
The Press and Pulse of Climate Change: Extreme Events in the Colorado River Basin

Amy L. McCoy , Katharine L. Jacobs, Julie A. Vano, J. Keaton Wilson, Season Martin,

Angeline G. Pendergrass, and Rob Cifelli

Research Impact Statement: Increasing risk associated with extreme weather events in the Colorado River
Basin is a critical concern to stakeholders and water managers in a changing climate.

ABSTRACT: Extremes in temperature and precipitation are associated with damaging floods, prolonged
drought, destructive wildfires, agricultural challenges, compromised human health, vulnerable infrastructure,
and threatened ecosystems and species. Often, the steady and progressive trends (or presses) of rising global
temperature are the central focus in how climate impacts are described. However, observations of extreme
weather events (or pulses) increasingly show that the intensity, duration and/or frequency of acute events
are also changing, resulting in greater impacts on communities and the environment. Describing how the
influence of extreme events may shape water management in the Colorado River Basin in clear terms is
critical to sound future planning and efforts to manage risk. Three scenario planning workshops in 2019
and 2020 were held as part of a Colorado River Conversations series, identifying potential impacts from
multiple intersecting extreme events. Water managers identified climate-related events of concern in the Col-
orado River Basin that necessitate greater attention and adaptive responses. To support efforts to include
consideration of climate-change-driven extremes in water management and planning, we explore the current
state of knowledge at the confluence of long-term climate shifts and extreme weather in the Colorado River
Basin related to the events of concern that were identified by scenario planning participants.

(KEYWORDS: climate variability/change; water resource planning; watershed management; drought; weather
and climate extremes; Colorado River Basin.)

INTRODUCTION

Current climate patterns and annual weather cycles
are changing through both pressing (gradual) and puls-
ing (abrupt, exceeding expected threshold) changes
over time. Climate-change-driven trends in global
energy dynamics and associated surface temperature
changes (along withmore complex changes in precipita-
tion patterns) are altering the baseline of extreme

events (NASEM 2016; Kossin et al. 2017; IPCC 2021).
Increasingly, some extreme weather events, or pulses,
that are statistically unlikely and occur in the “tails” of
a region’s historical records (see Figure 1) are becoming
more frequent and/or intense in the context of the
longer-term press of climate change (IPCC 2012; IPCC
2021). For example, global observations indicate that
the duration and severity of intense precipitation
events are increasing and these changes have been
attributed to human-influenced global warming (Min
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et al. 2011). These extremes, in addition to others such
as hot extremes, heatwaves, and droughts, are expected
to occur more frequently in the future in many regions
(IPCC 2021).

Extremes, by definition, are outside the norm —
they are in the tails of statistical distributions. Their
origins and impacts may not be well understood
because they have occurred infrequently in the past.
The 2021 Intergovernmental Panel on Climate Change
Working Group I report (IPCC 2021) documented
increased confidence in attributing extreme weather
events to climate change, reinforcing prior assess-
ments such as the National Academies of Sciences,
Engineering, and Medicine report (NASEM 2016) that

focused on the state of knowledge of the attribution of
extreme events in the context of climate change at the
global scale (Figure 2). However, there is much more
to learn. Notably, while there is considerable informa-
tion and research on the expected future trends in
anthropogenic climate change (such as in average glo-
bal temperature), fewer studies describe expected
future trends in extreme events, and even fewer focus
on specific regions or basins. This paper provides an
overview of the current state of knowledge and
research on trends in several categories of climate-
related extremes in the Colorado River Basin, as well
as offering examples of extreme events that have
occurred within the past four years.

FIGURE 1. As global and Colorado River Basin temperatures rise, a progressive rise in temperature increases the probability of extremely
hot weather events that put additional pressure on water supplies and push water management institutions to address supply and demand
imbalances. Of note, in addition to the distribution shifting, it may change shape as well (e.g., the tail on the right side could become larger).

Figure adapted from IPCC (2012).
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PLANNING AMID EXTREMES

Uncertainties around the future impacts of extreme
weather events were identified and prioritized by water
professionals in a Scenario Planning series within the
Colorado River Conversations Project (https://ccass.
arizona.edu/colorado-river-conversations-project). Work-
shop participants included representatives from all
seven Colorado River Basin states, Mexico, Tribes, aca-
demics, scientists, water managers, agricultural inter-
ests, and nongovernmental Organizations (NGOs)
(Jacobs et al. 2020; Gerlak et al. 2021). The Project
included three scenario planning workshops that exam-
ined the types and impacts of potential intersecting and/
or overlapping extreme events in the Basin and devel-
oped a series of near-term actions that could help

increase resilience in the built and natural environment
(Jacobs et al. 2020). The near-term, no-regrets actions
identified ranged from collaborative projects to research
partnerships to develop more tangible, accessible, and
broadly applicable information on extreme weather
events.

The Colorado River Conversations Project scenario
planning workshops built a series of scenarios based
on “nightmare” future conditions that represented
the compounding effects of climate-change-driven
extreme events with unrelated social and economic
challenges (Jacobs et al. 2020; Gerlak et al. 2021). In
these conversations, participants identified a range of
regionally relevant climate-related and extreme
weather events and trends of concern, which
included: (1) intensifying heat waves, (2) diminished
snowpack, (3) long-duration drying (sustained decli-
nes in runoff efficiency), (4) extensive wildfires, (5)
short-duration intense wet and dry system shocks, (6)
amplified wet and dry swings (climate whiplash), and
(7) declines in monsoons. These categories illustrate a
broad range of concerns, which are realized through
both climate-change-driven presses and pulses and
then affected by other factors such as economic down-
turns, and social and political upheaval. The mecha-
nisms behind each category of these seven concerns
are not equally well understood and thus not all well
represented in climate and hydrology models. As a
result, knowledge about the links to climate change
and likelihood of impacts in each category varies
(NASEM 2016). To provide context and a basis for
further exploration, we describe each type of climate-
related event below, including the evidence current
research provides about expected future trends in
these events (Table 1). These seven concerns were
prioritized by workshop participants and are num-
bered here to help guide readers, but these are not
necessarily discrete categories and can be intertwined
— for example they may be manifestations of the
same mechanisms at different timescales. Through
exploring the scientific basis for what is known about
trends in extremes, how it is known, and the nature
of the uncertainties, we directly respond to Colorado
River Basin stakeholders’ requests.

The ways in which water managers might respond
to these climate-related events differ depending on
several factors, including: the anticipated rate of
change in a region; the perceived risk to infrastruc-
ture and communities; resource availability; and the
extent of planning and preparation that would be
required to prepare for a broad range of possible
future scenarios. Prior to the Colorado River Conver-
sations Project, scenario planning had already
emerged as a useful tool for water resources planning
in the context of uncertainty and to support ongoing
and future decision-making processes (Woodhouse

FIGURE 2. Attribution of Extreme Weather Events in the Context
of Climate Change (taken directly from NASEM 2016). This figure
illustrates the expert panel’s evaluation of the state of attribution
science for each of these extreme event types. The vertical axis is
the range of confidence linked to anthropogenic climate change,
while the horizontal axis represents how well the mechanisms of
impacts are understood. Extreme heat and cold are highest in both
categories because temperature is directly driven by climate
change-driven shifts in the energy balance in the atmosphere. This
contrasts with wildfire impacts, which are the product of many fac-
tors, including soil moisture, fuel loading, wind, temperature,
humidity, historical fires, vegetation health, and fire suppression.
It is important to note that the science of attribution is evolving
quickly, and this figure was created to illustrate the panelists’ own
views on the state of attribution science as of 2016. For more infor-
mation regarding this figure, see box 4.1, page 124 of
NASEM (2016).
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et al. 2021). Beyond the Colorado River Basin, the
Water Utility Climate Alliance and the Water
Research Foundation have supported work on assess-
ing risks posed to water utilities from extreme events
(Wasley and Jacobs 2020). These groups have
invested in this research to help resource managers,
planners, elected officials, and others more effectively
anticipate risks associated with extreme events and
how they may evolve in a changing climate.

