great Basin were 5% to
37% lower during 2001-2010 than their twentieth century average flows. More-
over, streamflow and snowmelt in many snowmelt-fed streams of the Southwest
tended to arrive earlier in the year during the late twentieth century than earlier
in the twentieth century, and up to 60% of the change in arrival time has been at-
tributed to increasing greenhouse-gas concentrations in the atmosphere (Figure
1.4). [Chapter 5]
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Figure 1.2 Temperature trends in the twentieth century. The 1901-2010 trends in annually
averaged daily maximum temperature (TMAX, top) and daily minimum temperature (TMIN, bottom).
Units are the change in °C/110yrs. Trends computed from 251 stations for precipitation analysis and 180
stations for temperature analysis using GHCN V3 data. Source: Menne and Williams (2009). [Chapter 5]

Figure 1.3 History
of drought in the
West. Percent area
affected by drought
(PDSI<-1) across the
western United States,
as reconstructed from
tree-ring data. Modified
from Cook et al.

(2004), reprinted with
permission from the
American Association
for the Advancement of
Science. [Chapter 5]
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Figure 1.4 Changing streamflow
timing 2001-2010 compared to
1950-2000. Differences between
2001-2010 and 1950-2000 average
date when half of the annual
streamflow has been discharged

Earlier timing Entar: Halog (center of mass) for snowmelt-
l ! } ; dominated streams (Stewart, Cayan
30 20 210 -5 0 5 10 20 30 and Dettinger 2005). [Chapter 5]
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1.3 Projected Future Climatic Change in the Southwest

Climate scientists have high confidence that the climate of the Southwest will continue
to change through the twenty-first century and beyond, in response to human-gener-
ated greenhouse gas emissions, and will continue to vary in ways that can be observed
in historic and paleoclimate records (Table 1.1). However, not all aspects of the climate
change or variation can be projected with equal confidence." The highest confidence is
associated with projections that are consistent among climate models and with observed
changes, such as those described in the previous section. The magnitude and duration
of future change depends most on the amount of greenhouse gases emitted to the atmo-
sphere, particularly carbon dioxide emitted by the burning of coal, oil, and natural gas.
Much of the future change will be irreversible for centuries after substantial anthropo-
genic carbon dioxide emissions have ceased.

*  Warming will continue, with longer and hotter heat waves in summer. Surface
temperatures in the Southwest will continue to increase substantially over the
twenty-first century (high confidence), with more warming in summer and fall
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than winter and spring (medium-high confidence) (Figures 1.5 and 1.6). Summer
heat waves will become longer and hotter (high confidence). Winter cold snaps
will become less frequent but not necessarily less severe (medium-high confi-
dence). [Chapter 6 and 7]

* Average precipitation will decrease in the southern Southwest and perhaps in-
crease in northern Southwest. Precipitation will decline in the southern portion
of the Southwest region, and change little or increase in the northern portion
(medium-low confidence) (Figure 1.6). [Chapter 6]

* Precipitation extremes in winter will become more frequent and more intense
(i.e., more precipitation per hour) (medium-high confidence). Precipitation ex-
tremes in summer have not been adequately studied. [Chapter 7]

* Late-season snowpack will continue to decrease. Late winter-spring mountain
snowpack in the Southwest will continue to decline over the twenty-first cen-
tury, mostly because temperature will increase (high confidence) (Figure 1.7).
[Chapter 6]

* Declines in river flow and soil moisture will continue. Substantial portions of
the Southwest will experience reductions in runoff, streamflow, and soil mois-
ture in the mid- to late-twenty-first century (medium-high confidence) (Figure
1.7). [Chapter 6]

* Flooding will become more frequent and intense in some seasons and some parts
of the Southwest, and less frequent and intense in other seasons and locations.
More frequent and intense flooding in winter is projected for the western slopes
of the Sierra Nevada (medium-high confidence), whereas snowmelt-driven
spring and summer flooding could diminish in that mountain range (high con-
fidence). [Chapter 7]

* Droughts in parts of the Southwest will become hotter, more severe, and more
frequent (high confidence). Drought, as defined by Colorado River flow amount,
is projected to become more frequent, more intense, and more prolonged, re-
sulting in water deficits in excess of those during the last 110 years (high confi-
dence). However, northern Sierra Nevada watersheds may become wetter with
climate change (low confidence). [Chapter 7]

1.4 Recent and Future Effects of Climatic Change in
the Southwest

Terrestrial and freshwater ecosystems

Natural ecosystems are being affected by climate change in noticeable ways, which may
lead to their inhabitants needing to adapt, change, or move:

* The distributions of plant and animal species will be affected by climate change.
Observed changes in climate are associated strongly with some observed chang-
es in geographic distributions of species in the Southwest (high confidence).
[Chapter 8]
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Table 1.1 Current and predicted climate phenomena trends discussed in this report

Projected
Change
Parameter

Average
annual
temperature

Seasonal
tempera-
tures

Freeze-free
season
length

Heat waves

Cold snaps

Direction
of Change

Increase

Increase

Increase

Increase

Decrease

Is it Occurring?

Yes. Southwest temper-
atures increased 1.6°F
+/- 0.5°F, between 1901-
2010.

Yes, in all seasons.
Studies conclusively
demonstrate partial
human causation of
winter/spring minimum
temperature increases.

Yes, the freeze-free
season for the South-
west increased about
7% (17 days) during
2001-2010 compared
to the average season
length for 1901-2000.

Yes. More heat waves
occurred over the
Southwest during
2001-2010 compared to
average occurrences in
the twentieth century.

Fewer cold waves
occurred over the
Southwest during
2001-2010 compared to
average occurrences in
the twentieth century.

Remarks Confidence

Depending on the emissions
scenario, model projections show
average annual temperature
increases of 1-4°F in the period
2021-2050, 1-6°F in 2041-2070, and
2-9°F in 2070-2099. Changes along
the coastal zone are smaller than
inland areas.

High

Model projections show the largest
increases in summer and fall. The
largest projected increases range
from 3.5°F in the period 2021-2050
to 9.9°F in 2070-2099.

High

Model projections using a high
emissions scenario (A2) show that
by 2041-2070, most of the region
exhibits increases of at least 17
freeze-free days, with some parts
of the interior showing 38-day
increases.

High

Model projections show an
increase in summer heat wave
frequency and intensity.

High

Medium-
high

Winter time cold snaps are
projected to diminish their
frequency but not necessarily their
intensity into late century. Interan-
nual and decadal variability will
modulate occurrences across the
region.

Chapter

5,6

5,6

5,6

5,7

5,7
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Table 1.1 Current and predicted climate phenomena trends discussed in this report (Continued)

Projected
Change Direction
Parameter of Change Is it Occurring? Remarks Confidence Chapter
Average Decrease  Not yet detectable. For all periods and both scenarios, Medium- 6
annual During 1901-2010 model simulations show both low
precipitation there was little regional  increases and decreases in precipi-
change in annual tation. For the region as a whole,
precipitation. most of the median values are
negative, but not by much, whereas
the range of changes, among
different models, is high. Annual
precipitation projections generally
show decreases in the southern
part of the region and increases in
the northern part.
Spring Decrease Not yet detectable. By mid-century, all but one model Medium- 6
precipitation projects spring regional precipi- high
tation decreases. By 2070-2099,
the median projected decrease is
9-29%, depending on the emissions
scenario.
Extreme Increase Maybe. Studies indicate  Models project more intense Medium- 5;7
daily the frequency of extreme atmospheric river precipitation; low
precipitation daily precipitation some studies project more frequent
events over the South-  intense precipitation during the
west during 1901-2010  last half of the twenty-first century,
had little regional especially in the northern part of
change in extreme daily  the region.
precipitation events.
Mountain Decrease Yes, in parts of the Model projections from this report High 6
snowpack Southwest. and other studies project a reduc-

tion of late winter-spring mountain
snowpack in the Southwest over
the twenty-first century, mostly
because of the effects of warmer
temperature.
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Table 1.1 Current and predicted climate phenomena trends discussed in this report (Continued)

Projected
Change Direction
Parameter of Change Is it Occurring? Remarks Confidence Chapter
Snowmelt Earlier Yes, snowmelt and Not analyzed in this report, but High 56
and stream- snowmelt-fed stream- implied by projections of dimin-
flow timing flow in many streams of ished April 1 snow water equiva-

the Southwest trended lent in most Southwest river basins.

towards earlier arrivals

in the late-twentieth

century and early

twenty-first century.
Flooding Increase No. Annual peak More frequent and intense Low 57

streamflow rates flooding in winter is projected for

declined from 1901 to the western slopes of the Sierra

2008 in the Southwest. Nevada range; Colorado Front

Range flooding in summer is
projected to increase.

Drought Increase Yes. During the period Observed Southwest droughts have Medium- 5;6
severity 1901-2010. However, been exacerbated by anomalously high

the most severe and warm summer temperatures.

sustained droughts Model projections of increased

during 1901-2010 were =~ summer temperatures would
exceeded in severity and exacerbate future droughts. Model

duration by drought projections show depletion of June
events in the preceding 1 soil moisture and lower total
2000 years. streamflow.

* Ecosystem function and the functional roles of resident species will be affected.
Observed changes in climate are associated strongly with some observed chang-
es in the timing of seasonal events in the life cycles of species in the region (high
confidence). [Chapter 8]

* Changes in land cover will be substantial. Observed changes in climate are af-
fecting vegetation and ecosystem disturbance (Figure 1.8). Among those distur-
bances are increases in wildfire and outbreak of forest pests and disease. Death
of plants in some areas of the Southwest also is associated with increases in tem-
perature and decreases in precipitation (high confidence). [Chapter 8]

* Climate change will affect ecosystems on the U.S.-Mexico border. Potential
changes to ecosystems that transect the international border are often not ex-
plicitly considered in the public policy exposing these sensitive ecosystems to
climate change impacts (high confidence). [Chapter 16]
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High-emissions scenario Low-emissions scenario

Figure 1.5 Projected temperature
changes for the high (A2) and low (B1)
GHG emission scenario models. Annual
temperature change (°F) from historical
(1971-2000) for early- (2021-2050; top),
mid- (2041-2070; middle) and late- (2070-
2099; bottom) twenty-first century periods.
Results are the average of the sixteen
statistically downscaled CMIP3 climate
models. Source: Nakicenovic and Swart
(2000), Mearns et al. (2009). [Chapter 6]

Amount of warming (°F)

Coastal systems

Coastal California is already being affected by climate change, and future climate-relat-
ed change will become more notable if greenhouse-gas emissions are not substantially
reduced:

* Coastal hazards, including coastal erosion, flooding, storm surges and other
changes to the shoreline will increase in magnitude as sea level continues to
rise (high confidence). Sea levels along the California coast have risen less than
a foot since 1900, but could rise another two feet (high confidence), three feet
(medium-high confidence), or possibly more (medium-low confidence) by the
end of the twenty-first century (Figure 1.9). [Chapter 9]

* Effects of coastal storms will increase. Increased intensity (medium-low con-
fidence) and frequency (medium-low confidence) of storm events will further
change shorelines, near-shore ecosystems, and runoff. In many regions along the



Temperature change (°F)

Figure 1.6 Projected change in average seasonal temperatures (°F, left) and precipitation (%
change, right) for the Southwest region for the high-emissions (A2) scenario. A fifteen-model
average of mean seasonal temperature and precipitation changes for early-, mid-, and late-twenty-first
century with respect to the simulations’ reference period of 1971-2000. Changes in precipitation also
show the averaged 2041-2070 NARCCAP four global climate model simulations. The seasons are
December—February (winter), March-May (spring), June—August (summer), and September—-November
(fall). Plus signs are projected values for each individual model and circles depict overall means. Source:
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Mearns et al. (2009). [Chapter 6]

coast, storms coupled with rising sea levels will increase the exposure to waves
and storm surges (medium-high confidence). [Chapter 9]

Economic effects of coastal climate change will be large. Between 2050 and 2100,
or when sea levels are approximately 14-16 inches higher than in 2000, the com-
bined effects of sea-level rise and large waves will result in property damage,
erosion, and economic losses far greater than currently experienced (high confi-
dence). [Chapter 9]

Coastal ecosystems and their benefits to society will be affected. Ocean warm-
ing, reduced oxygen content, and sea-level rise will affect marine ecosystems,
abundances of fishes, wetlands, and coastal communities (medium-high confi-
dence). However, there is uncertainty in how and by how much coastal ecosys-
tems will be affected. [Chapter 9]

Ocean acidification is taking place. Many marine ecosystems will be negatively
affected by ocean acidification that is driven by increased levels of atmospheric
carbon dioxide (high confidence). But there is substantial uncertainty about the ef-
fects of acidification on specific coastal fisheries and marine food webs. [Chapter 9]
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Figure 1.7 Predicted changes in the water
cycle. Mid-century (2041-2070) percent changes
from the simulated historical median values from
1971-2000 for April 1 snow water equivalent
(SWE, top), April-July runoff (middle) and June 1
soil moisture content (bottom), as obtained from
median of sixteen VIC simulations under the high-
emissions (A2) scenario. Source: Bias Corrected
and Downscaled World Climate Research
Programme's CMIP3 Climate Projections archive
at http://gdo-dcp.uclinl.org/downscaled_cmip3_
projections/#Projections:%20Complete %20
Archives. [Chapter 6]

Water

High-emissions scenario

2041-2070

Change (%)

Water is the limiting resource in the Southwest, and climate variability and change will
continue to have substantial effects on water across much of the region. Reduction in
water supplies can lead to undesirable changes in almost all human and natural systems
including agriculture, energy, industry, forestry, and recreation. In particular:

* Climate change could further limit water availability in much of the Southwest.
A large portion of the Southwest, including most of the region’s major river sys-
tems (e.g., Rio Grande, Colorado, and San Joaquin), is expected to experience
reductions in streamflows and other limitations on water availability in the twen-
ty-first century (medium-high confidence) (Figure 1.7). [Chapters 5, 6, 7, and 10]
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Figure 1.8 Areas of the western United States
burned in large (> 1000 acres [400 ha]) fires,
1984-2011. Dark shading shows fires in areas classified
as forest or woodland at 98-feet (30-meter) resolution

by the LANDFIRE project (http://www.landfire.gov/). Fire
data from 1984-2007 are from the Monitoring Trends in
Burn Severity project (http://www.mtbs.gov/) and fire data
from 2008-2011 are from the Geospatial Multi-Agency
Coordination Group (http://www.geomac.gov/). [Chapter 8]
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Figure 1.9 Past, present, and future sea-level rise. Geologic and recent sea-level histories (from

tide gauges and satellite altimetry) are combined with projections to 2100 based on climate models and
empirical data. Modified with permission from Russell and Griggs (2012), Figure 2.1. [Chapter 9]
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* Water availability could be decreased even more by unusually warm, decades-
long periods of drought. Much of the Southwest, including major river systems
such as the Colorado and Rio Grande, has experienced decades-long drought
repeatedly over the last 1,000 to 2,000 years. Similar exceptional droughts could
occur in the future, but temperatures are expected to be substantially hotter than
in the past (high confidence) (Figure 1.3). [Chapters 5, 6, 7, and 10]