COLORADO RIVER BASIN CONTEXT

Current water management frameworks, policies,
infrastructure, and socioeconomic systems in the Color-
ado River Basin were built on assumptions that the
range of variability in future climate conditions would
be comparable to the historical variability. The headwa-
ters of the Colorado River are located along the spine of
the Rocky Mountains, which constitute about 15% of the
land area in the Basin but contribute roughly 85% of the
annual runoff from high mountain forests, peaks, and
meadows. An annual average of 170 million acre-feet
(maf) of precipitation has historically fallen over the Col-
orado River Basin (Lukas and Payton 2020). Mid-
latitude winter and spring storms from October–May
are a critical driver of annual precipitation and snow-
pack in the Basin’s headwaters (Lukas and Pay-
ton 2020). The melting of this snowpack in the late
spring produces the bulk of annual streamflows and sup-
ports higher reservoir levels throughout the Basin.
There is considerable decadal and multi-decadal vari-
ability both in the paleo and modern records (Wood-
house et al. 2021). Recent warming climate trends have
been linked to decreases in spring snowpack and shifts
to earlier runoff timing (Udall and Overpeck 2017; Xiao
et al. 2018; Woodhouse et al. 2021).

The Colorado River Compact (1922) and the 1944
United States (U.S.)/Mexico Treaty allocated river
flows among seven states (Wyoming, Colorado, Utah,
New Mexico, Nevada, Arizona, and California) and
the Republic of Mexico based on assumptions that
the Basin yielded about 17 maf (or 10% of total pre-
cipitation) in natural streamflow available for use
and legal allocation. The initial calculations ignored
the range of natural variability already known at the
time (Kuhn and Fleck 2019), and left no buffer for
the dramatic changes that are now occurring.

Paleoclimate records show that historical mega-
droughts persisted for decades (Meko et al. 2007); the
largest of these events would result in major disruptions
to water supply in the Basin even in the absence of cli-
mate change. Current projections show that a warming
climate will likely drive human and natural systems

past critical threshold points where water supply sys-
tems and ecosystems no longer function as they did
before (Udall and Overpeck 2017; Milly and
Dunne 2020; Woodhouse et al. 2021). Establishing a
legal allocation system that utilized the entire available
flows, left little flexibility in management protocols and
policies that could absorb the kind of changes that
human-caused climate changes are bringing (Kuhn and
Fleck 2019). Thirty years of temperature-induced
reductions in streamflow have measurably reduced
flows into reservoirs such as Lake Powell, alongside a
precipitation deficit since 2000. This lack of water has
resulted in conditions in 2021 which triggered a series
of legally negotiated management responses and emer-
gency releases from Upper Basin storage (upstream of
Lees Ferry, Arizona) to maintain hydropower at Lake
Powell as outlined by the 116th Congress (2019). These
actions underscore the reality that current and future
conditions are diverging significantly from the expecta-
tions of water managers based on historical conditions,
due to both the press of persistent changes and pulse of
greater intensity, duration and/or frequency of extreme
weather events.

THE PRESS OF CLIMATE CHANGE IN THE
COLORADO RIVER BASIN

The press of persistent shifts associated with cli-
mate change is increasingly well-documented in the
Colorado River Basin. Conditions in the 21st Century
relative to the 20th Century are overall warmer
(Woodhouse et al. 2016, 2021; Cook et al. 2018; Wil-
liams et al. 2020), and drier, in the Lower and Upper
Basins (NOAA 2022). These changes are reflected
through diminished streamflows (Hamlet et al. 2005;
McCabe et al. 2017; Xiao et al. 2018), reduced snow-
pack and increased winter melt (Mote et al. 2018;
Musselman et al. 2021), and declines in aquifer
recharge (Castle et al. 2014; Thomas et al. 2016; Nir-
aula et al. 2017; Condon et al. 2020).

Over the period of record, both the Upper and Lower
Basins have experienced large positive increases in
average temperatures (Kuhn and Fleck 2019). An anal-
ysis of average annual temperatures from 1895 through
2020 for the Southwest (Arizona, New Mexico, Utah,
and Colorado) illustrates over a 2°F increase in 30-year-
average-annual temperature over time (Figure 3)
(NOAA 2021d). Going forward, global climate models
project warming to continue in the Colorado River
Basin because of increases in concentrations of green-
house gases in the atmosphere. Basin temperatures are
projected to rise by 1.3°C–3.6°C (2.5–6.5°F) by mid-
century relative to the late 20th-Century average, so
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future periods will be hotter than those in the past
(Lukas and Payton 2020). While various techniques
(e.g., statistical and dynamical downscaling, incorporat-
ing information from paleoclimate evaluations) have
been used to estimate future streamflow (see Vano et al.
2014; chapter 11 of Lukas and Payton 2020 for an over-
view of different methodological and modeled differ-
ences), in general these studies collectively indicate
even lower streamflows should be expected in future
decades. At the same time, multiple studies have
demonstrated that the effect of temperature has already
become a significant driver of drought conditions in the
Colorado River (Udall and Overpeck 2017; Milly and
Dunne 2020; Woodhouse et al. 2021).

Streamflows have been reconstructed using tree-ring
studies, for example, Woodhouse et al. 2006, over multi-
ple centuries, revealing high decadal and long-term
variability. However, even in this historical context,
runoff in the last two decades has been remarkably low.
Between 2000 and 2021, Reclamation’s natural flow
data show the water year average natural flow at Lees
Ferry is 19% lower than in 1906–1999 (Bureau of Recla-
mation 2021a). Recent studies demonstrate how cli-
mate change is contributing to these streamflow
declines through decreased snow accumulation, greater
sublimation of snow, higher evapotranspiration rates,

and lower soil moisture. In 2017, Udall and Over-
peck (2017) found at least one-sixth to one-half of
streamflow declines were due to warmer temperatures.
Xiao et al. (2018) showed that slightly over half of the
decreasing streamflow trends from 1906 to 2014 were
linked to warmer temperatures.

Long-term changes in average precipitation and
related groundwater recharge impacts are hard to detect
in the Colorado River Basin, and even more difficult to
model looking forward. There is evidence that winter
precipitation in the southwestern U.S. is overall trend-
ing downwards (Walsh et al. 2014), though some models
suggest that annual precipitation amounts could remain
steady or increase in the Upper Basin (not necessarily in
patterns translating to greater streamflow, soil mois-
ture, and water availability) (Udall and Overpeck 2017).
Recent modeling suggests that over the next 80 years,
groundwater infiltration and aquifer recharge will be
consistently lower than the previous 65 years (1951–
2015), which would significantly impact Lower Basin
water supplies (Tillman et al. 2020). In fact, one recent
study suggests that groundwater base flow in the Upper
Basin may decrease approximately 29% by the 2050s
(Miller et al. 2021), which is consistent with other stud-
ies that show a tight coupling between base flow and
surface water flows (Lukas and Harding 2020). Hoerling

FIGURE 3. Average annual temperatures from 1895 through 2020 for the Southwest Climate Region (Arizona, New Mexico, Utah, and
Colorado). The box-and-whisker plots on the right show 30-year distributions. Annual temperatures are greater than 54°F in only one year
(1934) prior to 2000 and in seven years (2003, 2012, 2015, 2016, 2017, 2018, 2021) after 2000. Data are from the NOAA National Centers for

Environmental Information, Climate at a Glance Regional Time Series dataset (NOAA 2021c).
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et al. (2019) used an event attribution framework to
assess the observed flow decline over the last century
and found that half of the 20% reduction in flow are a
result of long-term climate change, with changes in both
precipitation and temperature contributing.

WHERE PRESS MEETS PULSE AND
SUBSEQUENT IMPACTS

The press and pulse of climate-related events can be
interrelated and compounding. If variability remains
the same and averages increase (e.g., temperatures),
the number of times a value will exceed historical defi-
nitions of extremes (e.g., hot temperatures) will
increase, so long as these values are additive. This
appears to be the case with many extremes. In general,
observations of extreme weather events (or pulses) show
that the intensity, duration and/or frequency of acute
events are increasing globally (IPCC 2021). In the
Colorado River Basin, climate-change-related extreme
events also appear to be on the rise (Box 1) and reflect

the list of extreme events of concern developed in the
Colorado River Conversations Project (Table 1).

As recent years have illustrated, weather extremes
are creating considerable concern for the Basin’s
water resources and the people and ecosystems that
rely on them. Such events, either individually or in
combination, can have a devastating impact on water
supplies, delivery and storage infrastructure, water-
shed health and function, and allocation protocols
under scarcity (Jacobs et al. 2020). Exploring how
well extreme events in a changing climate are under-
stood and monitored could support more proactive
water management and planning. Anticipating future
changes in extreme events provides a substantially
different research challenge than understanding
long-term climate trends (Knutson et al. 2017).

Another way the press and pulse of climate-related
events are interrelated is in how antecedent condi-
tions, which build over time (e.g., press), can affect
the severity of an extreme event impact. For example,
a short-term, intense drought on the Colorado River
that is drier than the driest year in the instrumental
record but lasts one year and starts when the reser-
voirs are full is a different experience than if the
same event occurred after two decades of declining
reservoirs. In contrast to the Colorado, which has
multiple years of potential storage capacity in its
reservoirs, cities in California that are largely depen-
dent on smaller surface water reservoirs are less buf-
fered from short-term drying conditions. Because of
limited storage, these cities have been in a near-crisis
mode during recent years of historically low snow-
pack.

Geophysical, ecological, and social factors influence
the relationship between extremes in climate and
level of impact, and extreme events are experienced
differently depending on the level to which a commu-
nity, watershed or utility is prepared for such events.
As an illustration of the utility of adaptive measures
in reducing impacts, the severe drought in California
during the 2012–2016 period killed millions of trees,
and affected ecosystems, power production, drinking
water, and agriculture — causing billions of dollars
in economic losses (Lund et al. 2018). Yet, despite the
magnitude of these impacts, they would have been
even worse without the preparation that did occur, as
is evident by comparing the urban impacts from Cali-
fornia’s 1988–1992 drought to the 2012–2016 event.
In the interim, investments in conservation and alter-
native water supplies were made, and in 2012–2016
state-mandated urban conservation measures (Lund
et al. 2018), reduced the overall impacts to the econ-
omy. Each community has its own level of prepared-
ness based on an array of physical factors including
antecedent conditions, but also based on the degree

BOX 1. RECENT EXTREME CLIMATE-RELATED

EVENTS IN THE COLORADO RIVER BASIN

The past four water years (2018–2021) have seen rapidly

changing water supply conditions in the Colorado River

Basin. These changes reflect many of the climate-

change-related events that were of concern to the Color-

ado River Conversations Project participants. These

events include low run-off volumes in the Upper Color-

ado River Basin in 2020 and 2021 that were likely an

outcome of the lowest recorded soil moisture values in

Utah and western Colorado since 1948 (Western Water

Assessment 2021). By early 2020, widespread drought

conditions emerged across the Colorado River Basin and

over the 20-month period from January 2020 through

August 2021, the southwestern U.S. experienced the

lowest total precipitation and the third-highest daily

average temperatures since 1895, as well as the three

largest wildfires in recorded Colorado history in 2020

(Carodine 2020). Wet and dry records have also been set.

In 2020, Arizona’s monsoon was characterized as a “non-

soon” for delivering near record low precipitation (ADWR

2020), while July 2021 was the wettest month on record

in Tucson (ADWR 2021). Anticipating which extreme

events may increase in frequency and intensity over

time in the changing climate of the Colorado River Basin

is difficult, yet important for sound planning and proac-

tive risk management.
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to which extreme events have been anticipated and
adaptive measures are in place.

The concept of thresholds is also important in
understanding the impacts associated with pulse
events. For example, when floods result in reservoirs
having to exceed their maximum expected releases,
the risk to life and property vastly increases. The
“Front Range Flood” in Colorado in 2013 is an exam-
ple where thresholds in expected rainfall and urban
runoff were exceeded and led to damage in multiple
communities (Batka 2014) after massive rainstorms
(over 20 inches in parts of Boulder County).

EXTREME EVENTS OF CONCERN IN A
CHANGING CLIMATE

We structure our discussion of what is known and
how it is known for each of the seven climate-change-
related extreme events of concern (Table 1) identified
during the scenario planning workshops through
addressing the following questions:

1. What are the underlying physical mechanisms of
this climate-change-related extreme event of con-
cern?

2. What impacts could be brought on by this
change?

3. How is the research community studying this
change and what can be said about the extent in
which this change is linked to climate change
drivers, both now and in the future?

Event of Concern 1: Intensifying Heat Waves

With overall increases in global temperatures, heat
waves in the future will be hotter and record high
temperatures are expected to progressively increase.
Heat waves are a period of unusually hot weather
that persists over two or more days with tempera-
tures well above the range of historical averages for
that time period for a defined region (Robinson 2001).
The Colorado River Basin experienced heat wave con-
ditions in the summer of 2020 and 2021 that
exceeded multiple records for the consecutive number
of days with temperatures surpassing historical con-
ditions (NOAA 2020, 2021a).

Physical Mechanisms. Heat waves are generally
associated with high-pressure systems that trap and
force air downward. If the high-pressure system
remains stationary for extended periods, rain is

unlikely and near-ground temperatures increase
(Cutting et al. 2011). With increases in global tem-
peratures, heat waves will be hotter, and record high
temperatures progressively increase. In the U.S., the
observed record high temperatures each year now
outnumber the record lows by 2:1 (Meehl et al. 2009).

Impacts. There is growing evidence that heat
waves result in major, and sometimes deadly, health
impacts for people, especially children and older
adults, those with pre-existing conditions, and those
without access to air conditioning. Heat waves can
affect the structural integrity and/or functionality of
some built infrastructure. Personnel who work out-
doors are more impacted than others; heatstroke is a
serious concern (WUCA et al. 2020). For many heat
waves, there are also important feedbacks that
amplify drought and heat, set the stage for wildfires
(Trenberth 2011), and cause major plant and animal
mortality events in ecosystems (Guo et al. 2018).
From a water management perspective in the Color-
ado River Basin, heat waves drive up water demands
for power production for air conditioning and for agri-
cultural and urban irrigation.

Linkages to Climate Change. There is high
confidence that global average temperatures will con-
tinue to increase as a direct consequence of human-
caused changes to the atmosphere (Wuebbles
et al. 2017). In addition, models project somewhat
larger increases in extreme hot temperatures than in
average temperatures (Fahey et al. 2017; Vose
et al. 2017). While it is plausible that atmospheric
circulation configurations will change patterns of
heat waves and persistence of extremely hot condi-
tions (IPCC 2021), circulation changes in climate
models are not consistent. More specifically, in the
Colorado River Basin, extreme heat events are likely
to increase in frequency, magnitude, and intensity,
but the range and peaks are uncertain, especially as
circulation changes may enhance heat waves beyond
what thermodynamics alone would suggest.

Event of Concern 2: Diminished Snowpack

In the Rocky Mountains, and Colorado River Basin
specifically, over 70% of the water that feeds rivers
and supplies water downstream is derived from snow-
melt (Li et al. 2017). Snowpack provides important
seasonal storage of water supplies by capturing cold-
season precipitation and releasing it gradually
throughout the warm season. The amount of water
held in snow and timing and speed of melting is criti-
cal in determining overall water availability, and
these characteristics of the snowpack are vulnerable
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in a changing climate (Musselman et al. 2021).
Changes in snowpack in the Colorado River Basin
have been affecting river runoff, with downstream
impacts on the region’s ecosystems, agriculture and
urban centers, groundwater replenishment and reser-
voir storage (Barnett et al. 2005). Shifting the balance
between rain and snow can also affect the likelihood
and severity of floods, with impacts varying consider-
ably depending on location (Harpold and Kohler 2017;
Musselman et al. 2018; Yan et al. 2018).

Physical Mechanisms. Several mechanisms can
alter the spatial extent and depth of the snowpack:
the amount of precipitation in the cool season and the
temperature when precipitation occurs (whether rain
or snow). Temperatures once snow is on the ground
also determine when and how fast the snowpack
melts (Musselman et al. 2017) and whether it subli-
mates. Sublimation, or direct evaporation of snow
(solid phase of water) to water vapor has been shown
to reduce snowpack more quickly under warmer air
temperatures (Harpold and Kohler 2017; Lukas and
Harding 2020). In general, warmer temperatures
result in more precipitation falling as rain vs. snow
and snowpack melting earlier in the year. This leads
to earlier peaks in river hydrographs, and lower run-
off during the summer. Additionally, when warmer
temperatures result in rain falling at higher eleva-
tions in the watershed (which previously would have
been snowfall), there is a larger area contributing liq-
uid water. This mechanism can result in flooding,
which has been studied in greater depth in the Pacific
Northwest (Tohver et al. 2014). Other environmental
conditions such as dust-on-snow, rain-on-snow,
anomalously warm temperatures, and increased wind
can also drive a rapid decrease in snowpack which
can result in both snow droughts and increasing
floods (McCabe et al. 2007; Musselman et al. 2018;
Painter et al. 2018; Reynolds et al. 2020).