* Thepastwillno longer provide an adequate guide to project the future. Twentieth-
century water management has traditionally been based in part on the principle
of “stationarity,” which assumes that future climate variations are similar to past
variations. As climate changes, temperature will increase substantially and some
areas of the Southwest will become more arid than in the past (high confidence).
[Chapters 6 and 10]

* Surface water quality will be affected by climate change. In some areas, surface
water quality will be affected by scarcity of water, higher rates of evaporation,
higher runoff due to increased precipitation intensity, flooding, and wildfire
(high confidence). [Chapter 10]

Human health

The Southwest’s highly complex and often extreme geography and climate increase the
probability that climate change will affect public health. Several potential drivers of in-
creased health risk exist only or primarily in the Southwest, and there is substantial
variation in the sensitivity, exposure, and adaptive capacity of individuals and groups
of people within the Southwest to climate change-related increases in health risks:

* Climate change will drive a wide range of changes in illness and mortality. In
particular, climate change will exacerbate heat-related human morbidity and
mortality, and lead to increased concentrations of airborne particulates and pol-
lutants from wildfires and dust storms. Climate change may affect the extent to
which organisms such as mosquitoes and rodents can carry pathogens (e.g., bac-
teria and viruses) and transmit disease from one host to another (medium-high
confidence). [Chapter 15]

* Allergies and asthma will increase in some areas. On the basis of data showing
earlier and longer spring flower bloom, allergies and asthma may worsen for
individual sufferers or become more widespread through the human population
as temperature increases (medium-low confidence). [Chapter 15]

* Disadvantaged populations will probably suffer most. The health of individuals
who are elderly, infirm, or economically disadvantaged is expected to decrease
disproportionately to that of the general population (high confidence), due to
their increased exposure to extreme heat and other climate hazards. [Chapter 15]

Additional effects of climate change

Climate change has the potential to affect many other sectors and populations within the
Southwest. For example:

» Agriculture will be affected by climate change. Effects of climate change and
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associated variability on production of both crops and livestock could be long-
lasting, with short-term reductions in profitability (medium-low confidence).
[Chapter 11]

* Energy supplies will become less reliable as climate changes and climate change
will drive increasing energy demand in some areas. Delivery of electricity may
become more vulnerable to disruption due to extreme heat and drought events
that increase demand for home and commercial cooling, reduce thermal pow-
er plant efficiency or ability to operate, reduce hydropower production, or re-
duce or disrupt transmission of energy (medium-high confidence) (Figure 1.10).
[Chapter 12]

* Climate change will affect urban areas in differing ways depending on their lo-
cations and on their response or adaptive capacities. Climate change will affect
cities in the Southwest in different ways depending on their geographic loca-
tions. Local capacity to address effects of climate change will also vary depend-
ing on governmental, institutional, and fiscal factors. Incidences of air pollution
related to increased heat are likely to increase, and water supplies will become
less reliable (medium-high confidence). [Chapter 13]

* Reliability of transportation systems will decrease. Climate change will affect
transportation systems in different ways depending on their geographic location
(e.g., changing sea level and storm surge affect coastal roads and airports), po-
tentially impeding the movement of passengers and goods (medium-high confi-
dence). [Chapter 14]

* Climate change may disproportionately affect human populations along the
U.S.-Mexico border. Climate changes will stress on already severely limited
water systems, reducing the reliability of energy infrastructure, agricultural
production, food security, and ability to maintain traditional ways of life in the
border region (medium-high confidence). [Chapter 16]

* Native American lands, people, and culture are likely to be disproportionately
affected by climate change. Effects of climate change on the lands and people of
Southwestern Native nations are likely to be greater than elsewhere because of
endangered cultural practices, limited water rights, and social, economic, and
political marginalization, all of which are relatively common among indigenous
people (high confidence). [Chapter 17]

1.5 Choices for Adjusting to Climate and Climate Change

A century of economic and population growth in the Southwest has already placed
pressures on water resources, energy supplies, and ecosystems. Yet the Southwest also
has a long legacy of human adaptation to climate variability that has enabled society
to live within environmental constraints and to support multiple-use management and
conservation across large parts of the region. Governments, for-profit and non-profit
organizations, and individuals in the Southwest have already taken a variety of steps to
respond to climate change. A wide range of options are available for entities and indi-
viduals choosing to reduce greenhouse gas emissions or to prepare and adapt to climate

15
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Compounding impacts of drought
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Figure 1.10 Compounding impacts of drought on energy. [Chapter 12]

variability and change (Table 1.2). Others who have not yet begun to respond to climate
change directly are choosing to reduce energy and water use for immediate economic
benefit or as ways of enhancing the sustainability of water supply, energy, and food pro-
duction [Chapter 18]. Many options for responding to climate change in the Southwest
have been, or are being, investigated, and are assessed in the full report, Assessment of
Climate Change in the Southwest United States. Notable examples include:

* Reducing greenhouse gas emissions. Governments, for-profit and non-profit or-
ganizations, and individuals are already taking many steps to reduce the causes
of climate change in the Southwest, and there are lessons to learn from the suc-
cesses and failures of these early efforts, such as the first U.S. implementation of
cap-and-trade legislation in California. There have been few systematic studies,
however, that evaluate the effectiveness of the choices made in the Southwest
to reduce greenhouse gas emissions (medium-low confidence). California has
established targets and the National Research Council has recommended targets
for reduction in emissions of greenhouse gases. Meeting these targets will be chal-
lenging. However, there are many low-cost or revenue-generating opportuni-
ties for emissions reductions in the Southwest, especially those related to energy
efficiency and to the development of renewable sources of energy (medium-
high confidence). [Chapter 18]
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Table 1.2 Adaptation options relevant for the Southwest [Chapter 18]

Sector

Agriculture

Coasts

Conservation

Energy

Fire
management

Forestry

Health and
emergencies

Transport

Urban

Water
management

Adaptation Strategies

Improved seeds and stock for new and varying climates (and pests, diseases), increase water use
efficiency, no-till agriculture for carbon and water conservation, flood management, improved
pest and weed management, create cooler livestock environments, adjust stocking densities,
insurance, diversify or change production.

Plan for sea level rise —infrastructure, planned retreat, natural buffers, land use control. Build
resilience to coastal storms—building standards, evacuation plans. Conserve and manage for
alterations in coastal ecosystems and fisheries.

Information and research to identify risks and vulnerabilities, secure water rights, protect migra-
tion corridors and buffer zones, facilitate natural adaptations, manage relocation of species,
reduce other stresses (e.g., invasives)

Increase energy supplies (especially for cooling) through new supplies and efficiency. Use
sustainable urban design, including buildings for warmer and variable climate. Reduce water
use. Climate-proof or relocate infrastructure.

Use improved climate information in planning. Manage urban-wild land interface.

Plan for shifts in varieties, altered fire regimes, protection of watersheds and species.

Include climate in monitoring and warning systems for air pollution, allergies, heat waves,
disease vectors, fires. Improve disaster management. Cooling, insulation for human comfort.
Manage landscape to reduce disease vectors (e.g. mosquitos), Public health education and
training of professionals.

Adjust or relocate infrastructure (coastal and flood protection, urban runoff), plan for higher
temperatures and extremes.

Urban redesign and retrofit for shade, energy, and water savings. Adjust infrastructure for
extreme events, sea-level rise.

Enhance supplies through storage, transfers, watershed protection, efficiencies and reuse,
incentives or regulation to reduce demand and protect quality, reform or trade water alloca-
tions, drought plans, floodplain management. Use climate information and maintain monitoring
networks, desalinate. Manage flexibly for new climates not stationarity.

Source: Smith, Horrocks et al. (2011); Smith, Vogel et al. (2011).

* Planning and implementing adaptation programs. There is a wide range of op-
tions in most sectors for adapting to climate variability and extreme events, in-
cluding many that have ecological, economic, or social benefits (medium-high
confidence). [Chapter 18]
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Lowering or removing barriers to optimize capacity for adaptation. A number of
relatively low-cost and easily implemented options for adapting to climate vari-
ability and change are available in the Southwest, including some “no-regrets”
options with immediate benefits that could foster economic growth. Lowering
or removing financial, institutional, informational, and attitudinal barriers will
increase society’s ability to prepare for and respond to climate change (medium-
high confidence). [Chapter 18]

Connecting adaption and mitigation efforts. Many options exist to implement
both adaptation and mitigation, i.e. options that reduce some of the causes of
climate change while also increasing the readiness and resilience of different sec-
tors to reduce the impacts of climate change (high confidence). The significant
probability of severe and sustained drought in the drought-prone Southwest
makes some adaptation options applicable even in the absence of significant cli-
mate change (high confidence). [Chapters 5, 7, 10 and 18]

Planning in coastal areas. Coastal communities are increasingly interested in
and have begun planning for adaptation. There are opportunities to increase use
of policy and management tools and to implement adaptive policies (high con-
fidence). [Chapter 9]

Changing water management. Considerable resources are now being allocated
by the water-management sector to understand how to adapt to a changing wa-
ter cycle. A full range of options involving both supplies and demands are being
examined. Large utilities have been more active in assessing such options than
relatively small utilities (high confidence). [Chapter 10]

The large amounts of water currently used for irrigated agriculture can buffer
urban supplies. Assuming water allocations to agriculture remain substantial,
short-term agricultural-urban water transfers can greatly reduce the total cost of
water shortages and limit effects on urban water users during climate- or weath-
er-induced water shortages (medium-high confidence). [Chapter 11]

Changing energy policy. A shift from the traditional fossil fuel economy to one
rich in renewable energy will have substantial effects on water use, land use, air
quality, national security, and the economy. The reliability of the energy supply
in the Southwest as climate changes depends on how the energy system evolves
over this century (medium-high confidence). [Chapter 12]

Adaptation and mitigation on federal and tribal land. The Southwest has the
highest proportion of federal and tribal land in the nation (Figure 1.11). Native
nations are taking action to address climate change by actively seeking addi-
tional resources for adaptation, and by initiating climate-change mitigation
(medium-low confidence). Federal land and resource management agencies are
beginning to plan with the assumption that climate is changing, although efforts
are not consistent across agencies (high confidence). [Chapters 17 and 18]
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Bureau of Land Management
Bureau of Reclamation

Fish and Wildlife Service

Forest Service

National Park Service

Other agencies

Figure 1.11 Extensive federal lands in the Southwest: A legacy for the future. This map
illustrates the legacy of federal land ownership in the Southwest, covering nearly 30 percent of the
entire United States. Protected habitat and ecosystem services ensure sustainable management
of resources and may be the greatest insurance policy against losses in the future, because natural
resource use and biological species can more easily adapt to rapidly changing climatic conditions.
Modified from The National Atlas of the United States of America (http://www.nationalatlas.gov; see
also http://nationalatlas.gov/printable/images/pdf/fedlands/fedlands3.pdf; accessed October 8, 2012).
[Chapter 18]

1.6 Key Unknowns

Although there has been a substantial increase in the understanding of how Southwest
climate is changing and will change and how this change will affect the human and
natural systems of the region, much remains to be learned. The full report, Assessment
of Climate Change in the Southwest United States, identifies many key unknowns, and as-
sesses the data, monitoring, modeling, and other types of research needed to increase
knowledge [Chapters 19 and 20]. Yet, current knowledge and experience is sufficient to
support climate change adaptation and mitigation actions, such as reducing greenhouse
gas emissions or adapting to the changes that cannot be avoided, minimized, or miti-
gated. Many of these potential actions represent “no-regrets” options that are already
either cost-effective in the immediate or short-term. [Chapter 18]
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Endnotes

i Much of the text in this summary is taken directly, or with minor modification, from the full re-
port, Assessment of Climate Change in the Southwest United States, and where this is the case, chapter
citations appear in brackets at the end of each paragraph or bullet.

ii Confidence estimates cited in this document (high, medium-high, medium-low, or low) are ex-
plained in more detail in the main report. Confidence was assessed by authors of the main report
on the basis of the quality of the evidence and the level of agreement among experts with relevant
knowledge and experience. [Chapters 2 and 19]
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2.1 Introduction

The first comprehensive analysis of the implications of climate variability and change'
stated that, “the influence of climate permeates life throughout the United States”
(Sprigg and Hinkley 2000, 2).

Since the report was issued, the scientific evidence, the concerns of decision mak-
ers, and demonstrated temperature trends and multi-year and decadal variability show
that climate change also permeates life throughout the Southwestern United States. Since
2000, the region has experienced episodes of severe and sustained drought, declines
in water supplies, notable floods, the widespread die-off of conifer trees, increasing
temperatures, and severe wildland fires of record extent. These occurrences are relat-
ed in part to climate change. They also are related to the ways in which climate in-
teracts with other drivers (or forces) of change across the region, such as population
growth, economic development, urban expansion, food production, and the extraction
and consumption of natural resources, including water, timber, minerals, and energy
fuels. Therefore, regular assessment of the state of climate knowledge—and of the cli-
mate-related vulnerabilities and risks to citizens and the economy—is vital to clearly
define choices available to those who make decisions about the quality of human life

Chapter citation: Garfin, G. and A. Jardine. 2013. “Overview.” In Assessment of Climate Change
in the Southwest United States: A Report Prepared for the National Climate Assessment, edited by G.
Garfin, A. Jardine, R. Merideth, M. Black, and S. LeRoy, 21-36. A report by the Southwest Climate
Alliance. Washington, DC: Island Press.
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and livelihoods, the well-being of communities, or the management of resources and
landscapes across the Southwest.

The Assessment of Climate Change in the Southwest United States is a summary and syn-
thesis of the past, present, and projected future of the region’s climate, examining what
this means for the health and well-being of human populations and the environment
throughout the six Southwestern states— Arizona, California, Colorado, Nevada, New
Mexico, and Utah—an area of about 700,000 square miles that includes vast stretches of
coastline, an international border, and the jurisdictions of 182 federally recognized Na-
tive American tribes.

The report looks at climate and its effects on scales ranging from states to watersheds
and across ecosystems and regions; at links between climate and resource supply and
demand; at effects on sectors—such as water, agriculture, energy, and transportation—
that are critical to the well-being of the region’s inhabitants; the vulnerabilities to climate
changes of all facets of the region, and the responses, or adaptations, that society may
choose to make.

What is an assessment?'

This report is an assessment of climate change for the Southwest region of the United
States and as such is not a research project, review paper, or advocacy piece. We de-
fine scientific assessment as a critical evaluation of information for purposes of guiding
decisions on a complex issue: climate change and its interactions with other aspects of
natural systems and society. Stakeholders, who are typically decision makers, have been
actively engaged in defining the scope of this report and in reviewing the document.
This assessment is intended to be relevant to public policy and resource management,
but our findings, judgments, and recommendations are not prescriptive; we do not pres-
ent findings as “must-do’s,” but as options. We have summarized complexity by synthe-
sizing and sorting what is known and widely accepted from what is not known (or not
agreed upon). Written chiefly during late 2011, with revisions through mid-2012, this
assessment provides a snapshot of the current state of climate change information and
knowledge related to the region.

We have synthesized, through evaluation and judgment, information from a range
of sources, including data sets of observations, simulations and projections from com-
puter modeling, peer-reviewed scientific papers, case studies, and other sources. This
assessment represents the consensus findings of nearly 200 authors and reviewers. In
this assessment, experts and decision makers representing a variety of disciplines have
discussed and made judgments about the importance and quality of information and
about ways to characterize uncertainty and confidence.