Impacts. Reduced snowpack in spring can impact
both human-built and natural systems, and has been
tied to water scarcity, groundwater overdraft, tree
mortality, insect outbreaks, and increased wildfire risk
(Berghuijs et al. 2014; Diffenbaugh et al. 2015; Har-
pold and Molotch 2015; Barnhart et al. 2016; Harpold
and Kohler 2017). Additionally, if precipitation falls as
rain instead of snow, near-term inflow to reservoirs
increases and water may need to be released early in
the season to comply with flood management practices
and reservoir operation rule curves.

Linkages to Climate Change. Climate change
has already diminished, and will continue to dimin-
ish, the amount of water that is held in snowpack.
Future climate change projections, as evaluated by Li

et al. (2017), show the amount of runoff that comes
from snowmelt (as opposed to rain) will decline by
about one-third in the western U.S. by 2100. Snow-
pack monitoring stations throughout the West reveal
that snowmelt is already occurring earlier in the year
(Musselman et al. 2018, 2021; Lukas and Hard-
ing 2020), a trend that will be exacerbated by
increasing temperatures in the future.

How changes in snowpack will affect flood peaks is
less clear as those peaks are influenced by many fac-
tors in addition to precipitation and seasonality,
including antecedent conditions and whether the
watershed has a snowpack-dominated source region.
Though much of the western U.S. is shifting toward
rain-dominated flooding, especially near the coast,
there has been little evidence correlating this trend
with increased flood magnitude (Davenport
et al. 2020).

Event of Concern 3: Long-Duration Drying (Sustained
Declines in Runoff Efficiency)

Runoff efficiency is broadly expressed by how
much of the water that falls in a watershed makes
its way into the river, calculated as the ratio of
streamflow to the precipitation over the watershed
(McCabe and Wolock 2016). While precipitation is an
important driver of interannual streamflow variabil-
ity in most basins, including the Colorado River
Basin (Woodhouse et al. 2016; McCabe et al. 2017),
changes in precipitation do not directly translate into
identical changes in streamflow, for example, a 10%
change in precipitation is associated with a 20%–30%
change in streamflow in the Upper Colorado River
Basin because of the large role of evapotranspiration
in the water cycle (Das et al. 2011; Vano et al. 2014;
Hoerling et al. 2019). Runoff efficiency is a frame-
work to examine how streamflow is being altered by
temperature and related factors, separate from pre-
cipitation.

Physical Mechanisms. In the Colorado River
Basin, upwards of 80% of water that falls as precipi-
tation returns to the atmosphere through evapotran-
spiration (transpired by plants or evaporated from
soil and water). As a result, a small change in evapo-
transpiration rates, which is driven by higher tem-
peratures, can lead to significant reductions in
streamflow and reduced soil moisture (Western Water
Assessment 2021). This appears to be a major source
of change in runoff in the Colorado River Basin,
although other related factors such as soil moisture,
snow sublimation, seasonality of precipitation,
changes in vegetation, and land-use patterns are also
important. For example, the speed of snowmelt might
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change how much water is infiltrated and evaporated
(Vano et al. 2012; Barnhart et al. 2016).

Impacts. Runoff efficiency appears to be declining
overall, with especially low runoff efficiency occurring
in recent years, resulting in escalating concern about
the reliability of Colorado River supplies. These
changes can be thought of as a steady press on the
system, although when reservoirs are low, this con-
tinual decline in runoff accumulates over a season or
over years in large reservoirs, resulting in impacts
that can cross management thresholds and lead to
more acute impacts. Decreased runoff efficiency
makes it harder for reservoirs to refill and could,
when not compensated by precipitation, require
mandatory cutbacks of Colorado River deliveries,
with national and international ramifications (Udall
and Overpeck 2017). For instance, in August 2021,
the Bureau of Reclamation announced the first-ever
shortage on the Lower Colorado River (Bureau of
Reclamation 2021c) due to the combination of lower
precipitation and runoff efficiencies. The intersection
of rising water demands with water delivery curtail-
ments presents water managers with difficult tradeoff
decisions.

Linkages to Climate Change. There is more
confidence associated with rising temperatures and
the implications for runoff efficiency and resulting
river flows than there is with the changes in the pre-
cipitation component of reduced runoff. Increased
temperatures will reduce the volume of available
moisture in both soils and in river flows (Gonzalez
et al. 2018) and these changes are clearly linked to
climate change. Over the years, studies have esti-
mated what the range of reductions per degree of
change in temperature might be using various models
and methods (see overview in (Vano et al. 2012;
Lukas and Harding 2020). Recently, Udall and Over-
peck (2017) estimated how temperature increases
alone can reduce the flows of the Colorado River, pro-
jecting reductions of up to 20% by midcentury. Wood-
house et al. (2021) assessed historical droughts in the
context of a range of projected warming, and found,
in alignment with earlier studies, that temperatures
reduce runoff efficiency generally, and that these
reductions become larger as temperature increases
(specifically, they found average decreases in water
year flow averaged 6% for the +1°C scenario and up
to 31% for the +4°C scenario).

Event of Concern 4: Extensive Wildfire

Nearly all ecosystems in the Colorado River Basin
have co-evolved with periodic, if not frequent,

wildfire, and some major forest types are dependent
on wildfire for perpetuation. However, society and
infrastructure are poorly adapted to wildfire with
dramatic consequences for human health, water sup-
ply, ecosystem health, and property. This is a grow-
ing challenge as wildfires are getting larger and more
severe. Although there is some debate about whether
the number of fires has been increasing in recent dec-
ades, there is no debate about the fact that the inci-
dence of large fires has been increasing (Wehner
et al. 2017).

Physical Mechanisms. Several complex climate-
related mechanisms are responsible for the increased
frequency and intensity of wildfires across different
ecosystems in the Colorado River Basin. Direct dri-
vers include increased temperatures, which increase
drying and reduce snowpack, while lengthening the
fire season and changes in precipitation and wind
(Holden et al. 2018; Brey et al. 2021). Additional
mechanisms at play are related to fuel load and con-
ditions, historical prevalence of fire in the landscape,
species composition and density, harvesting legacies,
and fire exclusion. In grasslands, the spread of inva-
sive grasses, driven by changes in the freeze-free sea-
son, frequency of wet winters, and the earlier onset
of the fire season, are likely factors in generating a
feedback loop of invasive species and increased wild-
fires (Abatzoglou and Kolden 2011). In western for-
ests, long-standing ecological interactions between
trees and eruptive bark beetles are being modified by
climate change, and models suggest a high likelihood
of continued high tree mortality and associated wild-
fire risk (Jenkins et al. 2014). On a broad scale,
recent work connects increases in wildfires (area
burned) to changes in Hadley circulation (large
global-scale tropical atmospheric circulation) due to
greenhouse-gas warming, which results in increased
drying (Zhang et al. 2020). Physical and ecological
factors that can indirectly alter wildfire risk vary
across different regions of the Colorado River Basin,
but increased temperatures are a direct driver that
points towards increased risk over time.

Range of Impacts. Wildfires may permanently
alter the landscape when ecosystems cannot fully
recover. They can also have synergistic impacts with
other categories of events (e.g., long-duration drying,
precipitation intensity that leads to flooding). An
examination of floods in 2012 and 2013 following a
wildfire in Colorado illustrates how fires, and subse-
quent increases in the rate of runoff due to loss of
vegetation, can greatly increase peak flows. One flood
was among the largest rainfall-runoff floods per unit
area recorded in the U.S. (Brogan et al. 2017). Fur-
thermore, these events can trigger debris flows that
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move sediment, boulders, and other debris at incredi-
ble speeds, causing substantial destruction, including
rapid sedimentation of reservoirs (Kean et al. 2019).
Sedimentation in reservoirs following major wildfires
has been a problem for water utilities in most west-
ern states. Severe air quality problems (with major
impacts on people with asthma or other forms of lung
disease) are associated with major fires both locally
and across the globe (Reisen et al. 2015).

Linkages to Climate Change. The 2017 4th
National Climate Assessment (Volume 1) indicates
with high confidence that the incidence of large forest
fires in the western U.S. and Alaska has increased
since the early 1980s and is projected, with medium
confidence, “to further increase in those regions as
the climate changes, with profound change to regio-
nal ecosystems” (Wehner et al. 2017). Because of the
many factors associated with wildfire frequency and
intensity described above, it is difficult to project
climate-change-related wildfire changes, yet
estimates show that about half of the increase in
western U.S. burned area from 1984 to 2013 is due to
climate change (Abatzoglou and Williams 2016;
NASEM 2016).

Event of Concern 5: Short-Duration Intense Wet and
Dry System Shocks

During the scenario planning workshops, partici-
pants raised the concern that there would be an
increase in the number of short-duration, intense sys-
tem shocks in the Colorado River Basin. These were
defined as either extremely wet years (e.g., brought
on by intense precipitation events, longer-duration
events, or higher frequency of storms) or, alterna-
tively, a devastating dry year.

Physical Mechanisms. Several related mecha-
nisms can lead to wetter or drier system shocks. All
precipitation events, including those associated with
winter and springtime mid-latitude cyclones as well
as those associated with the summer monsoon and
remnants from tropical cyclones, are now developing
in warmer and more humid environments. Conse-
quently, storms produce more heavy precipitation,
even as total annual precipitation may decrease
(Trenberth 2011). The same warming that makes
precipitation more intense may also lead to more dry-
ing. We highlight two mechanisms for enhancing
short-duration intense system shocks:

Precipitation Intensity Increases. Heavy precipita-
tion intensity is likely to scale with the increase in
moisture in the atmosphere because warmer air can
hold more water, (typically this relationship, known

as the Clausius-Clapeyron or C-C relationship, is
about a 7% increase per 1°C (1.8°F) increase in tem-
perature (Callen 1985; Pendergrass and Hart-
mann 2014; Fischer and Knutti 2016). Because
oceans serve as the primary water vapor source for
most extreme precipitation events, increases in ocean
surface temperatures also drive this near-global
increase (Jewett and Romanou 2017).

One example of climate-related swings in precipita-
tion is the North American Monsoon, which provides
a large portion of annual precipitation to the south-
ern part of the Colorado River Basin during the
warm season. There is evidence that the intensity of
sub-daily monsoon precipitation has increased in the
Southwest U.S. while at the same time monsoon
events may become less frequent due to synoptic pat-
tern changes (Demaria et al. 2019). This dichotomy is
discussed more fully in Event of Concern 7: Dramatic
Decline in Monsoons below.

For hurricanes and tropical storms — the remnants
of which have caused significant flooding in the Color-
ado River Basin in recent decades — rainfall is pro-
jected to increase (Kossin et al. 2017). These storms
only occasionally directly impact the Colorado River
Basin itself (particularly Arizona, in contrast to coastal
cities, for example), but moisture from these storms
does travel inland and can bring heavy rains and cause
significant flooding, as experienced in southern Ari-
zona in 1983 and 1993 (Corbosiero et al. 2009).

Another example is strong West Coast storms,
which carry more water as global temperature
increases. In the Colorado River Basin, plumes of
low-level moisture originate in the tropical Pacific
and make landfall on the West Coast (Zhu and
Newell 1994). These events are one of the primary
sources of extreme wintertime precipitation in both
the Lower and Upper Colorado River Basins. Atmo-
spheric Rivers (ARs) or “pineapple express” type
storms originate over subtropical waters. With time,
as the ocean warms and moisture increases, ARs may
increase in intensity, bringing more precipitation to
California and the interior of western North America
(Rutz et al. 2015; Swales et al. 2016). AR tracks may
also shift latitude, due to the changes in large-scale
atmospheric circulation including the jet stream
(Simpson et al. 2016). Research into ARs shows that
they are dependent on both weather and climate-
scale processes, that increased atmospheric moisture
may amplify precipitation, and that the pathway of
the jetstream and location of landfall play an impor-
tant and complex role in how and where storms tra-
vel (Alexander et al. 2015; Swales et al. 2016; Payne
et al. 2020; Rhoades et al. 2020). Projections of the
future role of AR storms in the Colorado River Basin
and western U.S. are complex and remain uncertain
(Kossin et al. 2017).
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Rapid Onset Drying (Flash Droughts). Defined as
a drought that has a sudden onset and rapid intensi-
fication, flash droughts unfold over less than a month
and vary considerably in their geographic extent,
from a few kilometers to an entire region (Otkin
et al. 2018; Christian et al. 2019). They typically
coincide with large-scale atmospheric circulation
which leads to precipitation deficit, high tempera-
tures, clear skies, and/or wind speeds that lead to
rapid drying (Ford and Labosier 2017; Pendergrass
et al. 2020). Flash droughts can produce acute
impacts, and they have been a recent research focus.
In the Colorado River Basin, the primary mechanism
that would be expected to drive flash drought is pre-
cipitation deficit, since the Basin is mostly arid (with
evapotranspiration in a moisture-limited state). This
differs from regions of the eastern U.S., where flash
droughts gained a lot of recent attention, in that the
typical high soil moisture state in that region (where
evapotranspiration is energy-limited instead of
moisture-limited) can set the stage for rapid increases
in evapotranspiration when the regime changes from
energy- to moisture-limited. Recent research empha-
sizes that precipitation deficits are key drivers of
flash drought in many regions, though (Hoffmann
et al. 2021), and this would be expected to apply to
the Colorado River Basin as well, but the magnitude
of its impact is not yet clear. Another topic of recent
research is a phenomenon related to, but distinct
from, flash drought, which can also result in rapid
on-set drying, is rapid-intensification snow drought
— where snowpack rapidly declines due to dust-on-
snow, rain-on-snow, or warm temperatures (Pender-
grass et al. 2020).

Impacts. In general, the mechanisms that under-
lie these short-duration intense system shocks sug-
gest that as warming increases, short-duration
intense wet system shocks will also increase along
with possible impacts. Less is understood about flash
droughts. Both are described below.

Precipitation Intensity Increases. Increasing pre-
cipitation intensity has implications for overbank
flows in rivers and for dam safety, as dams are gener-
ally designed based on historical hydrology, not nec-
essarily considering projections of future hydrologic
conditions. Flooding can lead to a broad array of
risks, including direct risks to human life, destruction
of residential, commercial, and industrial properties,
loss of agricultural lands and associated activities,
and interruption of communications, energy, trans-
portation, and water treatment systems.

Extreme precipitation events generated by ARs
have had dramatic economic impacts on western
states, including those in the Colorado River Basin.
Research on insured flood losses estimated areas in

the Lower Basin where losses due to ARs were
between 26% and 84% from 1978 to 2017 (Corring-
ham et al. 2019). Though AR losses in the Colorado
River Basin were smaller compared to coastal areas
(where proportions are upwards of 99%), contribu-
tions were still significant (Corringham et al. 2019).
The likelihood that ARs and associated storms will
become more intense (wetter, longer, and wider) (Ger-
shunov et al. 2019) paints a worrying picture of
increasingly magnified impacts.

Higher precipitation intensity can also be benefi-
cial. For example, in the Southwest, where ground-
water recharge is dependent on large runoff events,
the rate, and volume of natural recharge and poten-
tial stormwater capture and recharge could increase
(Thomas et al. 2016). ARs on the west coast have also
been shown to be drought busters in California, Ore-
gon, and Washington (Dettinger 2013) and a recent
study shows that about a third of the annual peak
snow water in the Upper Colorado River basin comes
from ARs (Xiao and Lettenmaier 2021).

Rapid Onset Drying (Flash Droughts). Flash
droughts can drawdown water supplies, erasing gains
from higher precipitation, or put additional pressure
on critically low water supplies. Other impacts might
include disruptions to recreation and increased wild-
fire risk (as occurred in the 2017 Northern Great
Plains flash drought (Hoell et al. 2020).

Linkages to Climate Change. Precipitation
Intensity Increases. Well-understood mechanisms
such as the relationship between ability of the air to
hold moisture with increasing temperature underpin
much of what we understand about the atmosphere
and increase confidence that changes in the frequency
and intensity of heavy precipitation will likely occur in
the future. The Fourth National Climate Assessment
indicates medium confidence in increasing frequency
and severity of landfalling ARs, though there is less
confidence (“low”) in increasing winter storm fre-
quency and intensity (partially because of the spatial
heterogeneity in patterns) (Kossin et al. 2017).