Data evaluated in this assessment were collected previously (in some cases by the
authors of this report) and are publicly available. Some new understanding results from
synthesis. Part of our charge was to identify important gaps in knowledge about climate
change and the type of research that would reduce or better define areas of uncertainty.
This report focuses on the implications of the science results for management and policy
and so is not limited to previously published ideas. Thus, we have clearly labeled and
consistently judged the importance of information and our level of confidence in its ac-
curacy or validity. This report is evidence-based as verified by multiple reviews.
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2.2 Context and Scope

The U.S. National Climate Assessment (NCA; http://www.globalchange.gov/what-we-
do/assessment; see Box 2.1) for 2013, a national report on climate change and impacts,
provided the motivation to produce this regional report.

Previously, the first National Climate Assessment (National Assessment Synthesis
Team 2000) received technical input from multiple geographic regions in the United
States. That assessment’s sixty-page Southwest region report (Sprigg and Hinkley 2000)
examined the effects of climate variability and change (including projections of the fu-
ture) on water resources, ranching, natural ecosystems, extractive industries (oil, gas,
mining), human health, urban areas, energy, and planning for the future. The 2000 re-
port emphasized observed climate trends and phenomena and identified potential vul-
nerabilities related to climate, yet gave relatively little attention to adaptation planning
and risk management.

The second National Climate Assessment in 2009 (Karl, Melillo, and Peterson 2009)
was summarized from twenty-one synthesis and assessment products produced by the
U.S. Climate Change Science Program (CCSP). The CCSP did not solicit technical input
from regions, instead focusing on key sectors (e.g., transportation, agriculture, and wa-
ter resources) and problems (e.g., strengths and limitations of climate models, temper-
ature trends, model reliability, and adaptation options for ecosystems). The five-page
Southwest section of the 2009 National Climate Assessment gave increased attention to
projected climate changes, impacts to vulnerable water and ecosystem resources and,
to a lesser degree, agriculture and urban areas. For these topics, the second assessment
built a strong foundation for this report.

The present Assessment of Climate Change in the Southwest United States, part of the
third National Climate Assessment, emphasizes new information and understandings
since publication of the 2009 National Climate Assessment and expands the scope of
previous regional assessments by analyzing the effects of climate change on Native
American lands and the U.S.-Mexico border area, by presenting key uncertainties as-
sociated with each topic discussed in the report, and by providing a compendium of
research needed to address these uncertainties. With its regional perspective, this report
also provides the basis for similar assessments to be made at state, watershed, munici-
pal, tribal, or other local levels for decision making at finer scales.

The report uses the established Intergovernmental Panel on Climate Change (IPCC)
greenhouse gas (GHG) emissions scenarios, A2 (high) and B1 (low)." These scenarios
were used as inputs into global climate models to project climate changes in the IPCC
Fourth Assessment Report and are fully described in the Special Report on Emissions
Scenarios (Nakicenovi¢ and Swart 2000). Increases in the accumulation of GHGs in the
atmosphere are thought to be the main cause of twenty-first century climate change
stemming from human economic development choices. While GHGs are not the only
influence on climate change considered by the IPCC, estimating the amount of GHGs in
the future atmosphere is probably the largest uncertainty in projecting future climate.
The estimation depends on predicting such factors as the state of the future global econ-
omy, global population growth, public policies and regulations, and the rate of adoption
of technologies that reduce GHG emissions. While it is unrealistic to expect to know
with certainty the future variations in these factors, scientists are able to use plausible
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scenarios to project likely ranges of future GHG emissions. Other published scenarios
and approaches are also incorporated in this report.

The report is guided, in part, by issues identified by stakeholders™ within the region,
solicited through a workshop convened in June 2011, three teleconferences conducted
during the second half of 2011, and review of reports from other climate change work-
shops and needs assessments. Early in the process, regional stakeholders mentioned
that they would have little incentive to read a long report. Thus, we have limited the
length of the report and have provided brief summaries online (http://www.swcarr.ari-

zona.edu), which stakeholders suggested would be useful.

Box 2.1

National Climate Assessment

The National Climate Assessment (NCA) is be-
ing conducted under the auspices of the Global
Change Research Act of 1990 (GCRA). The GCRA
requires a report to the President and Congress
every four years that analyzes the effects of
global change on the natural environment, agri-
culture, energy production and use, land and wa-
ter resources, transportation, human health and
welfare, human social systems, and biological
diversity. The report examines current trends in
global change (both human-induced and natural)
and projects major trends for the next 25 to 100
years.

National climate assessments serve as status
reports on climate change and its impacts. The as-
sessments rely on observations made across the
country and compare these observations to pro-
jections from climate-system models. As with pre-
vious assessments, the third NCA (2013) evaluates
the current state of scientific knowledge relative
to climate impacts and trends. But it additional-
ly evaluates the effectiveness of U.S. activities to
mitigate and adapt to climate change and identify
economic opportunities and challenges that arise
as the climate changes.

The objectives of the NCA are to provide infor-
mation and reports in the context of a continuing,
inclusive national process that will:

¢ synthesize relevant science and information;

¢ increase understanding of what is known and
not known;

¢ identify needs for information related to pre-
paring for climate variability and change and
reducing climate impacts and vulnerability;

* evaluate progress of adaptation and mitiga-
tion activities;

¢ inform science priorities;

* build assessment capacity in regions and
sectors;

¢ build societal understanding and skilled use of
assessment findings; and

* recognize the global and international context
of climate trends and connections between cli-
mate risk and impacts in the United States and
elsewhere.

The 2013 NCA differs from previous climate
assessments in that it: (1) is a continuing effort
rather than a periodic report-writing activity; (2)
fosters partnerships with non-governmental en-
tities; and (3) provides web-based data and in-
formation. For a list of the U.S. assessments, see
http://globalchange.gov/publications/reports.
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2.3 Other Southwest Region Climate Assessments

Many other climate-change reports and assessments have been produced by federal
and state agencies, non-governmental organizations, and municipalities. These docu-
ments (some of which are listed in Table 2.1) relate in whole or in part to the South-
west region. For instance, the U.S. Forest Service assessed the state of knowledge about
climate-change trends and associated impacts on U.S. forests (Joyce and Birdsey 2000).
The report focused on plant productivity in response to elevated atmospheric carbon
dioxide levels, and the authors turned to models to explore potential changes to ecosys-
tem succession and forest productivity. The Southwest is included, implicitly, in maps
and text on changes to forest ecosystems. In a more recent federal effort, the U.S. Bureau
of Reclamation (2011) examined climate variability and trends and used projections of
future climate and hydrology to assess risks to water resources in the Western United
States. The assessment reported on selected river basins in the Southwest: Sacramento-
San Joaquin, Truckee-Carson, Colorado, and Upper Rio Grande.

Table 2.1 Selected climate change assessments and reports pertaining to the
Southwest region

Year Institution Report Name

25

2000

USDA-Forest Service

The Impact of Climate Change on America’s Forests: A Technical Docu-
ment Supporting the 2000 USDA Forest Service RPA Assessment (Joyce
and Birdsey 2000)

http://www. fs.fed.us/rm/pubs/rmrs_gtr059.pdf

2006 The Nature Conservancy Ecoregion-Based Conservation Assessments of the Southwestern United
States and Northwestern Mexico (Marshall, List, and Enquist 2006)
http://azconservation.org/dl/TNCAZ_Ecoregions_SW_Ecoregional
Summary.pdf

2007 National Academy Colorado River Basin Water Management: Evaluating and Adjusting to

of Sciences Hydroclimatic Variability (NRC 2007)
http://www .nap.edu/catalog.php?record_id=11857

2007 City of Denver City of Denver Climate Action Plan (Mayor’s Greenprint Denver Advi-
sory Council 2007)
http://www .greenprintdenver.org/about/climate-action-plan-reports/

2008 Colorado Water Climate Change in Colorado: A Synthesis to Support Water Resource

Conservation Board

Management and Adaptation (Ray et al. 2008)

http://cwcb.state.co.us/public-information/publications/Documents/
ReportsStudies/ClimateChangeReportFull. pdf
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Table 2.1 Selected climate change assessments and reports pertaining to the
Southwest region (Continued)

Year

2009

2010

2010

2011

2011

2011

Institution Report Name
National Audubon Birds and Climate Change: Ecological Disruption in Motion (National
Society Audubon Society 2009)

http://birds.audubon.org/sites/default/files/documents/birds_and_
climate_report.pdf

Climate Change Indicators in the United States (EPA 2010)

http://www.epa.gov/climatechange/indicators/pdfs/ClimateIndicators_
full.pdf

State of California 2010 Climate Action Team Report to Governor Schwarzenegger and the

California Legislature (California Climate Action Team 2010)

http://www.energy.ca.gov/2010publications/CAT-1000-2010-005/
CAT-1000-2010-005.PDF

State of the Climate in 2010 (Blunden, Arndt, and Beringer 2011)
http://www .ncdc.noaa.gov/bams-state-of-the-climate/2010.php

Bureau of Reclamation SECURE Water Act Section 9503(c) - Reclamation Climate Change and

Water 2011 (Reclamation 2011)
http://www .usbr.gov/climate/SECURE/docs/SECUREWaterReport.pdf

National Wildlife Scanning the Conservation Horizon: A Guide to Climate Change Vulner-
Federation ability Assessment (Glick, Stein, and Edelson 2011)

http://www.nwf.org/~/media/PDFs/Global-Warming/Climate-Smart-
Conservation/NWFScanningtheConservationHorizonFINAL92311.ashx

States and cities have also produced climate change assessments for parts of the
Southwest. A landmark executive order in California triggered a series of assessments
and Climate Action Team reports to the governor (http://www.climatechange.ca.gov/
climate_action_team/reports/#2010), beginning in 2006. This extensive series of reports
formed the basis for numerous implementation plans. Colorado’s Water Conservation
Board commissioned a study (Ray et al. 2008) to determine the state of knowledge about
Colorado’s climate and the implications of projected future variations on the state’s wa-
ter resources. Several Colorado cities and municipalities inventoried GHG emissions
and existing programs for emissions reduction as a foundation for climate-change plan-
ning (e.g., Mayor’s Greenprint Denver Advisory Council 2007). Such assessments pro-
vide valuable local data and assessment at levels of analysis that regional and national
reports cannot encompass.

Finally, non-governmental organizations have produced assessment reports for
the region. Many of these assess a combination of peer-reviewed materials, new and
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existing data, and internal reports. For example, The Nature Conservancy aggregated
and standardized data across multiple ecoregions (large areas of land and water that
are characterized by plant and animal communities and other environmental factors)
and assessed the status and condition of native species, ecological systems, and natural
resources such as water (Marshall, List, and Enquist 2006).

2.4 Sponsors and Authors of this Report

In July 2011, the Southwest Climate Alliance (SWCA)" submitted an expression of inter-
est (EOI)" to produce this regional technical input report for the NCA."" The SWCA
institutions and their partners have individually contributed to previous national as-
sessments and to state-level assessments for California and Colorado. They also recently
convened a Colorado River Basin workshop to assess regional capacity to perform ongo-
ing assessments.

The SWCA team obtained funding from the National Oceanic and Atmospheric Ad-
ministration (NOAA) and the Department of the Interior to convene a workshop for
potential regional assessment authors and hire temporary staff to coordinate production
of the report. Experts in the report subject areas were recruited to serve as assessment
chapter lead authors. Report authors are primarily from university and federal research
labs, with some contributors from state agencies, non-governmental organizations, and
the private sector (see Table 2.2 and Figure 2.1). They have donated their time to write
this report.

Table 2.2 Author affiliations for Assessment of Climate
Change in the Southwest United States

Sector Total Number Number of Unique Institutions
Federal 23 13
State 5 5
University 86" 25
NGO 3 2
Private 3 3
Tribal’ 1 1
TOTAL 121 49

* Authors with only tribal affiliation. Some federal and university authors also
have tribal affiliations.

** Some authors with university affiliations also have affiliations with federal
agencies.
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Participating Institutions

Lawrence Berkeley National Laboratory
The Nature Conservancy

NOAA Coastal Services Center
University of California, Berkeley

NASA Ames Research Center

Stanford University

Susanne Moser Research & Consulting
U.S. Geological Survey

California Coastal Commission
University of California, Santa Cruz

Lawrence Livermore National Laboratory

California Air Resources Board

California Dept. of Water Resources

California Energy Commission

California Office of Env. Health Hazard Assessment
University of California, Davis

University of California, Merced

NASA Jet Propulsion Laboratory

University of California, Los Angeles

University of Southern California

Nossaman, Inc.

San Diego State University
Scripps Institution of Oceanography
U.8. Geological Survey

Colegio de la Frontera Norte

Centro de Investigacidn Cientifica y de
Educacidn Superior de Ensenada

Desert Research Institute

©

Arnzona State University
Northern Arizona University
U.S. Geological Survey
National Phenology Network
U .S Geological Survey
University of Arizona
University of Ulah

Utah State University
University of Wyoming

Colorado State University
Mational Park Service
U.S. Geological Survey

National Center for Atmospheric Research
NOAA Earth System Research Laboratory
University of Colorado

000000060

Bureau of Land Management
Bureau of Reclamation

Colorado Governor's Energy Office
Denver Waler

Zuni Tribe Water Resources Program

Sandia National Laboratories

University of Washington

Bureau of Land Management

University of lllinois, Chicago

MOAA Cooperative Institute for Climate and Satellites
Woods Hole Research Center

Universidad Nacional Auténoma de México

Figure 2.1 Locations of authors and their institutions contributing to this report. A total of

121 authors volunteered their time to writing this report. Map by Christine Albano.
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2.5 Characterizing and Communicating Uncertainty

While climate changes have effects on human populations, human activities likewise
affect the atmosphere and climate. As mentioned earlier, predicting the effects of future
climate changes on the environment and society will always require estimating a range
of social realities, such as population growth, economic development, new technology
development, and enactment of new laws and regulations. These and other factors ulti-
mately impact GHG concentrations in the atmosphere, for example, which in turn affect
climate.

We also are limited by our present incomplete understanding of some biophysical
processes that feed into global climate models to project an outcome. Consequently,
these processes must be expressed mathematically in computer models and statistically
in terms of ranges, with commentary on the confidence of the estimates. We refer to
evaluation of the ranges of estimates of possible future climate and impacts —accounting
for the scenarios used to drive the climate models, the information used to construct the
models, and the interpretation and use of the models’ data for planning and decision
making —as characterization of uncertainty. Scientific research and assessments can pro-
vide information and characterize uncertainty in a way that facilitates choices that are
risk-based (see Box 2.2).

In this report, we have adopted guidance from the National Climate Assessment
(http://www.globalchange.gov/images/NCA/Draft-Uncertainty-Guidance_2011-11-9.
pdf) to characterize and communicate uncertainty*. We have attempted to frame ques-
tions or problems to allow appraisal of the level of knowledge or understanding in the
context of the question or problem. We review the range of scientific information for
each question and describe the information used, the standards of evidence applied,
and the confidence of the authors in their results. In reporting key findings, we have fol-
lowed these steps to communicate our level of confidence in key conclusions:

1. We framed a manageable number (three or four) of key questions or issues that ad-
dress the most important information needs of stakeholders.

2. We evaluated the available information, considering the type, amount, quality, and
consistency of evidence, summarizing the level of evidence as strong, fair, or weak.

3. We formulated well-posed conclusions that can be confirmed or falsified.

4. We identified key uncertainties and briefly describe what monitoring, research, or
other work is needed to improve the information base.

5. We assessed the levels of confidence (high, medium-high, medium-low, or low) by
considering (a) the quality of the evidence and (b) the level of agreement among ex-
perts with relevant knowledge and experience. Confidence is a subjective judgment,
but it is based on systematic evaluation of the type, amount, quality, and consistency
of evidence, and the degree of agreement among experts (Table 2.3).

6. Especially for findings that identify potential high-consequence outcomes, we es-
timated uncertainty probabilistically (i.e., provided a likelihood that the outcome
could occur under a stipulated scenario or conditions). Likelihoods can be based on
quantitative methods, such as model results or statistical sampling, or on expert judg-
ment. Some authors may use standardized ranges (<5% likely, <33% likely, 33-66%
likely, >66% likely, or >95% likely).
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7. To ensure transparency in reporting uncertainty and confidence, we prepared brief
traceable accounts that describe the main factors that contributed to a particular con-
clusion and level of confidence.™

Box 2.2
Risk-based Framing*

The National Climate Assessment and the As-

sessment of Climate Change in the Southwest United

States use a risk-based management approach to

describe statements about key vulnerabilities to

climate change and how they may change over

time. A key vulnerability has:

* alarge magnitude;

* carly onset of impacts;

¢ ahigh degree of persistence and irreversibility;

* a wide distribution (e.g., across levels of soci-
ety, or spatially);

* a high likelihood of occurrence; or

* great importance (based on perceptions).

The motivation for using this risk-based ap-
proach is based on research (IPCC 2007; NRC
2010a, 2010b) and interaction with climate infor-
mation user communities, such as the Department
of Defense.

Risk is defined as the product of likelihood of
occurrence of an event or condition and the conse-
quence of that occurrence, where:

* consequence ("importance”) can be assessed
using metrics ranging from physical impacts
to vulnerability;

* vulnerability depends on exposure to a climate

phenomenon or stimulus, sensitivity (the de-
gree to which a vulnerable system responds
to the climate phenomenon or stimulus), and
adaptive capacity, or ability to adapt, respond,
or rebound to the climate phenomenon or
stimulus;

¢ likelihood depends on sensitivity to the cli-
mate phenomenon or stimulus, and the associ-
ated climate variability.

Risk management can be based on either
quantitative or qualitative representations of like-
lihood and consequence. For qualitative informa-
tion, the report authors use rigorous methods to
describe likelihood and consequence. The authors
have submitted traceable accounts of the sources
used and the rationale behind the quantitative
and qualitative judgments regarding risk. Quali-
tative techniques are useful in circumstances in
which there may be a range of future likelihoods
or consequences. This report focuses attention
on highly likely impacts and vulnerabilities, but
also on lower likelihood impacts and vulnerabili-
ties that carry high consequences. The latter is in
recognition of stakeholder concerns about climate
extremes and rare events that may have signifi-
cant impacts on infrastructure and investments.

2.6 Accountability and Review

To ensure transparency in developing this regional report’s conclusions and key find-
ings, we also have cited all sources of information, as is common peer-review practice,
and sources of data for all graphics and tables.

For the key findings in each chapter's Executive Summary, the respective au-
thors have submitted traceable accounts, as suggested in guidance from the National
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Climate Assessment (http://www.globalchange.gov/what-we-do/assessment/nca-activities/
guidance).

In addition, the report received two independent reviews. The first review was by
three experts, who were nominated in late 2011 by the chapter lead authors and the
report editors. The second was at an open review in spring 2012. For both, independent
review editors evaluated the review comments to ensure that authors adequately ad-
dressed the review comments.

Table 2.3 Factors contributing to assessment confidence associated with key findings
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Confidence
Level Examples of Combinations of Factors that Could Contribute to this Confidence Evaluation
High Strong evidence (established theory, multiple sources, consistent results, well documented and

accepted methods, etc.), high consensus

Medium-High  Moderate evidence (several sources, some consistency, methods vary and/or documentation

limited, etc.), medium consensus

Medium-Low  Suggestive evidence (a few sources, limited consistency, models incomplete, methods emerging,

etc.), competing schools of thought

Low Inconclusive evidence (limited sources, extrapolations, inconsistent findings, poor documenta-

tion and/or methods not tested, etc.), disagreement or lack of opinions among experts

Source: Moss and Yohe (2011).

2.7 Organization of This Report

The report comprises twenty chapters:

Chapter 1: Summary for Decision Makers describes the key issues found in Chapters
3-20.
Chapter 2: Overview describes the basis for, and methods used to create, this report.

Chapter 3: The Changing Southwest describes the important characteristics that affect
exposure and sensitivity of the Southwest to climate change. Chapter 3 examines gener-
al socio-economic and land-use patterns and trends for the region. These include a brief
examination of the physical context, human demographics and population trends, key
laws relevant to resource management, and institutions conducting climate-assessment
or policy initiatives.

Chapter 4: Present Weather and Climate: Average Conditions describes baseline
characteristics of current climate and hydrologic parameters, such as temperature,
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precipitation, and snowpack, as well as the factors that contribute to the unique climates
of the region. Chapter 4 discusses the main factors contributing to regional climate vari-
ability, and describes important climate hazards and impacts, such as droughts, floods,
wildland fires, air quality and extreme temperatures.

Chapter 5: Present Weather and Climate: Evolving Conditions assesses weather and
climate variability and trends in the Southwest, using observed climate and paleocli-
mate records. Chapter 5 analyzes the last 100 years of climate variability in comparison
to the last 1,000 years, and links the important features of evolving climate conditions
to river flow variability in four of the region’s major drainage basins. The chapter closes
with an assessment of the monitoring and scientific research needed to increase confi-
dence in understanding when climate episodes, events, and phenomena are attributable
to human-caused climate change.

Chapter 6: Future Climate: Projected Average presents climate-model projections of
future temperature, precipitation, and atmospheric circulation (long-term weather pat-
terns) for the Southwest. Chapter 6 also examines projections of hydrologic parameters,
such as snow water equivalent, soil moisture, and runoff for a subset of basins in the
region, including the Colorado River Basin.

Chapter 7: Future Climate: Projected Extremes summarizes current scientific under-
standing about how specific weather and climate extremes are expected to change in
the Southwest as global and regional temperatures increase. Chapter 7 examines heat
waves, cold snaps, drought, floods, and weather related to wildland fires. The chapter
also examines possible changes in weather patterns associated with climate extremes,
such as atmospheric rivers and Santa Ana winds.

Chapter 8: Natural Ecosystems addresses the observed changes in climate that are as-
sociated strongly with observed changes in geographic distributions and phenology (re-
curring phenomena of biological species such as timing of blossoms or migrations of
birds) in Southwestern ecosystems. Chapter 8 also examines disturbances such as wild-
fires and outbreaks of forest pathogens and discusses issues associated with how carbon
is stored and released in Southwestern ecosystems, in relation to climate-change threats.
Chapter 9: Coastal Issues examines climate-change threats to coastal ecosystems and
human habitats, as well as available management and adaptation options such as in-
surance incentives. The chapter describes and evaluates key climate-induced impacts,
including sea-level rise, erosion, storm surges, and oceanographic factors, including
nutrient upwelling, ocean acidification, and oxygen-depleted zones. Chapter 9 also de-
scribes interactions between existing vulnerabilities (such as human development in
coastal ecosystems).

Chapter 10: Water: Impacts, Risks, and Adaptation focuses on societal vulnerabilities
to impacts from changes in sources, timing, quantity, and quality of the Southwest’s
water supply. The chapter addresses both vulnerabilities related to environmental fac-
tors (such as wildfire risk and increased stream temperatures) and issues related to wa-
ter management (such as water and energy demand, and reservoir operation). Chapter
10 describes water management strategies for the coming century, including federal,
regional, state, and municipal adaptation initiatives. (Note: Surface hydrology is ad-
dressed in Chapters 4-7.)
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Chapter 11: Agriculture and Ranching reviews the climate factors that influence crop
production and agricultural water use. The chapter discusses modeling studies that use
climate-change model projections to examine effects on agricultural water allocation and
scenario studies that investigate economic impacts and the potential for using adapta-
tion strategies to accommodate changing water supplies, crop yields, and pricing. Chap-
ter 11 concludes with sections on ranching and drought and on disaster-relief programs.
Chapter 12: Energy: Supply, Demand, and Impacts describes the potential effects of cli-
mate change on the production, demand, and delivery of energy. Chapter 12 describes
climate effects on peak energy production and examines the vulnerability of infrastruc-
ture to climate change. The chapter describes direct and indirect climate effects on the
generation of electricity, with analyses of different methods of generation, such as natu-
ral gas turbines, hydropower, and thermoelectric. The chapter concludes with an assess-
ment of the evolution of fuel mixes for energy generation and transportation, and offers
mitigation strategies for the present and future.

Chapter 13: Urban Areas describes the unique characteristics of Southwest cities and
the ways they will be affected by and contribute to future climate changes. The chapter
draws particular attention to six large urban areas: Albuquerque, Denver, Las Vegas,
Los Angeles, Phoenix, and Salt Lake City. Chapter 13 addresses ways in which cities
may contribute to climate change through their urban metabolisms—flows of water, en-
ergy, materials, nutrients, air, water, and soil impacts. The chapter also examines key
pathways through which cities will be affected, including fire, water resources, flooding,
urban infrastructure, and sea-level rise.

Chapter 14: Transportation examines climate change issues across a broad range of
transportation sectors in the Southwest, including land transportation (passenger and
freight), marine transportation, and air transportation, beginning with current trends.
Chapter 14 analyzes possible direct and indirect impacts to transportation infrastructure
and to the economy. The chapter concludes by examining vulnerabilities and uncertain-
ties with respect to potential disruptions to the transportation system.

Chapter 15: Human Health reviews the state of knowledge with regard to climate-relat-
ed public health threats, including those related to extreme heat, air quality (including
respiratory ailments, dust, and fire-related particulate matter), and changes to disease
vectors (such as mosquito populations). Chapter 15 examines factors that interact with
and complicate disease transmission and risk. The chapter concludes by discussing pub-
lic health planning and adaptation planning.

Chapter 16: Climate Change and U.S.-Mexico Border Communities evaluates some
factors unique to the U.S.-Mexico border that affect the vulnerability of human popula-
tions to climate change, including border demographic changes, urban expansion, and
socio-economic issues. Chapter 16 also addresses border climate and ecosystem issues,
such as climate extremes, wildfires, and potential climate effects on the Colorado River
estuary. The chapter includes a discussion of border adaptation measures, with an em-
phasis on the role of cross-border collaboration.

Chapter 17: Unique Challenges Facing Southwestern Tribes evaluates observed cli-
mate effects on Native American lands, and discusses the intersection of climate and
the unique cultural, socioeconomic, legal and governance contexts for addressing these
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issues in Indian Country. Chapter 17 highlights some preparedness-, mitigation-, and
adaptation-planning initiatives currently underway in the Southwest.

Chapter 18: Climate Choices for a Sustainable Southwest describes challenges to im-
plementing mitigation and adaptation plans, given specific governance issues related to
states, municipalities, and regional institutions. The chapter discusses new environmen-
tal management initiatives in the region, and gives examples of current climate-change
mitigation and adaptation initiatives and successes. Chapter 18 analyzes the barriers
to implementing solutions, and highlights the practical opportunities afforded through
maximizing the co-benefits of mitigation and adaptation, and minimizing costs and en-
vironmental and social harms.

Chapter 19: Moving Forward with Imperfect Information builds on information from
previous chapters, focusing on uncertainties, monitoring deficiencies, and data chal-
lenges. Chapter 19 summarizes the scope of what we do and do not know about climate
in the Southwestern United States, and outlines those uncertainties that hamper scien-
tific understanding of the climate system and potentially impede successful adaptation
to the impacts of climate change. The chapter emphasizes issues related to climate and
impact models, and scenarios of the future.

Chapter 20: Research Strategies for Addressing Uncertainties builds on descriptions
of research and research needs articulated in earlier chapters. The chapter describes cur-
rent research efforts and the challenges and opportunities for reducing uncertainties.
It explores strategies to improve characterization of changes in climate and hydrology,
and emphasizes the application of research strategies to decisions, including methods
such as scenario planning.
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The phrase “climate variability and change” is used many times in this document. Climate vari-
ability refers to the inherent variability of climate, for instance, from year to year or decade to
decade; climate change refers to ways in which systematic trends in some climate factors, such as
increases in heat-trapping gases in the atmosphere (greenhouse gases) and associated increases
in temperature, alter the climate system and its variations.

This section is based, in part, on remarks from Dr. David Stephenson (University of Exeter, UK)
and text from the National Climate Assessment.

Taken together, the A2 and B1 scenarios provide reasonable estimates of what “high” and “low”
global GHG emissions might be throughout the remainder of the twenty-first century. For ex-
ample, scenario A2 (referred to in this report as the “high-emissions scenario”) assumes a fu-
ture with a high global population growth rate, slow global economic development rate, slow
global technological change, and global fossil fuels use at rates slightly lower than observed in
historical records. This combination of conditions would result in relatively high GHG emissions
that continue to rise throughout the twenty-first century at an increasing rate (to a concentra-
tion of approximately 900 parts per million (ppm) in 2100), and substantially increased global
temperatures. In contrast, scenario B1 (referred to in this report as the “low-emissions scenario”)
assumes a future in which global population peaks in the year 2050 and economies shift rapidly
toward the introduction of clean and resource-efficient technologies, with an emphasis on global
solutions to economic, social, and environmental sustainability. In the B1 scenario, greenhouse
gas (GHG) emissions reach a peak in the mid-twenty-first century and then decline, resulting in
carbon dioxide (CO,) concentration of approximately 540 ppm in 2100, and smaller increases in
global temperatures than those resulting from the A2 scenario. As has been emphasized in the
IPCC study results and in prior regional climate change assessments, the outcomes of different
mitigation strategies (as expressed by the A2 and B1 scenarios), in terms of the cumulative GHG
concentrations and resultant climate changes, do not become very clear until after the middle
of the twenty-first century, when the warming and other impacts from the B1 low-emissions
scenario begin to be clearly exceeded by those of the A2 (and other) high-emissions scenarios
(Nakic¢enovi¢ and Swart 2000; Hayhoe et al. 2004; IPCC 2007; Cayan et al. 2008).

Stakeholders are natural resource managers whose decision making relies in part on understand-
ing how climate related variables impact their domains.

The Southwest Climate Alliance consists chiefly of three NOAA-funded Regional Integrated Sci-
ences and Assessments projects (California-Nevada Applications Program [http://meteora.ucsd.
edu/cap/], Climate Assessment for the Southwest [http://www.climas.arizona.edu/], and Western
Water Assessment [http://wwa.colorado.edu/]) and the Department of the Interior-funded South-
west Climate Science Center (http://www.doi.gov/csc/southwest/index.cfm), as well as a number
of partner universities and federal research laboratories.

Federal Register / Vol. 76, No. 134 / Wednesday, July 13, 2011 / Notices http://www.gpo.gov/
fdsys/pkg/FR-2011-07-13/pdf/2011-17379.pdf.