It is less straightforward to assess where these
changes will have the most impact, how big that
impact will be, and at what point in the future
thresholds of concern will be breached. To get at
these questions, changes can be evaluated using mul-
tiple approaches including both statistical and
dynamical downscaled global and regional climate
models (Gutmann et al. 2016; Shamir et al. 2019),
attribution studies, and new machine learning tech-
niques (Sippel et al. 2019; Heinze-Deml et al. 2020).
However, as noted above, it is far more difficult to
model changes in future extremes/pulses than it is to
model and project trends in average temperature or
precipitation.
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While increased precipitation intensity has trans-
lated into flooding historically, trends in the western
U.S. are mixed with regard to increasing flooding
magnitude, in part because: (1) as described above,
there are different scales and types of flooding (Kos-
sin et al. 2017); (2) flooding is the result of a complex
mix of processes at multiple scales (Easterling
et al. 2017; Davenport et al. 2020), (3) the influence
of antecedent conditions as well as altitude, latitude,
geologic factors; and (4) the presence of other prior
events (such as droughts and wildfires). Because of
overall increases in intensity of rainfall, local or
“flash” flooding is likely to increase in the future, but
broader scale events are influenced by many factors
in different parts of the Colorado River Basin, and
therefore projections of changes in flooding are more
difficult at larger scales (Kossin et al. 2017).

Rapid Onset Drying (Flash Droughts). It remains
an open question whether short dry-system shocks
will increase. Potential evapotranspiration increases
with temperature (and the moisture-holding capacity
of air), and precipitation variability is projected to
increase with warming (Pendergrass et al. 2017),
both of which provide favorable conditions for rapid
onset drying. However, how plants respond to
increasing carbon dioxide might mitigate this
response (Swann et al. 2016) but to what degree,
especially in the Colorado River Basin, remains an
area of active research.

Event of Concern 6: Amplified Wet and Dry Swings

Concern about more frequent and/or intense wet
and dry periods is amplified further if swings
between the two types of extremes happen in rapid
succession, recently referred to as “climate whiplash”
(Swain et al. 2018). At the scenario planning work-
shops, this concern was described as multiyear dry
spells broken by a couple of very wet years, and the
prevalent concern was whether, in a warmer climate,
these swings would become more frequent or rapid.

Droughts and floods are usually studied indepen-
dently. However, spurred by recent events like Cali-
fornia’s floods in 2017 — a winter pluvial (a pluvial
typically refers to a period of time marked by an
intense increase in rainfall) that was preceded by a
6-year drought — more efforts are underway to sys-
tematically evaluate the “drought-pluvial see-saw”
(He and Sheffield 2020).

Physical Mechanisms. In a warmer climate,
more intense wet extremes (e.g., driven by the C-C
relationship, mentioned above) and a higher fre-
quency of dry extremes (e.g., longer dry periods dri-
ven by warmer temperatures and increasing

evaporative demand) are more likely to occur. From
the perspective of atmospheric dynamics, this is a com-
bination of increased moisture and weakening of over-
all circulation that must accompany a change in
increased moisture for the water cycle to continue to
satisfy the global energy balance. Consequently, more
intense precipitation and weakened circulation sug-
gests an expected increase in the drought-pluvial see-
saw. These relationships have only just begun to be
explored (Pendergrass and Gerber 2016; Konapala
et al. 2016; Pendergrass et al. 2017; Swain et al. 2018;
He and Sheffield 2020; Schwarzwald et al,. 2021). To
date, this is being studied in a variety of distinct ways,
for example: event coincident analysis (He and
Sheffield 2020); principal component analysis (Wahl
et al. 2020); climate model simulations (Swain
et al. 2018); and evaluations of historical measures of
drought end (Dettinger 2013).

Impacts. The intensification of wet and dry
swings has the potential to upset an already precari-
ous balance between reservoir water storage for
droughts and reservoirs as flood control management
mechanisms, especially when reservoir storage is lim-
ited (Swain et al. 2018; Vano et al. 2019). This
impacts water resource management and emergency
management, as well as a region’s economy and
ecosystems (Wahl et al. 2020). There are also com-
pounding effects; for example, dry soils are less por-
ous which can increase flooding when heavy rains
return, and droughts followed by floods can enhance
sedimentation, and as seen in California, a rapid shift
could create a situation where extensive fuel builds
up and is quickly dried out and subject to fire (Wahl
et al. 2020).

Linkages to Climate Change. Investigations of
these swings is an emerging field of study. Worldwide,
one study suggests that ~11% of global droughts are
followed by extreme rainfall (pluvial) events, although
over small regions, and that such swings are occurring
more frequently, suggesting greater variability driven
by climate change (He and Sheffield 2020). More
regionally, using future projections of a large ensemble
of the Community Earth System Model, Swain
et al. (2018) found a 25% to 100% increase in extreme
dry-to-wet precipitation events in California, meaning
California’s already variable year-to-year climate is
likely to become more volatile. In California, rapid
shifts between wet and dry conditions have occurred
historically, and while it is challenging to project the
frequency of future shifts, there is evidence that inten-
sified changes in the hydrologic cycle are likely (Swain
et al. 2018; Wahl et al. 2020). To date, we are unaware
of studies that evaluate these changes, or their
impacts, in the Colorado River Basin specifically.
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Event of Concern 7: Decline in Monsoons

The North American Monsoon is a core feature in
the seasonal precipitation patterns over the Lower
Basin, and the southerly portion of the Upper Basin,
with summer precipitation peaking between July and
September, and accounting for over 70% of the
annual rainfall for portions of the Basin (Cook and
Seager 2013). Modeling suggests that strong changes
in seasonality (monsoon peaks occurring later in the
year), could change the timing of extreme events
(Cook and Seager 2013). Additionally, monsoons are
predicted to be generally drier (up to 40% in areas of
the Colorado River Basin) in July and August (Pas-
cale et al. 2017). The 2020 monsoon season was extre-
mely dry and was labeled a “nonsoon,” with July,
August, and September seeing record-driest and
record-hottest conditions for large portions of the
Basin (CLIMAS 2020; Gardner 2020). Moving to the
other end of the spectrum, the 2021 monsoon season
was so strong that July was the wettest month on
record in Tucson and among the wettest months on
record in Phoenix (NOAA 2021b). Recent observa-
tional and modeling work suggests that portions of
the Basin may experience a smaller number of more
extreme monsoon precipitation events (subdaily rain-
fall intensities), particularly in southwestern and cen-
tral Arizona (Luong et al. 2017; Demaria et al. 2019).

Physical Mechanisms. Climate modeling points
to barriers that inhibit convection and cloud formation,
resulting in reductions in early monsoon season precip-
itation. There is strong evidence that these barriers
are generated by reduced evapotranspiration (due to
lack of moisture at the land surface) and increased
atmospheric stability caused by higher temperatures
associated with greenhouse gas emissions (Cook and
Seager 2013). Research shows that monsoons are
becoming more “thermodynamically dominated,”
meaning increased moisture in the atmosphere will
create more extreme precipitation events (Pascale
et al. 2019), although events may occur less frequently.

Impacts. Changes in monsoon seasonality can
have wide-ranging impacts on fire and disturbance
regimes (Ray et al. 2007; Arizpe et al. 2020), plant
communities (Ray et al. 2007), and ranching and cat-
tle grazing (Ray et al. 2007). The delayed or reduced
monsoon precipitation patterns may also magnify the
impacts of other events such as droughts or wildfire.
Work exploring the contribution of the North Ameri-
can Monsoon to streamflows in a headwater basin,
East River, Colorado, showed that monsoon rains
contributed significantly (10%) to annual flow, but
highlighted that summer rains produce more stream-
flow when there is more snow accumulation (and

higher soil moisture conditions), so this impact may
diminish in a warmer future (Carroll et al. 2020).

Linkages to Climate Change. A recent review
by Wang et al. (2021) of the impacts of climate change
on monsoons highlights the patterns described above
from multiple studies (change in seasonality, and
higher likelihood of extreme rainfall events) but there
is low confidence in the results because of local factors,
for example, vegetation dynamics, land cover, soil
moisture, and remote biases, connections with sea sur-
face temperatures, in the models. However, Wang
et al. 2021 attribute high confidence in an overall
future decrease in rainfall from the North American
Monsoon. A recent hydroclimate analysis of the Lower
Santa Cruz River in Arizona used future projections to
evaluate monsoon changes and found that the worst-
case scenario considered reflected a more variable
future with a greater range in season lengths from
year to year with “precipitation events becoming more
intermittent, but more extreme” (Bureau of Reclama-
tion 2021b), changes already documented in the histor-
ical record (Luong et al. 2017; Demaria et al. 2019).