This technical report is only one of several for which EOIs were submitted. As far as the editors of
this report know, this was the only EOI intending to produce a comprehensive regional report.

These were the October 27, 2011, NCA pre-decisional draft guidelines, which were the guidelines
available to the authors of this report during the report draft and review periods.

Traceable accounts consist of (1) the reasoning behind the conclusion, (2) the sources of data and
information contributing to the conclusion, (3) an assessment of the amount of evidence and
degree of agreement among sources of evidence, (4) an assessment of confidence in the finding,
and (5) an assessment of uncertainty associated with the finding.

Many of the remarks here are drawn from National Climate Assessment guidance documents
and insights from National Climate Assessment and Development Advisory Committee co-chair,
Gary Yohe.
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Executive Summary

This chapter describes important geographical and socio-economic characteristics and
trends in the Southwest—such as population and economic growth and changes in land
ownership, land use, and land cover —that provide the context for how climate change
will likely affect the Southwest. The chapter also describes key laws and institutions
relevant to adaptive management of resources.

® The Southwest is home to a variety of unique, natural landscapes —mountains,
valleys, plateaus, canyons, and plains—that are both important to the region’s
climate and respond uniquely to changes in climate. Potential adaptation of hu-
man and natural systems will face challenges due to a complex pattern of land
ownership, which crosses political and management jurisdictions and transvers-
es significant elevational gradients. This decreases the adaptive capacity of the
region because it makes it more difficult to coordinate decision making across
landscapes. (medium-low confidence)

Chapter citation: Theobald, D. M., W. R. Travis, M. A. Drummond, and E. S. Gordon. 2013. “The
Changing Southwest.” In Assessment of Climate Change in the Southwest United States: A Report Pre-
pared for the National Climate Assessment, edited by G. Garfin, A. Jardine, R. Merideth, M. Black, and
S. LeRoy, 37-55. A report by the Southwest Climate Alliance. Washington, DC: Island Press.
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* The Southwest has experienced rapid population increases and urban expansion
for the past 150 years or so, and rapid population growth will likely continue to
be an enduring feature, especially in urban areas. Indeed, the region will likely
grow by an additional 19 million people by 2030 (from 2010). These changes will
make it more difficult to manage natural resources because of the additional de-
mand for and reliance on natural resources (e.g., water supply). (medium-high
confidence)

* The coordination of climate-change adaptation strategies will be challenging be-
cause environmental management decisions will be made at many geographic
scales, over different time frames, and by multiple agencies pursuing numerous
associated policies and management goals. Adaptive capacity may be bolstered
through lessons learned from emerging assessment projects (see Chapter 18).
(medium-high confidence)

3.1 Lay of the Land: Geographical Themes and Features

Regions can be defined in many ways, but an important lesson from decades of geo-
graphical research is that the definition depends on the theme or topic being studied,
the manner in which it is being studied, and the intended outcome of such a study.
An assemblage of states provides the National Climate Assessment a way to divide as-
sessment activities regionally. The “Southwest” —defined as the six contiguous states
of Arizona, California, Colorado, Nevada, New Mexico, and Utah—rests on the certain
logic of proximity and on the fact that states are important governmental units that must
respond to the effects of climate variation and change. Beyond this basic political geog-
raphy are several “critical zones” that are important to highlight because of their vulner-
ability to climate change, such as the coastal zone (see Chapter 9), the wildland-urban
interface (see Chapter 13), the U.S.-Mexico borderlands (see Chapter 16), and the lands
of Native nations (see Chapter 17).

Natural features

Two common geographical features tie the six states together. First, the states collectively
span the most extensive arid and semi-arid climates and lands in the United States. Each
state also touches and makes use of the waters of the Colorado River Basin. On the other
hand, the six-state region, covering nearly 700,000 square miles, encompasses a variety
of topography and landscapes, from the highest mountains in the conterminous United
States (Mt. Whitney at 14,505 feet in California and Mt. Elbert at 14,440 feet in Colorado)
to the lowest terrestrial point in the western hemisphere (Bad Water Basin in Death Val-
ley at 282 feet below sea level). Significant physiographic and hydrologic features (Fig-
ure 3.1) include: a 3,400-mile shoreline along the Pacific Ocean that varies from cliff and
rocky headlands to low-gradient coastal and brackish marshlands; the Central Valley of
California; the Sierra Nevada; a southern reach of the Cascade Range; the extensive Ba-
sin and Range province; the Colorado Plateau; the Southern Rocky Mountains; and the
western Great Plains (or “high plains”) that skirt the region’s eastern edge in Colorado
and New Mexico (Hunt 1974). This natural landscape is also broken into hydrological
basins, most notably the Sacramento-San Joaquin, Colorado, and Rio Grande, as well as
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a large (260,000-square-mile) interior drainage —the Great Basin—which covers nearly
one-fifth of the six-state region.
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Figure 3.1 Important physiographic and ecoregional features of the Southwest. \Water basin
names are in upper-case, ecoregional names in lower-case. Source: ESRI ArcDate v10.

The juxtaposition of mountains, valleys, plateaus, canyons, and plains increases the
degree to which the region will be affected by climate change. For example, the higher
elevations produce the net annual runoff that provides water resources to the drier val-
leys, piedmonts, and plains where most of the region’s human settlements are located.
As a result, important sources of water for many urban areas are often quite far away
(Southern California partially relies on water from the Colorado River, for example).
As a result, potential feedbacks in the water resources system (in this case between the
water users and their water sources) may be fairly weak or even “decoupled.” Also, at
a local scale the topographic variability of the Southwest is important because it may
provide a buffer to climate change by conserving biodiversity (Ackerly et al. 2010). Yet
many public and private land ownership boundaries occur in areas of steep elevation-
al changes (Travis 2007), coinciding with boundaries between ecological systems (i.e.,
ecotones).
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The land covers (Figures 3.2 and 3.3, and Table A3.1) draped on this topography are
principally grassland and shrubland (55.3% of the region’s land cover), marked by Cali-
fornia chaparral and Great Plains grasslands as well as by extensive sagebrush and des-
ert shrub and cacti mixes (such as found in the Sonoran and Mojave Deserts). Nearly
one-quarter of the Southwest is covered by forests in a diverse array of mountain and
high-plateau settings, including: extensive lodgepole pine in the Southern Rockies (no-
table for experiencing a significant die-off in recent years; see Bentz et al. 2010); topo-
graphically controlled forest islands in otherwise desert landscapes (the “Sky Islands”
of southern New Mexico and Arizona); moist coastal and redwood and inland sequoia
forests in California; park-like forests of ponderosa pine skirting the southern Colorado
Plateau and eastern slopes of the Southern Rockies; and extensive pinyon-juniper at
middle elevations in the Colorado Plateau and Great Basin (with pinyon also experi-
encing a significant die-off early this century; see Chapter 8). At the highest elevations
are mountain peaks and alpine tundra (0.7%). About 6.6% of the Southwest has been
converted to cropland agriculture, and another 2.3% has been developed as urban areas.

Figure 3.2 Land cover types in the Southwest. See Appendix Table A3.1 for classifications.
Source: USGS (2010).
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Human geography

The human landscape of the Southwest is marked by a few large cities, some compris-
ing sprawling metropolitan swaths, embedded in a predominantly rural landscape and
in some places wilderness (Theobald 2001; Lang and Nelson 2007). The most notable
metropolitan footprints include the Southern California conurbation around Los Ange-
les and San Diego; the San Francisco Bay Area; the string of cities marking California’s
Central Valley (from Redding to Bakersfield); Phoenix to Tucson; the Wasatch Front (an-
chored in Salt Lake City); and the Colorado Front Range centered on Denver. Smaller
urban-suburban footprints in the region include Las Vegas, Reno, and Albuquerque. All
told, there are thirty-nine metropolitan planning organizations centered on urban areas
in the Southwest (these are described more fully in Chapter 13). Nearly all of these ur-
ban areas have grown significantly in the last few decades in both population and extent
(Theobald 2001; Theobald 2005; Travis 2007) and many are surrounded by exurban de-
velopment, much of which can be described as the “wildland-urban interface” (Radeloff
et al. 2005; Theobald and Romme 2007). Beyond the exurban fringe, the region’s ru-
ral landscapes include areas of dryland and irrigated agriculture, extensive rangelands
(see Chapter 11), and isolated small towns and resorts. Although infrastructure is rather
thinly dispersed across this rural landscape, areas of intense energy development and
pockets of earth-transforming hard-rock mining also mark the landscapes.

A dominant feature of the region’s rural geography is its extensive public lands,
mostly federal, that encompass fully 59% of the six-state region’s land surface (Figures
3.4 and 18.1). The federal lands are divided among agencies with different management
mandates and goals, chiefly the Bureau of Land Management (BLM), Forest Service
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private [

(USFS), National Park Service (NPS), and Fish and Wildlife Service (USFWS). Each agen-
cy has efforts underway to plan for and adapt to climate change (Smith and Travis 2010).
The lands of Native nations occupy another 7% of the region. Nearly five million acres
of privately owned lands have been conserved in the past decade through land trust
conservation (a 65% increase over that period). Especially relevant to climate vulner-
ability and adaptation in the Southwest is the mixture of ownership that occurs along
the elevational gradients (Figure 3.4), which hints at the complexities of managing and
cooperating for possible latitudinal and upward shifts of climates and migration of spe-
cies. (For further discussion about the potential responses of plant and animal species to
climate change, see Chapter 8).
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Figure 3.4 Spatial patterns of ownership and land cover types, arrayed along elevation
gradients, are two critical aspects that hint at the complexities of coordinating adaptation
strategies in the Southwest. All data up to 2010 taken from the US Census Bureau, with state specific
projections from: AZ Dept. of Economic Security, CA Dept. of Finance, CO State Demographer’s Office,
NV State Demographer’'s Office, NM Bureau of Business and Economic Research, UT Governor's
Office of Planning and Budget, and UT State Demographer’s Office.

Public lands

The federal lands in the Southwest comprise 22 national parks, 74 national wildlife
refuges, nearly 66 million acres of national forests, and 120 million acres under the ju-
risdiction of the BLM (see Figure 18.2). A patchwork of federal laws governs resource
management policies on these lands (Table 3.1). For example, BLM policies are set under
the Federal Land Policy and Management Act of 1976, which codified public ownership
of BLM-managed lands and prescribed “multiple-use” management intended to direct
resource use to “best meet the present and future needs of the American people” (Pub-
lic Law 94-579). BLM lands are often managed for grazing, mineral and hydrocarbon
extraction, and recreation, among other uses. The Department of Agriculture’s USFS
oversees National Forests through policies developed in accordance with the 1976 Na-
tional Forest Management Act. This law requires National Forest System managers to
develop integrated management plans intended to balance multiple intended uses while
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maintaining forest resources for future generations. Primary uses of National Forests
include timber harvesting, grazing, mineral extraction, and recreation. National Wildlife
Refuges are administered by the USFWS, under the Department of the Interior. Refuges
are managed under the National Wildlife Refuge System Administration Act of 1966
with the stated goal of establishing a network of lands for conservation, management,
and restoration of fish and wildlife resources. Although primarily managed for species
conservation and restoration, refuges may also host extractive industries and recreation,
including hunting and fishing. The NPS was created under the 1916 National Park Ser-
vice Act, which instructed NPS to manage scenery and natural and historic resources
“unimpaired for the enjoyment of future generations.” Individual units are managed
under the terms of specific laws establishing each park.

A number of federal laws prescribe policies relevant to federal and other lands. The
Wilderness Act of 1964, the Antiquities Act of 1906, and the National Landscape Conser-
vation System Act of 2009 all provide additional legal authority to protect public lands.
The National Environmental Policy Act of 1969 requires agencies to review environmen-
tal impacts of major environmental actions, while the Endangered Species Act of 1973
prohibits government and private actors from destroying habitat critical to the survival
of threatened and endangered species.

Extractive resource use on federal lands is further guided by a number of laws, in-
cluding the Surface Mining Control and Reclamation Act of 1977 (regarding coal extrac-
tion), the General Mining Act of 1872 (regarding hardrock mining), the Mineral Leasing
Act of 1920 (regarding oil and gas resources) and the Taylor Grazing Act of 1934 (regard-
ing sheep and cattle grazing).

A central difficulty of the patchwork of laws, policies, and regulatory agencies is that
it poses a significant challenge to coordinate adaptation to climate change (although
Landscape Conservation Cooperatives have recently been developed to address this is-
sue under the auspices of the USFWS). The problem is further compounded by the rela-
tively high levels of uncertainty associated with climate model predictions. A key is to
develop proactive strategies to anticipate change and to adaptively manage resources
throughout changing circumstances.

Population

The Southwest hosted a permanent resident population of 56.2 million in 2010 (Table
3.2). It has been the fastest-growing region of the nation for several decades as part of
the so-called Sun-Belt Migration that began in earnest in the 1970s. The Interior West
topped the national charts of population growth over the last two decades (1990-2010),
with Nevada, Arizona, Utah, and Colorado comprising the four fastest-growing states
in the country. The Southwest grew by 37%, from 41.2 to 56.2 million residents, during
1990-2010, compared to a national growth rate of 24% (1.2% annualized).

Growth in the region is concentrated in the metropolitan areas, and several South-
western cities (most notably Las Vegas and Phoenix) have been among the fastest grow-
ing in the United States over the past two decades. The region is slightly more urbanized
than much of the nation, with 82% of the population residing in urban areas compared
to a national average of 78%. (See further discussion of the Southwest’s urban areas in
Chapter 13.)
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Table 3.1 Federal laws and policies relevant to federal and other lands in the Southwest

Federal Law Land Base or

(Year Enacted) Resource Covered Relevant Agency Overarching Goal

POLICIES GUIDING FEDERAL LAND MANAGEMENT AGENCIES

National Park Service National Parks and NPS “Conserve the scenery and natural

Organic Act (1916) other park units and historic objects and wild life ...
unimpaired for the enjoyment of
future generations”

National Wildlife Refuge National Wildlife USFWS (on-shore Conservation, management, and

System Administration Refuges resources); NOAA restoration of species

Act (1966) (offshore resources)

Federal Land Policy and BLM Lands BLM Multiple use to best meet the

Land Management Act present and future needs of the

(1976) American people

National Forest Manage-  National Forests Integrated planning for sustained

ment Act (1976) multiple uses of renewable
resources

ADDITIONAL LAWS PROTECTING PUBLIC LANDS
Antiquities Act (1906) National Monuments  Primarily NPS, also ~ Preservation of resources of
including USFSand ~ “historic or scientific interest”
BLM
Wilderness Act (1964) Specified federal Primarily USFS, Preservation of lands with wilder-
public lands BLM, and NPS ness characteristics

National Landscape Specified federal NPS, USFS, and BLM  Conservation, protection, and

Conservation System public lands restoration of nationally signifi-

Act (2009) cant western public lands with
outstanding natural, cultural, or
scientific values

LAWS PROTECTING WILDLIFE AND RESOURCE MANAGEMENT POLICIES

National Environmental Any major federal All federal agencies ~ Requires review of environmental

Policy Act (1969) action impacts resulting from any major
federal action

Endangered Species Act Threatened and USFWS, although Conservation, protection, and

(1973) endangered species applies to all federal  recovery of threatened and endan-

agencies gered species
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Table 3.1 Federal laws and policies relevant to federal and other lands in the Southwest

(Continued)

Federal Law Land Base or

(Year Enacted) Resource Covered Relevant Agency Overarching Goal

LAWS GOVERNING RESOURCE EXTRACTION AND GRAZING

Set policies for the discovery, claim,
and recovery of hardrock resources

Set policies for the extraction of oil,
gas, phosphate, sodium, and coal on

General Mining Act (1872) Minerals found on All federal land
federal lands management
agencies under federal lands
Mineral Leasing Act (1920) Oil and gas extraction All federal land
management
agencies federal lands

Taylor Grazing Act (1934)

Federal agencies
that manage grazing

Prevent overgrazing and provide for
the permitting of grazing on public

(primarily BLM and  lands

USFS)
Surface Mining Control Coal on federal lands  All federal land Ensure appropriate regulation of
and Reclamation Act management mining and reclamation on federal
(1977) agencies lands

Most analysts expect the West, and especially the Southwest, to continue growing in
population faster than the nation as a whole for the foreseeable future (Travis 2007). This
prediction is based on positive trends in all of the demographic components of popula-
tion change: natural growth (births over deaths), domestic net in-migration, and inter-
national net in-migration. The Census Bureau’s population projections to 2030 (Table
3.2) reflect this scenario. Arizona and Utah likely will grow by about 50% of their 2010
populations, and Colorado and New Mexico are expected to add another third to their
populations (Figure 3.5). Even California, building on a large base (37.2 million in 2010),
is projected to grow by nearly a third. In all, some 18.8 million more people likely will
live in the West by 2030 than did in 2010. Most states extend their projections even fur-
ther in time; linear extrapolation to each state’s extended population projection suggests
a regional population in 2050 of around 94.8 million, a 69% (1.37% annualized) increase
over the 2010 census.