Additional Climate-Related Events

This paper highlights climate-related extremes
identified by water managers and their implications
for the Colorado River Basin. While the seven cate-
gories of climate-related extremes were identified as
especially critical, it is important to recognize that for
water managers, these may interact with other dis-
ruptive social or economic challenges, as well as other
climate-change-driven changes which may impact
water management indirectly. For example, while sea
level rise impacts do not occur within the hydrologic
boundaries of the Basin, responses to coastal distur-
bances can impact the Basin in multiple ways, partic-
ularly through supply chain disruption (Fleming
et al. 2018). Disruption of the flow of energy, goods
and services along the coasts have ripple effects else-
where. It is nearly certain that sea level will continue
to increase over the coming decades. The 2019 IPCC
Special Report on the Ocean and Cryosphere in a
Changing Climate, indicates that global mean sea
level has been rising since 1900, but that the rate of
increase has recently accelerated (IPCC 2019).

CONCLUSIONS

We present an overview of the current state of
knowledge and research on trends in seven categories
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of climate-related extremes that had been prioritized
as concerns by Basin stakeholders and water man-
agers. Because extreme weather events across the U.S.
are related to billions of dollars in economic costs every
year (without accounting for human suffering and
environmental impacts), it is imperative that water
and resource managers are aware of the latest scien-
tific information related to trends in the intensity,
duration, and frequency of these events. The science of
event attribution, which connects the causes of
extreme events to drivers (including climate change) is
maturing and has already led to significant progress in
our understanding of what to expect in the future. In
the near term, the information contained in this paper
is intended to provide an accessible and readable sum-
mary of both the pulse of extreme weather events and
press of progressive average changes in climate, and a
context to support planning for a range of future condi-
tions that include greater and more frequent extreme
events. Additionally, while the extremes described in
the sections above are individually concerning, it is
important to recognize the extremes and their impacts
may compound.

The press of increasing temperatures suggests a
gradual change, which could be relatively easy to
adapt to (e.g., adjusting to diminishing snowpack and
declining runoff efficiency overtime). However, these
same changes also eventually result in years that,
when combined with natural variability, cross impor-
tant thresholds that can decrease surface reservoir
and groundwater levels to the point where there are
significant impacts (Castle et al. 2014; Tillman
et al. 2020). Meanwhile, the character of natural
variability itself is changing.

This paper is intended to provide Basin stakehold-
ers and water managers with an understanding of
what to expect in terms of trends in extreme events
(as opposed to general projections of climate change)
in the future, based on best available science today.
The discussion of each of the extreme events of con-
cern includes a discussion of both climate mecha-
nisms and expected impacts. We also share this
information (e.g., Table 1) as part of the Colorado
River Science Wiki (www.coloradoriverscience.org) so
it can be updated as the science evolves.

Climate change shifts the odds of extreme events
by applying a steady press on the system, but it also
is changing some of the mechanisms that drive vari-
ability and day-to-day weather patterns. This combi-
nation is leading to more extreme conditions (pulses)
with the potential for more significant water manage-
ment impacts. Thinking about future conditions in
this way is likely to be most helpful to water man-
agers and planners by providing context for building
“what if” scenarios and understandings of where the
greatest future climate-related risks may be. We also

hope this work elevates the questions the research
community could explore to further understand
extreme climate-related events most concerning to
Colorado River Basin decision makers.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study
are available at https://doi.org/10.5281/zenodo.
6413075. These data were derived from the following
resources available in the public domain: NOAA
National Centers for Environmental Information, Cli-
mate at a Glance Regional Time Series.

ACKNOWLEDGMENTS

We thank the Walton Family Foundation for providing support
for this effort. We are particularly indebted to Ken Kunkel, Jeff
Lukas, Mike Dettinger, Mike Crimmins, and Jason Giovannettone
for sharing their insights on these issues and to our reviewers for
pointing out important issues to be addressed. J.A.V. time was
supported by NOAA Climate Program Office, Sectoral Application
Research Program, NA18OAR4310259. A.G.P. was supported by
the U.S. Department of Energy, Office of Science, Office of Biologi-
cal & Environmental Research (BER), Regional and Global Model
Analysis (RGMA) component of the Earth and Environmental Sys-
tem Modeling Program under Award Number DE-SC0022070 and
National Science Foundation (NSF) IA 1947282 and by the
National Center for Atmospheric Research (NCAR), which is a
major facility sponsored by the NSF under Cooperative Agreement
No. 1852977.

AUTHOR CONTRIBUTIONS

Amy L. McCoy: Conceptualization; formal analysis;
methodology; project administration; writing – origi-
nal draft. Katharine L. Jacobs: Conceptualization;
formal analysis; methodology; project administration;
writing – original draft. Julie A. Vano: Conceptualiza-
tion; formal analysis; writing – original draft. J. Kea-
ton Wilson: Data curation; visualization; writing –
original draft. Season Martin: Conceptualization;
writing – original draft. Robert Cifelli: Writing – orig-
inal draft; writing – review and editing. Angeline G.
Pendergrass: Writing – original draft; writing –
review and editing.

LITERATURE CITED

116th Congress. 2019. “Colorado River Basin Drought Contingency
Plans.”

Abatzoglou, J., and C. Kolden. 2011. “Climate Change in Western
US Deserts: Potential for Increased Wildfire and Invasive

JAWRA JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION1092

MCCOY, JACOBS, VANO, WILSON, MARTIN, PENDERGRASS, AND CIFELLI

 17521688, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1752-1688.13021, W

iley O
nline L

ibrary on [22/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.coloradoriverscience.org
https://doi.org/10.5281/zenodo.6413075
https://doi.org/10.5281/zenodo.6413075


Annual Grasses.” Rangeland Ecology & Management 64: 471–
78.

Abatzoglou, J.T., and A.P. Williams. 2016. “Impact of Anthro-
pogenic Climate Change on Wildfire across Western US For-
ests.” Proceedings of the National Academy of Sciences of the
United States of America 113: 11770–75.

ADWR. 2020. “‘Non-Soon’ Version 2.0 Has Arrived and It’s Bigger,
Hotter, and Drier Than Ever.” State Government, Arizona
Department of Water Resources. https://new.azwater.gov/news/
articles/2020-06-08.

ADWR. 2021. “Monsoon 2021: So Far, It’s Been Wet, Wild and a
Valuable Part of Arizona’s Moisture Mix.” https://new.azwater.
gov/news/articles/2021-30-07.

Alexander, M.A., J.D. Scott, D. Swales, M. Hughes, K. Mahoney,
and C.A. Smith. 2015. “Moisture Pathways into the U.S. Inter-
mountain West Associated with Heavy Winter Precipitation
Events.” Journal of Hydrometeorology 16: 1184–206.

Arizpe, A.H., D.A. Falk, C.A. Woodhouse, and T.W. Swetnam.
2020. “Widespread Fire Years in the US–Mexico Sky Islands
Are Contingent on both Winter and Monsoon Precipitation.”
International Journal of Wildland Fire 29: 1072.

Barnett, T.P., J.C. Adam, and D.P. Lettenmaier. 2005. “Potential
Impacts of a Warming Climate on Water Availability in Snow-
Dominated Regions.” Nature 438: 303–09.

Barnhart, T.B., N.P. Molotch, B. Livneh, A.A. Harpold, J.F.
Knowles, and D. Schneider. 2016. “Snowmelt Rate Dictates
Streamflow: Snowmelt Rate Dictates Streamflow.” Geophysical
Research Letters 43: 8006–16.

Batka, J. 2014. “Case Study: Front Range Flood (Colorado, 2013).”
Lessons Learned from Dam Incidents and Failures. https://
damfailures.org/case-study/front-range-flood-colorado-2013/.

Berghuijs, W.R., R.A. Woods, and M. Hrachowitz. 2014. “A Precipi-
tation Shift from Snow toward Rain Leads to a Decrease in
Streamflow.” Nature Climate Change 4: 583–86.