Natural resource economy

Two trends are clear with respect to the Southwest’s natural resource-based economy
(Figure 3.6). First, the iconic Western economies of agriculture, ranching, fishing, hunt-
ing, and mining have lost ground, and now contribute only a small fraction of the over-
all gross domestic product or GDP of the region, averaging around 4.5% for the past
three decades and never reaching higher than 7% per year during that period. Second,
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Table 3.2 Trends in population growth in the Southwest (in thousands of people)

State

Arizona

California

Colorado

Nevada

New Mexico

Utah

TOTAL

Total Total

Growth % Growth Projected % Growth Growth

1990 2000 2010 1990-2010 1990-2010 Pop.2030 2010-2030 2010-2030
3,665 5,130 6,392 2,726 74 9,480 48 3,088
29,760 33,871 37,253 7,493 25 48,380 30 11,127
3,294 4,301 5,029 1,734 53 6,564 31 1,535
1,201 1,998 2,700 1,498 125 3,363 25 663
1,515 1,819 2,059 544 36 2,825 37 767
1,722 2,233 2,763 1,041 60 4,394 59 1,631
41,159 49,353 56,198 15,039 37 75,010 33 18,811

Sources: U.S. Census sources [for pre-2010] and state demographer’s projections [for 2010 and beyond].

after a period of relative stability or small increases from the 1970s to the mid-1980s
(averaging 5.4% over that 15-year period), the contribution of these natural resource sec-
tors has declined by a third in the past 15 years (now averaging 2.9% per year). Finance,
professional services, and the like now contribute a large majority of GDP, followed by
construction and manufacturing.

3.2 Land Use and Land Cover

The pace and types of land-use and land-cover change (from one type of land use or
land cover to another) from 1973 to 2000 varied across the Southwestern states (Fig-
ure 3.7, and Table A3.2). The average annual rate of the combined changes ranged from
<0.1% of the total area of Nevada to 0.4% of neighboring California. Annual rates of
change were consistently higher in Colorado and California, although the amount of
change in New Mexico tripled beginning in the mid-1980s. Numerous factors contrib-
uted to the state-by-state variability, including the mix of land ownership, population
changes, government policies and regulations, and climate variability.

The arid states with extensive public lands that limit land use options— Arizona,
Utah, and Nevada—have some of the lowest rates of land-use and land-cover change in
the nation. These states and other areas of warm deserts (i.e., the Chihuahuan, Sonoran,
and Mojave) also lack the large extent of agricultural land cover fluctuation (such as
occurs in the Great Plains of eastern Colorado, New Mexico, and California’s Central
Valley) and intensive forest harvesting that contribute to higher rates of land-use and
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land-cover changes in other U.S. regions. However, lower rates of land-use change do
not preclude important change-related effects, such as irreversible or slow recovery of
disturbed lands. For example, in Nevada, although low rates of change occurred, dis-
turbed forested areas were slow to recover and grasslands/shrublands converted for ur-
ban development and mining contributed to the net decline of natural cover types.

Other trends between 1973 and 2000 are notable. The extent of urban development,
mining, fire, and other natural land disturbance increased across all Southwestern states.
Urban land cover increased by an estimated 45%, affecting 0.5% of the total area. Most of
the growth in urban and other developed lands occurred on grassland/shrubland (56%),
although more than one-third of the expansion was at the expense of cropland agri-
culture and maintained pasture (34%). Nearly 90% of the agricultural land converted
to urban areas was in California and Colorado. The loss of agriculture to development
and other causes in California’s Central Valley is offset by expansion of new cultivated
areas; however, other types of conversions cumulatively resulted in a small net loss of
agricultural land cover in the state. California’s developed lands increased overall by an
estimated 40% between 1973 and 2000. This increased land-use conversion and develop-
ment in the Southwest generates increased pressure and need for a coordinated land
management approach for successful adaptation to climate change.



48

ASSESSMENT OF CLIMATE CHANGE IN THE SOUTHWEST UNITED STATES

1,800,000 -

1,600,000

1,400,000

Dollars in millions

400,000

200,000

1,200,000
1,000,000 -
800,000 |

600,000

1970 1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1997 1999 2001 2003 2005 2007 2009

Year
el Agriculture, forestry, =@ Mining mm@u= Construction and
fishing manufacturing
me@e= Transportation and mm@es Government m=@m= Finance, insurance, real
public utilities estate, and services

we@es Trade (wholesale and retail)

Figure 3.6 The Southwestern economy grew rapidly from the 1970s through 2008, with a
decline commencing with the recession. The strongest economic sectors were finance, insurance,
real estate, and services, followed by construction and manufacturing, trade, and government. The
more traditional natural resource economies remain important but provide only a small portion of
the GDP of the region (shown in millions of dollars). Note that previous to 1998 income by industry
were defined using the Standard Industrial Classification, and in 1998 and after were defined using
the North American Industry Classification System. This definitional change resulted in a slight down-
tick in Construction and manufacturing, Agriculture, forestry, and fishing, and Transportation and public
utilities, and the up-tick in Finance, insurance, real estate, and services. Longer-term trends (>5-10
years) remain robust to this definitional change. Source: U.S. Department of Commerce, Bureau of
Economic Analysis (http://www.bea.gov/regional/index.htm).

Forest cover declined in all states by a combined 2.2% (0.5% of the region) due pri-
marily to mechanical disturbance (e.g., timber harvest) and fire, although some of the
decrease occurred on land with potential for eventual tree regrowth following fire or
post-harvest replanting. The extent of mechanical disturbance was highest in the moun-
tains and foothills of California, central Arizona, and New Mexico. However, Colorado
and other states may see an increase in timber harvest related to insect-related forest
die-off exacerbated by changing climatic conditions.
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Figure 3.7 Percent of total state area affected by net change in land use and land cover
types from 1973 to 2000 for the six Southwestern states. See Appendix Table A3.2 for class
descriptions. Source: USGS land cover trends project (http://landcovertrends.usgs.gov); Loveland et al.
(2002).

Changes in agricultural land cover, which declined by 3.5% (0.2% of the region),
often show a reciprocal relationship with grassland/shrubland changes (0.6% decline,
0.4% of the region), although the extent of exchange between the two types of cover
is often uneven. Conversions from grassland and shrubland to agriculture were more
extensive in Colorado, Arizona, and Nevada, resulting in small net increases in agri-
culture. A substantial net decline in agricultural land cover occurred in New Mexico,
where a significant amount of cropland was returned to grassland cover in response to
incentives of the Conservation Reserve Program to set aside environmentally sensitive
land. The overall decline in grassland/shrubland (except in New Mexico) is tied to agri-
cultural expansion, as well as to urban growth and development, expansion of mining,
and other disturbance.

Trends for urban and exurban development

Associated with rapid population growth in the Southwest, the extent of urban land
(housing density greater than one unit per 2.5 acres) and exurban land (one unit per
2.5-40 acres) will continue to increase (Figure 3.8; Table 3.3). The extent of urban land is
forecast to double (from 4.1 to 8.1-9.3 million acres) by 2050, while lower-density exur-
ban lands will expand by 33% to 41% (from 13.6 to 18.2-19.1 million acres) (Bierwagen
et al. 2010).
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Figure 3.8 The pattern of
urban, exurban, and rural
residential development

for 2000 and forecast for

2050. Source: Bierwagen et
al. (2010).

Both the rapid pace and patterns of population growth and ensuing land use change
provide both challenges and opportunities for adapting to climate change. A near-dou-
bling of population from 2000 to 2050 will increase already stressed water resources in
particular. Although most of the population in the Southwest lives in urban areas, the
footprint of these areas is likely to more than double, from about 4 million acres to 89
million acres. An additional 10-11 million acres of low-density (exurban) housing den-
sity (see Table 3.3) is likely to contribute significantly to the number of miles travelled in
vehicles.
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Table 3.3 Historical, current, and forecasted expansion of urban and exurban lands in the
Southwest (data expressed as thousands of acres [kac])

Historical (1950) Current (~2000) Forecast (~2050)
Geography Urban Exurban Urban Exurban Urban Exurban
developed developed developed developed developed developed
(kac) (kac) (kac) (kac) (kac) (kac)
STATES
Arizona 30 224 544 1,441 1,255 1,967
1,448 1,818
1,054 1,928
1,163 1,884
California 597 2,334 2,516 7,962 4,995 11,727
5,349 11,374
4,874 10,555
5,058 10,384
Colorado 68 355 402 1,690 1,024 2,204
1,003 2,202
785 2,311
766 2,333
New Mexico 24 237 191 1,328 324 1,730
348 1,812
277 1,841
287 1,925
Nevada 8 65 179 428 562 510
500 521
463 516
419 521
Utah 33 235 224 655 696 863
580 965
599 938
485 1058
Southwest 767 3,477 4,083 13,563 8,894 19,074
9,270 18,762
8,092 18,158
8,218 18,174
WATER RESOURCE REGIONS
Rio Grande 21 208 161 1,035 291 1,361
314 1,386
241 1,407

250 1,456
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Table 3.3 Historical, current, and forecasted expansion of urban and exurban lands in the
Southwest (data expressed as thousands of acres [kac]) (Continued)

Historical (1950) Current (~2000) Forecast (~2050)
Geography Urban Exurban Urban Exurban Urban Exurban
developed developed developed developed developed developed
(kac) (kac) (kac) (kac) (kac) (kac)
Upper 7 112 79 889 150 1,118
Colorado 144 1,146
118 1,183
114 1,198
Lower 34 269 677 1,665 1,691 2,161
Colorado 1,879 2,006
1,393 2,182
1,496 2,144
Great Basin 37 259 283 835 899 1,199
738 1,306
769 1,222
629 1,335
California 596 2311 2495 7874 4908 11,582
5250 11,248
4818 10,413
4991 10,254

Source: Bierwagen et al. (2010).

Note: These reflect the storylines used in the IPCC’s Special Report on Emissions Scenarios (Naki¢enovi¢ and
Swart 2000): A1, A2, B1, and B2, from top to bottom.

A remaining question of importance for this region is how well emerging “green
design” strategies will be able to diminish or reduce resource demands for energy
and water. Much of the development of alternative resources such as wind and solar
energy has occurred remotely from the urban areas to be served, as has water-supply
infrastructure. This geographical decoupling can be useful in some settings, but fur-
ther removes social systems from natural system feedbacks. This can be a positive
thing, but also can hinder the development of adaptive strategies because of a per-
ceived lack of need to change behavior.

With environmental management decisions taking place at many geographic
scales, over different time frames, and by multiple agencies, the coordination of cli-
mate change adaptation strategies will be a particular challenge.
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Table A3.1 List of ecological systems and groups, modified from USGS
Southwest region

Group (L1) Ecological systems
Alpine Alpine sparse/barren
Alpine grassland

Cliff-canyon-talus  Cliff, canyon and talus

Developed Urban/built-up
Cropland

Disturbed Mining
Recently burned

Introduced vegetation
Other disturbed or modified

Forest Deciduous-dominated forest and woodland
Mixed deciduous/coniferous forest and woodland
Conifer-dominated forest and woodland

Grassland Montane grassland
Lowland grassland and prairie
Sand prairie, coastal grasslands and lomas
Wet meadow or prairie

Shrubland Scrub shrubland
Steppe
Chaparral
Deciduous-dominated savanna and glade
Conifer-dominated savanna
Sagebrush-dominated shrubland
Deciduous-dominated shrubland

Sparse-barren Beach, shore and sand
Bluff and badland
Other sparse and barren
Water Rivers, lakes, reservoirs
Wetland-riparian Playa, wash, and mudflat

Salt, brackish & estuary wetland
Freshwater herbaceous marsh
Freshwater forested marsh or swamp
Bog or fen

Depressional wetland

Floodplain and riparian

Source: USGS (2010).
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Table A3.2 List of USGS land cover trends class descriptions

Land Cover Class

Agriculture (cropland and
pasture)

Barren

Developed (urban and
built-up)

Forest and Woodland

Grassland/Shrubland
(including rangeland)

Mechanically Disturbed

Mines and Quarries
Non-mechanically
Disturbed

Open Water

Wetland

Description

Land in either a vegetated or unvegetated state used for the production of food and
fiber, including cultivated and uncultivated croplands, hay lands, pasture, orchards,
vineyards, and confined livestock operations. Forest plantations are considered
forests regardless of their use for wood products.

Land comprised of soils, sand, or rocks where <10% of the area is vegetated. Does not
include land in transition recently cleared by disturbance.

Intensive use where much of the land is covered by structures or human-made
impervious surfaces (residential, commercial, industrial, roads, etc.) and less-
intensive use where the land-cover matrix includes both vegetation and structures
(low-density residential, recreational facilities, cemeteries, utility corridors, etc.), and
including any land functionally related to urban or built-up environments (parks,
golf courses, etc.).

Non-developed land where the tree-cover density is >10%. Note cleared forest land
(i.e. clear-cuts) is mapped according to current cover (e.g. mechanically disturbed or
grassland/shrubland).

Non-developed land where cover by grasses, forbs, or shrubs is >10%.

Land in an altered, often unvegetated transitional state caused by disturbance from
mechanical means, including forest clear-cutting, earthmoving, scraping, chaining,
reservoir drawdown, and other human-induced clearance.

Extractive mining activities with surface expression, including mining buildings,
quarry pits, overburden, leach, evaporative features, and tailings.

Land in an altered, often unvegetated transitional state caused by disturbance from
non-mechanical means, including fire, wind, flood, and animals.

Persistently covered with water, including streams, canals, lakes, reservoirs, bays,
and ocean

Land where water saturation is the determining factor in soil characteristics,
vegetation types, and animal communities. Wetlands can contain both water and
vegetated cover.

Source: USGS (2010).
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Executive Summary

This chapter describes the weather and climate of the Southwest, which straddles the
mid- and subtropical latitudes and includes the greatest range of topographic relief in
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® The climate of the Southwest United States is highly varied and strongly influ-
enced by topographic and land-surface contrasts, the mid-latitude storm track,
the North American monsoon, and proximity to the Pacific Ocean, Gulf of Cali-
fornia, and Gulf of Mexico. (high confidence)

® The low-elevation Mojave and Sonoran Deserts of Southern California, Nevada,
and Arizona are the hottest (based on July maximum temperatures), driest re-
gions of the contiguous United States. The mountain and upper-elevation re-
gions of the Southwest are much cooler, with the Sierra Nevada and mountains
of Utah and Colorado receiving more than 60% of their annual precipitation in
the form of snow. (high confidence)

* Storms originating over the Pacific Ocean produce most of the cool-season
(November to April) precipitation, generating a mountain snowpack that pro-
vides much of the surface-water resources for the region as spring runoff. (high
confidence)

e Persistent cold pools, also known as inversions, form in valleys and basins dur-
ing quiescent wintertime weather periods, leading to a buildup of pollution in
some areas. (high confidence)

¢ The North American monsoon is important during the warm season and is most
prominent in Arizona and New Mexico where it produces up to half of the aver-
age annual precipitation from July to September. (high confidence)

¢ The Madden-Julian Oscillation (MJO), El Nifio-Southern Oscillation (ENSO), Pa-
cific Quasi-Decadal Oscillation (QDO), and Pacific Decadal Oscillation (PDO)
contribute to but do not fully explain month-to-month, year-to-year, and de-
cade-to-decade climate variability within the region. (medium-high confidence)

4.1 Introduction

The Southwest straddles the mid- and subtropical latitudes, with mountains, land-
surface contrasts, and proximity to the Pacific Ocean, Gulf of California, and Gulf of
Mexico having substantial impacts on climatic conditions (Sheppard et al. 2002). Much
of California has a Mediterranean-like climate characterized by hot, dry summers and
mild winters with episodic, but occasionally intense rainstorms. The interior, southern,
low-elevation portion of the region, which includes the Mojave and Sonoran Deserts
(see Chapter 3 for a geographic overview of the Southwest), contains the hottest (based
on summertime maximum temperatures) and driest locations in the United States, a
result of persistent subtropical high pressure and topographic effects. Interior northern
and eastern portions of the Southwest have lower mean annual temperatures and see a
larger seasonal temperature range, greater weather variability, and more frequent intru-
sions of cold air from the higher latitudes due to increased elevation and distance from
the Pacific Ocean and Gulf of Mexico.

During winter, the mid-latitude storm track influences the region (Hoskins and
Hodges 2002; Lareau and Horel 2012). Average cool-season precipitation is greatest in
the coastal ranges and Sierra Nevada of California by virtue of their position as the first
mountain barriers in the path of Pacific storms. Interior ranges receive less precipitation
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on average, but seasonal snow accumulations can still be quite large and are an essential
source of water for the region. During the summer, a notable feature of the climate of the
interior Southwest is a peak in precipitation caused by the North American monsoon,
a shift in the large-scale atmospheric circulation that brings moisture originating from
the Gulf of Mexico, Gulf of California, and Pacific Ocean into the Southwest (Adams and
Comrie 1997; Higgins, Yao, and Wang 1997). The influence of the North American mon-
soon is strongest in Arizona and New Mexico, where up to 50% of the average annual
precipitation falls from July to September (Douglas et al. 1993).

4.2 General Climate Characteristics

Surface-air temperature

The surface-air temperature (hereafter temperature) climatology of the Southwest varies
with latitude, distance from large bodies of water, and altitude. The average annual tem-
perature is highest (greater than 70°F) in the Mojave and Sonoran Deserts of southwest-
ern Arizona, southeastern California, and extreme southern Nevada, including Death
Valley and the lower Colorado River valley, and greater than 55°F in a swath extending
from central California to southern New Mexico (Figure 4.1a). The highest average an-
nual temperatures in the interior Southwest (greater than 50°F) occur in lower altitude
regions of southern and western Nevada, the Great Salt Lake Basin, the Colorado Pla-
teau, and the high plains of Colorado and New Mexico. Throughout the Southwest, the
average annual temperature decreases with altitude and is lowest (less than 32°F) over
the upper elevations of the Uinta Mountains of Utah and the Rocky Mountains of Colo-
rado. The total spatial range in average annual temperature is very large and exceeds
40°F, which contributes to large ecosystem variations (see Chapter 8).

During July, climatologically the warmest month of the year across most of the re-
gion, average maximum temperatures exceed 100°F in the low basins and valleys of
southeastern California, southern Nevada, and southern and western Arizona and ex-
ceed 85°F in lower altitude valleys, basins, and plains throughout the Southwest region
(Figure 4.1b). Much lower average maximum temperatures are found along and near the
California coast due to the influence of the Pacific Ocean, and at the upper elevations.

During January —climatologically the coldest month of the year across most of the
region—average minimum temperatures are highest and above freezing (greater than
32°F) across lower-altitude regions of California, including the Pacific coast and Cen-
tral Valley, southern Nevada, southern and western Arizona, and southern New Mexico
(Figure 4.1c). Elsewhere, January minimum temperatures are below freezing. Although
there is a tendency for temperature to decrease with increasing altitude, this relationship
is weaker in the winter than in summer because of the tendency of cold-air pools to de-
velop and persist over mountain valleys and basins (Wolyn and McKee 1989; Whiteman,
Bian, and Zhong 1999; Reeves and Stensrud 2009). For example, the average minimum
temperatures in the Uinta Basin of northeast Utah and the San Luis Valley of Colorado
and New Mexico are comparable to those found in the surrounding higher terrain. Simi-
lar cold-air pools occur in valleys and basins throughout the Southwest region.

The difference between the average July maximum temperature and average Janu-
ary minimum temperature is smallest (less than 40°F) along and near the Pacific coast
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and generally smaller over much of California than the interior Southwest due to the
moderating influence of the Pacific Ocean (Figure 4.1d). The largest annual temperature
ranges are found in the interior mountain valleys and basins of Utah and Colorado that
are prone to wintertime cold pools. Throughout the region, including California, the an-
nual temperature range is generally larger in valleys and basins than in the surrounding

higher topography.
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Average annual temperature (°F)

Average January minimum temperature (°F)

Difference between average July maximum
and average January minimum temperatures (°F)

Figure 4.1 Temperature climatology of the Southwest (°F, 1971-2000). Source: PRISM
Climate Group, Oregon State University (http:/prism.oregonstate.edu).
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Figure 4.2 Annual
average precipitation
in the Southwest,
1971-2000 (in inches).
Source: PRISM Climate
Group, Oregon State
University (http://prism.
oregonstate.edu).

Precipitation

Average annual precipitation varies from less than 5 inches in the lower valleys and
basins of southwestern Arizona, southeastern California, and extreme southern and
western Nevada to more than 90 inches in portions of the coastal mountains, southern
Cascade Mountains, and northern Sierra Nevada of Northern California (Figure 4.2).
Large variations in precipitation exist throughout the region due to the influence of to-
pography (Daly, Neilson, and Phillips 1994).

The seasonality of precipitation varies substantially across the Southwest depending
on exposure to the mid-latitude westerly storm track during the cool season, the mon-
soon circulation during the warm season, and elevation. Most of California and portions
of Nevada, Utah, and Colorado are strongly influenced by the mid-latitude storm track,
with most precipitation falling during the cool season when the mid-latitude storm track
is most active (Figure 4.3a). Monsoon precipitation in these areas is less abundant. Most
of Arizona, western New Mexico, and portions of extreme southeast California, southern
Nevada, southern Utah, and southwest Colorado observe a pronounced peak in precipi-
tation in late summer due to the influence of the monsoon (Figure 4.3b). Since monsoon
precipitation is produced primarily by thunderstorms, large spatial contrasts in season-
al precipitation can be found within these areas during individual summers. The high
plains and tablelands of New Mexico and Colorado also observe a summer maximum,
but with a broader peak due to frequent spring storms prior to the development of the
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monsoon (Figure 4.3c). This region also receives less wintertime precipitation due to
the predominant westerly flow and drying influence of upstream mountain ranges. In
central Nevada, Utah, and western Colorado, the seasonal cycle of precipitation is not as
pronounced, but generally peaks from March to May (Figure 4.3d). Areas not identified
in Figure 4.3 do not have strong seasonal precipitation variations.
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Figure 4.3 Major
spatial patterns of
monthly varying
precipitation over the
Southwest, 1901-
2010. Source: PRISM
Climate Group, Oregon
State University (http:/
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Snowfall, snowpack, and water resources

A large fraction of the precipitation in the upper-elevations of the Southwest falls as
snow, which serves as the primary source of water for the region and enables a win-
ter tourism economy involving skiing, snowboarding, snowmobiling, and other recre-
ational activities. In the Sierra Nevada and mountains of Utah and Colorado, more than
60% of the annual precipitation falls as snow (Serreze et al. 1999). Snowier locations in
the Sierra Nevada, Wasatch Mountains, and Colorado Rockies average over thirty feet
of snow annually, with lesser amounts in other ranges of the Southwest (Steenburgh
and Alcott 2008). Snowfall provides a smaller fraction of the annual precipitation in the
mountains of Arizona and southern New Mexico where winter storms are less frequent
and the monsoon dominates in the summer (Serreze et al. 1999; Stewart, Cayan, and Det-
tinger 2004).

The mountain snowpack that develops during the winter serves as a natural water
reservoir for the western United States. Snowmelt and runoff during the spring and
summer provide most of the surface water resources for the region, with 50% to 90% of
the total runoff occurring during the April to July snowmelt runoff season in most South-
west drainage basins (Serreze et al. 1999; Stewart, Cayan, and Dettinger 2004, 2005).

4.3 Major Climate and Weather Events

The Southwest is susceptible to hazardous and costly weather and climate events. The
greatest social and environmental impacts come from drought, winter storms, floods,
thunderstorms, temperature extremes, and air pollution.

Drought

The Southwest is susceptible to periods of dryness that can span months to years. The
most significant and severe droughts persist for multiple years and result from a dimin-
ished frequency or intensity of winter storms (Cayan et al. 2010; Woodhouse et al. 2010).
Although water storage and delivery infrastructure (such as dams, reservoirs, canals,
and pipelines) helps stabilize municipal water supplies during these droughts, rural, ag-
ricultural, and recreational impacts are still sometimes substantial. Seasonal and multi-
year droughts also affect wildfire severity (Westerling et al. 2003). Parts of the Southwest
experienced relatively wet conditions during the 1980s and 1990s followed by reduced
precipitation beginning around 2000 (Cayan et al. 2010). This, in combination with wild-
fire suppression and land management practices (Allen et al. 2002), contributed to wild-
fires of unprecedented size, with five states (Arizona in 2002 and 2011; Colorado in 2002;
Utah in 2007; California in 2003; and New Mexico in 2011 and 2012) experiencing their
largest fires on record at least once during the last decade. Past climatic conditions, re-
constructed from tree rings, suggest that droughts lasting up to several decades have
occurred in the Colorado River Basin approximately once or twice per century during
the last 500 to 1,000 years (Figure 4.5) (Grissino-Mayer and Swetnam 2000; Woodhouse
2003; Meko et al. 2007; Woodhouse et al. 2010).

Drought characteristics vary across the Southwest. For example, Colorado, which has
multiple sources of precipitation throughout the year, is less prone to lengthy droughts
(Redmond 2003). Droughts in Arizona and New Mexico tend to be strongly related to
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Box 4.1

Dust and Snow

How dust affects the timing and intensity of snow-
melt and runoff in the Southwest is an area of
emerging understanding. During the winter and
spring, wind-blown dust from lowland regions
can accumulate in the mountain snowpack (Fig-
ure 4.4) (Painter et al. 2007; Steenburgh, Massey,

characteristics in the mountains of the Southwest
are ongoing. Better understanding of these varia-
tions will help improve the prediction of spring
runoff timing and volume, as well as projections
of the impacts of climate change on mountain
snowpack and ecosystems.

and Painter 2012). Because dust is
darker than snow, this increases
the amount of sunlight absorbed
by the snow, leading to an earlier,
more rapid snowmelt. Studies in
Colorado’s San Juan Mountains,
for example, indicate that the du-
ration of snowcover in the spring
and summer can be shortened by
several weeks in years with large
dust accumulations (Painter et al.
2007; Painter et al. 2012; Skiles et
al. 2012). Modeling studies suggest
that this results in a runoff with a
more rapid increase, earlier peak,
and reduced volume in the upper
Colorado River Basin (Painter et al.
2010).

Efforts to better understand
the spatial and year-to-year varia-
tions in dust accumulation and

Figure 4.4 Dust-covered snow in the Dolores River head-
waters, San Juan Mountains, Colorado, 19 May 2009. Photo
courtesy of T. H. Painter, Snow Optics Laboratory, JPL/Caltech.

large-scale shifts in the atmospheric circulation associated with the El Nifio-Southern
Oscillation (ENSO). ENSO refers collectively to episodes of warming and cooling of the
equatorial Pacific Ocean and their related atmospheric circulation changes. Warm and
cool ENSO episodes are known as El Nifio and La Nifia, respectively. La Nifia years are
associated with reduced cool-season precipitation over southern portions of the South-
west region (Redmond and Koch 1991; Cayan, Redmond, and Riddle 1999).

Winter storms

Winter storms in the Southwest can produce heavy snowfall, heavy rainfall, flooding,
high winds, and large, abrupt temperature drops (Marwitz 1986; Marwitz and Toth
1993; Poulos et al. 2002; Schultz et al. 2002; Steenburgh 2003; White et al. 2003; Neiman
et al. 2008; Shafer and Steenburgh 2008). With their close proximity to the Pacific Ocean,
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Figure 4.5 25-year running mean of reconstructed (thin line) and observed (thick line)
flows at Lees Ferry, Arizona. Adapted from Meko et al. (2007) with permission from the American
Geophysical Union.

the coastal ranges and the Sierra Nevada of California experience episodes of heavy
precipitation as impressive as any in the United States (Dettinger, Ralph, Das et al. 2011).
Narrow corridors of moisture known as atmospheric rivers, which are typically found
near or ahead of cold fronts, contribute to many of these episodes (Neiman et al. 2008).
Mountains throughout the Southwest, as well as lowlands in the Southwest interior, can
experience large, multiday snowstorms that produce hazardous travel and avalanche
conditions and play an important role in the regional precipitation, runoff, and water
balance (Poulos et al. 2002; Steenburgh 2003). Arctic outbreaks can produce large snow
accumulations and blizzard conditions over the high plains and Front Range of eastern
Colorado and New Mexico (Marwitz and Toth 1993; Rasmussen et al. 1995; Poulos et al.
2002).

Strong winds, which in some areas are enhanced by coastal and topographic ef-
fects, also occur throughout the region. Severe downslope winds occur along several
mountain ranges in the Southwest including the Sierra Nevada, Wasatch Mountains,
and Front Range of Colorado. These events can produce severe aircraft turbulence and
surface wind gusts that exceed 100 miles per hour (Lilly and Zipser 1972; Clark et al.
2000; Grubisic et al. 2008). In Southern California, the Santa Ana winds can produce
extreme wildfire behavior and have played important roles in recent megafires in the
region (Keeley et al. 2009).

Floods

Several mechanisms contribute to flooding in the Southwest (Hirschboeck 1988; Mi-
chaud, Hirshboeck, and Winchell 2001). During the winter, heavy precipitation asso-
ciated with landfalling mid-latitude cyclones and concomitant atmospheric rivers can
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produce widespread flooding in California, Arizona, Nevada, Utah, and New Mexico.
Because of its proximity to the Pacific Ocean, proclivity for slow moving, multi-day
storms that tap into moisture from the tropics and subtropics, and high mountains with
extensive cool-season snow cover, California is especially vulnerable to this type of
flooding (Ralph et al. 2006; Dettinger 2011; Dettinger, Ralph, Das et al. 2011).

Climatologists have recently recognized that gigantic cool-season flooding events
such as the California Flood of 1861-62 (Null and Hubert 2007; Porter et al. 2011) can
be identified in paleoclimate evidence (such as tree rings and sediment layers), with
an approximate average recurrence interval of about 300 years. California was sparsely
populated during the 1861-62 winter, but recent exercises by the emergency response
community suggest that damages and expenses from such a several-week sequence of
major storms could today reach $0.5 trillion to $1.0 trillion (Dettinger, Ralph, Hughes et
al. 2011; Porter et al. 2011).

Flooding can also occur during the spring runoff, especially in years in which the
snowpack persists into the late spring and is followed by an early summer heat wave or
rain-on-snow event. Such flooding occurred in Utah during the spring and summer of
2011 (FEMA 2011).

Flash floods associated with thunderstorms occur throughout the Southwest, many
during the months of the North American monsoon (Hirschboeck 1987; Maddox, Cano-
va, and Hoxit 1980). In some instances, moisture associated with the remnants of decay-
ing tropical cyclones from the eastern Pacific contributes to the flooding (Ritchie et al.
2011). Because of heavy precipitation rates, topographic channeling, and the impervi-
ous nature of the land surface in some urban and desert areas, the flooding produced
by these thunderstorms can be abrupt and severe. Along the Colorado Front Range,
extensive complexes of nearly stationary heavy thunderstorms have produced very de-
structive flash floods, including the 1976 Big Thompson Flood that killed more than 125
people and the 1997 Fort Collins Flood that produced more than $250 million in proper-
ty damage (Maddox et al. 1978; Caracena et al. 1979; Weaver, Gruntfest, and Levy 2000).
Given the localized nature of the rainfall produced by these thunderstorms, however,
flooding is rarely severe in larger drainage basins.

Thunderstorms

Hazardous weather produced by thunderstorms does occur in the Southwest. Lightning,
a primary concern for public safety, killed 49 people in the Southwest from 2001-2010,
including 26 in Colorado (NWS 2012). Lightning also ignites wildfires and contributes
to the regional wildfire climatology (Swetnam and Betancourt 1998). Although damag-
ing hail is rare in most of the Southwest, the hail intensity in eastern Colorado and New
Mexico is among the highest in North America (Changnon 1977). In Colorado, the Rocky
Mountain Insurance Information Association reported $3 billion in hail damage during
the past 10 years (RMIIA 2012). Strong winds can also accompany thunderstorms and,
in some instances, generate severe dust storms (Brazel and Nickling 1986), known as
haboobs in Arizona. The dry, low-level environment commonly found over the South-
west during thunderstorms can contribute to the development of microbursts, localized
areas of sinking air that generate strong straight-line winds at the surface and are a con-
cern for public safety and aviation. Tornadoes are rare in California, Nevada, Utah, and
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Arizona, but have been reported in all four states (NCDC 2012). The frequency of days
with tornadoes is, however, much higher in eastern Colorado and New Mexico, which
lie on the western edge of “Tornado Alley.” In particular, the frequency of tornado days
in northeast Colorado is among the highest in the United States (Brooks, Doswell, and
Kay 2003).

Temperature extremes

Cold and heat waves occur in the Southwest (Golden et al. 2008; Grotjahn and Faure
2008; Gershunov, Cayan, and Iacobellis 2009). Much of California and portions of south-
ern Nevada, southwest Utah, southern Arizona, and southern New Mexico experience
generally mild winters, but are susceptible to hard freezes when the storm track plunges
far to the south of its average position. Hard freezes damage agricultural crops, orna-
mental plants, and (through frozen pipes) public and household utilities. Hard freezes
causing in excess of $1 billion in damages and losses in California occurred in December
1990, December 1997, and January 2006 (NCDC 2011). Although net losses are not as
great as those in California, early growing-season freezes can also produce agricultural
damage in interior regions of the Southwest.

The Southwest also experiences episodes of extended high temperatures that affect
ecosystems, hydrology, agriculture and livestock, and human comfort, health, and mor-
tality (Gershunov, Cayan, and Iacobellis 2009; see also Chapter 15). For example, a 2006
California heat wave contributed to more than 140 deaths, 16,000 excess emergency de-
partment visits, and 1,000 excess hospitalizations (Knowlton et al. 2009). Such human
health impacts are greatly exacerbated by high humidity and high nighttime tempera-
tures (Golden et al. 2008; Gershunov, Cayan, and Iacobellis 2009). (See also the discus-
sions of past and projected extreme climate events in the Southwest in Chapters 5 and 7.)

Air quality

As of August 2011, the Environmental Protection Agency had designated at least one
county in each Southwest state as being in nonattainment for the National Ambient Air
Quality Standards for one or more pollutants (Figure 4.6; see also EPA 2012). During the
cool season, persistent cold-air pools that form in mountain valleys and basins can trap
emissions (from motor vehicles, wood-burning stoves, industry, etc.) that lead to the
formation of secondary particulate matter. During multi-day events, elevated particu-
late matter levels can develop in large urban areas (such as Salt Lake City, Utah). Even
smaller cities in relatively confined valleys (such as Logan, Utah) may experience el-
evated particulate levels from urban and agricultural emissions (Malek et al. 2006; Silva
et al. 2007; Gillies, Wang, and Booth 2010).

Elevated wintertime ozone levels have also been reported during intense tempera-
ture inversions in the vicinity of rural natural gas fields (Schnell et al. 2009). In the warm
season, quiescent weather conditions, high temperatures, and intense solar radiation
can lead to elevated ozone levels. In portions of coastal California, pollutants are often
trapped beneath the marine inversion, which is a climatological feature over the east-
ern Pacific Ocean. Emissions from wildfires can also contribute to particulate matter or
ozone production and wind-blown dust can produce elevated particulate matter levels
in some areas (Pheleria et al. 2005; Steenburgh, Massey, and Painter 2012).
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Figure 4.6 Counties
designated by the
Environmental Protection

- N . f I Agency as nonattainment
onattainment of 5 pollutants areas for National Ambient
B Nonattainment of 4 pollutants Air Quality Standards in

April 2010. Source: EPA (n.d.).

- Nonattainment of 3 pollutants
- Nonattainment of 2 pollutants
ljl Nonattainment of 1 pollutant

4.4 Climate Variability

The general climate characteristics of the Southwest described in section 4.2 reflect aver-
ages over a period of roughly 30 years. There is, however, considerable variability in the
climate of the Southwest that occurs from month-to-month (intraseasonal), year-to-year
(interannual), and decade-to-decade (interdecadal). In portions of the region, especially
California, Nevada, and Arizona, this variability leads to the largest fluctuations relative
to the mean in annual precipitation and streamflow in the contiguous United States,
posing challenges for water-resource management and drought and flood mitigation
(Dettinger, Ralph, Das et al. 2011).

Interannual and interdecadal climate variations in the Southwest are demonstrably
related to fluctuations in Pacific sea-surface temperatures (SST) over periods of years
to decades, such as the 2- to 7-year ENSO (Dettinger et al. 1998; Higgins and Shi 2001),
the Pacific Quasi-Decadal Oscillation (QDO) (Tourre et al. 2001; Wang et al. 2009, 2010),
and the Pacific Decadal Oscillation (PDO) (Mantua et al. 1997; Zhang, Wallace, and Bat-
tisti 1997). The occurrence and transition from long-lasting droughts to periods of above
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normal rainfall have been linked to these very slow changes in the Pacific Ocean (San-
goyomi 1993; Gershunov and Barnett 1998; Brown and Comrie 2004; Zhang and Mann
2005; Wang et al. 2010).

The impact of ENSO on precipitation and drought anomalies over western North
America has been studied extensively. It is now well established that ENSO tends to
produce the so-called North American dipole, a situation in which relative conditions of
precipitation and temperature (high vs. low) occur in opposition simultaneously for the
Pacific Northwest and for the Southern California-Arizona-New Mexico area (Dettinger
at al. 1998), with marginal influence on conditions for areas in between (Rajagopalan and
Lall 1998). This yields a tendency for above-average precipitation and temperatures over
the southern Southwest during El Nifio winters and below-average precipitation during
La Nifia winters. Despite these shifts relative to average, extreme episodic precipitation
events can occur in either El Nifio and La Nifia winters (Feldl and Roe 2010, 2011).

Intraseasonal (that is, time scales beyond a few days and shorter than a season) varia-
tions in precipitation have been examined for the summer North American monsoon
and winter season precipitation (Mo 1999, 2000; Higgins and Shi 2001; Mo and Nogues-
Paegle 2005; Becker, Berbery, and Higgins 2011). Over California during winter, these
variations have been linked to the Madden-Julian Oscillation (MJO), an atmospheric
phenomenon that contributes to cyclical outbreaks of convection near the equator that in
turn affect atmospheric circulations over the midlatitude Pacific Ocean (Mo 1999; Beck-
er, Berbery, and Higgins 2011; Guan et al. 2012).
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Executive Summary

This chapter assesses weather and climate variability and trends in the Southwest, using
observed climate and paleoclimate records. It analyzes the last 100 years of climate vari-
ability in comparison to the last 1,000 years, and links the important features of evolving
climate conditions to river flow variability in four of the region’s major drainage basins.
The chapter closes with an assessment of the monitoring and scientific research needed
to increase confidence in understanding when climate episodes, events, and phenomena
are attributable to human-caused climate change.
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e The decade 2001-2010 was the warmest and the fourth driest in the Southwest of
all decades from 1901 to 2010. (high confidence)

® Average annual temperature increased 1.6°F (+/- 0.5°F) over the Southwest
during 1901-2010, while annual precipitation experienced little change. (high
confidence)

* Fewer cold waves and more heat waves occurred over the Southwest during
2001-2010 compared to their average occurrences in the twentieth century. (high
confidence)

* The growing season for the Southwest increased about 7% (seventeen days) dur-
ing 2001-2010 compared to the average season length for the twentieth century.
(high confidence)

* The frequency of extreme daily precipitation events over the Southwest dur-
ing 2001-2010 showed little change compared to the twentieth-century average.
(medium-high confidence)

* The areal extent of drought over the Southwest during 2001-2010 was the second
largest observed for any decade from 1901 to 2010. (medium-high confidence)

¢ Streamflow totals in the four major drainage basins of the Southwest were 5% to
37% lower during 2001-2010 than their average flows in the twentieth century.
(medium-high confidence)

¢ Streamflow and snowmelt in many snowmelt-fed streams of the Southwest
trended towards earlier arrivals from 1950-1999, and climate science has attrib-
uted up to 60% of these trends to the influence of increasing greenhouse gas
concentrations in the atmosphere. (high confidence)

* Streamflow and snowmelt in many of those same streams continued these ear-
lier arrivals during 2001-2010, likely in response to warm temperatures. (high
confidence)

* The period since 1950 has been warmer in the Southwest than any comparable
period in at least 600 years, based on paleoclimatic reconstructions of past tem-
peratures. (medium-high confidence)

® The most severe and sustained droughts during 1901-2010 were exceeded in
severity and duration by several drought events in the preceding 2,000 years,
based on paleoclimatic reconstructions of past droughts. (high confidence)

5.1 Introduction

Wallace Stegner (1987) expressed a sentiment held by many familiar with the Southwest:
“If there is such a thing as being conditioned by climate and geography, and I think
there is, it is the West that has conditioned me.”

As the twenty-first century unfolds, two principal concerns make it important to take
stock of the region’s climate. One concern is that the annual demand for water in the
Southwest—especially from the Colorado River, which supplies water to each of the
region’s states—has risen to an amount that nearly matches the natural annual flow in
the Colorado River. With only a small margin between supply and demand —both of
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which are sensitive to climate variability and change—the importance of reservoirs in
the Colorado River Basin increases (Barnett and Pierce 2008, 2009; Rajagopalan et al.
2009). Droughts, whose periodic occurrences in the Southwest have tested the resilience
of the region’s indigenous populations (Liverman and Merideth 2002), have increas-
ingly significant effects. In particular, excess (unconsumed) water supply capacity has
been diminishing, virtually vanishing, as was especially evident during the region’s
drought that began in 2000 (Fulp 2005). The second concern is the expectation, based on
a growing body of scientific evidence, that climate change in the Southwest will most
likely reduce water resources, including a decline in the annual flow of the Colorado
River (Milly, Dunne, and Vecchia 2005; Christensen and Lettenmaier 2007; McCabe and
Wolock 2008; see also the discussion of the effects of climate change on the water sup-
plies of the Southwest in Chapter 10.)

This chapter reviews the nature of weather and climate variability in the Southwest-
ern United States based on recorded observations and measurements that span the last
century. The chapter links how changing climate conditions affect the variability of river
flows specifically in four of the region’s major drainage basins: Sacramento-San Joa-
quin, Humboldt (in the Great Basin), Upper Colorado, and Rio Grande. To place current
climatic conditions in a longer-term context, the chapter looks at the indirect evidence
(paleoclimatic reconstruction, as from tree rings, pollen, sediment layers, and so on) of
climatic conditions over the last thousand years, showing the variations that occurred
before humans substantially increased emissions of greenhouse gases. The chapter con-
cludes by appraising the data gaps and needs for monitoring the evolving climate and
hydrological conditions in the Southwest.

5.2 Climate of the First Decade of the Twenty-first Century

“Exceptionally warm” aptly describes temperatures in the Southwest during the first de-
cade of the twenty-first century. Annual temperatures for 2001-2010 were warmer than
during any prior decade of the twentieth century, both for the Southwest as a whole
and for each state in the region (Table 5.1).! Annual averaged temperatures for 2001
—2010 were 1.4°F (0.8°C) warmer than the 1901-2000 average. The intensity of warming
is related to changes in temperatures at particular times of the day and in particular
seasons. For example, greater warming has occurred due to increases in daily minimum
temperatures than to increases in daily maximum temperatures, though the reasons for
this difference are not well-known and may be related to local effects and to adjustments
applied to station data (as discussed further below; see also Fall et al. 2011). The key fea-
tures of a warming Southwest appear robustly across various data sets and methods of
analysis, as shown further in Appendix Table A5.1.

With respect to the seasons, when looking at average seasonal temperatures for the
period 2001-2010 versus those for the twentieth century, greater warming (i.e., larger
differences) occurred during the spring and summer than occurred during the other sea-
sons, especially winter. Based on results of a rigorous detection and attributio