Brey, S.J., E.A. Barnes, J.R. Pierce, A.L.S. Swann, and E.V. Fis-
cher. 2021. “Past Variance and Future Projections of the Envi-
ronmental Conditions Driving Western U.S. Summertime
Wildfire Burn Area.” Earth’s Future 9: e2020EF001645. https://
doi.org/10.1029/2020EF001645.

Brogan, D.J., P.A. Nelson, and L.H. MacDonald. 2017. “Recon-
structing Extreme Post-Wildfire Floods: A Comparison of Con-
vective and Mesoscale Events.” Earth Surface Processes and
Landforms 42: 2505–22.

Bureau of Reclamation. 2021a. “Current Natural Flow Data 1906–
2021.” https://www.usbr.gov/lc/region/g4000/NaturalFlow/
LFnatFlow1906-2021.2021.8.16.xlsx.

Bureau of Reclamation. 2021b. “Hydroclimate Analysis: Lower
Santa Cruz River Basin Study.” Technical Memorandum, U.S.
Department of the Interior.

Bureau of Reclamation. 2021c. “Reclamation Announces 2022 Oper-
ating Conditions for Lake Powell and Lake Mead.” Bureau of
Reclamation. https://www.usbr.gov/newsroom/#/news-release/
3950.

Callen, H.B. 1985. Thermodynamics and an Introduction to Termo-
statistics. New York: Wiley.

Carodine, V. 2020. “The Year That Changed Everything. How 2020
Has Affected the Way We Should Manage Forest Fires.” Den-
ver’s Mile High Magazine.

Carroll, R.W.H., D. Gochis, and K.H. Williams. 2020. “Efficiency
of the Summer Monsoon in Generating Streamflow within a
Snow-Dominated Headwater Basin of the Colorado River.”
Geophysical Research Letters 47. https://doi.org/10.1029/
2020GL090856.

Castle, S.L., B.F. Thomas, J.T. Reager, M. Rodell, S.C. Swenson,
and J.S. Famiglietti. 2014. “Groundwater Depletion during
Drought Threatens Future Water Security of the Colorado River
Basin.” Geophysical Research Letters 41: 5904–11.

Christian, J.I., J.B. Basara, J.A. Otkin, and E.D. Hunt. 2019.
“Regional Characteristics of Flash Droughts across the United
States.” Environmental Research Communications 1: 125004.

CLIMAS. 2020. “Southwest Climate Outlook September 2020 —
Climate Summary. Climate Assessment for the Southwest.”
https://climas.arizona.edu/blog-archive/202009.

Condon, L.E., A.L. Atchley, and R.M. Maxwell. 2020. “Evapotran-
spiration Depletes Groundwater under Warming over the Con-
tiguous United States.” Nature Communications 11: 873.

Cook, B.I., J.S. Mankin, and K.J. Anchukaitis. 2018. “Climate
Change and Drought: From Past to Future.” Current Climate
Change Reports 4: 164–79.

Cook, B.I., and R. Seager. 2013. “The Response of the North Ameri-
can Monsoon to Increased Greenhouse Gas Forcing.” Journal of
Geophysical Research: Atmospheres 118: 1690–99.

Corbosiero, K.L., M.J. Dickinson, and L.F. Bosart. 2009. “The Con-
tribution of Eastern North Pacific Tropical Cyclones to the Rain-
fall Climatology of the Southwest United States.” Monthly
Weather Review 137: 2415–35.

Corringham, T.W., F.M. Ralph, A. Gershunov, D.R. Cayan, and
C.A. Talbot. 2019. “Atmospheric Rivers Drive Flood Damages in
the Western United States.” Science Advances 5: eaax4631.

Cutting, H., S. Chung, and S. Hassol, eds. 2011. “Current Extreme
Weather and Climate Change.” https://www.
climatecommunication.org/new/features/extreme-weather/
overview/.

Das, T., D.W. Pierce, D.R. Cayan, J.A. Vano, and D.P. Lettenmaier.
2011. “The Importance of Warm Season Warming to Western
U.S. Streamflow Changes.” Geophysical Research Letters 38.
https://doi.org/10.1029/2011GL049660.

Davenport, F.V., J.E. Herrera-Estrada, M. Burke, and N.S. Diffen-
baugh. 2020. “Flood Size Increases Nonlinearly across the Wes-
tern United States in Response to Lower Snow-Precipitation
Ratios.” Water Resources Research 56. https://doi.org/10.1029/
2019WR025571.

Demaria, E.M.C., P. Hazenberg, R.L. Scott, M.B. Meles, M.
Nichols, and D. Goodrich. 2019. “Intensification of the North
American Monsoon Rainfall as Observed from a Long-Term
High-Density Gauge Network.” Geophysical Research Letters 46:
6839–47.

Dettinger, M.D. 2013. “Atmospheric Rivers as Drought Busters on
the U.S. West Coast.” Journal of Hydrometeorology 14: 1721–32.

Diffenbaugh, N.S., D.L. Swain, and D. Touma. 2015. “Anthro-
pogenic Warming Has Increased Drought Risk in California.”
Proceedings of the National Academy of Sciences of the United
States of America 112: 3931–36.

Easterling, D.R., J. Arnold, T. Knutson, K. Kunkel, A. LeGrande,
L.R. Leung, R. Vose, D. Waliser, and M. Wehner. 2017. Precipi-
tation Change in the United States. Publications, Agencies and
Staff of the U.S. Department of Commerce. https://
digitalcommons.unl.edu/usdeptcommercepub/586.

Emori, S., and S.J. Brown. 2005. “Dynamic and Thermodynamic
Changes in Mean and Extreme Precipitation under Changed
Climate.” Geophysical Research Letters 32. https://doi.org/10.
1029/2005GL023272.

Fahey, D.W., S. Doherty, K.A. Hibbard, A. Romanou, and P.C. Tay-
lor. 2017. “Physical Drivers of Climate Change.” In Climate
Science Special Report: Fourth National Climate Assessment
(Volume I), edited by D.J. Wuebbles, D.W. Fahey, K.A. Hibbard,
D.J. Dokken, B.C. Stewart, and T.K. Maycock, 73–113. Wash-
ington, D.C.: U.S. Global Change Research Program.

Fischer, E.M., and R. Knutti. 2016. “Observed Heavy Precipitation
Increase Confirms Theory and Early Models.” Nature Climate
Change 6: 986–91.

Fleming, E., J. Payne, W. Sweet, M. Craghan, J. Haines, J.F. Hart,
H. Stiller, and A. Sutton-Grier. 2018. “Coastal Effects.” In
Impacts, Risks, and Adaptation in the United States: Fourth

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION JAWRA1093

THE PRESS AND PULSE OF CLIMATE CHANGE: EXTREME EVENTS IN THE COLORADO RIVER BASIN

 17521688, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1752-1688.13021, W

iley O
nline L

ibrary on [22/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://new.azwater.gov/news/articles/2020-06-08
https://new.azwater.gov/news/articles/2020-06-08
https://new.azwater.gov/news/articles/2021-30-07
https://new.azwater.gov/news/articles/2021-30-07
https://damfailures.org/case-study/front-range-flood-colorado-2013/
https://damfailures.org/case-study/front-range-flood-colorado-2013/
https://doi.org/10.1029/2020EF001645
https://doi.org/10.1029/2020EF001645
https://www.usbr.gov/lc/region/g4000/NaturalFlow/LFnatFlow1906-2021.2021.8.16.xlsx
https://www.usbr.gov/lc/region/g4000/NaturalFlow/LFnatFlow1906-2021.2021.8.16.xlsx
https://www.usbr.gov/newsroom/#/news-release/3950
https://www.usbr.gov/newsroom/#/news-release/3950
https://doi.org/10.1029/2020GL090856
https://doi.org/10.1029/2020GL090856
https://climas.arizona.edu/blog-archive/202009
https://www.climatecommunication.org/new/features/extreme-weather/overview/
https://www.climatecommunication.org/new/features/extreme-weather/overview/
https://www.climatecommunication.org/new/features/extreme-weather/overview/
https://doi.org/10.1029/2011GL049660
https://doi.org/10.1029/2019WR025571
https://doi.org/10.1029/2019WR025571
https://digitalcommons.unl.edu/usdeptcommercepub/586
https://digitalcommons.unl.edu/usdeptcommercepub/586
https://doi.org/10.1029/2005GL023272
https://doi.org/10.1029/2005GL023272


National Climate Assessment (Volume II), edited by D.R. Reid-
miller, C.W. Avery, D.R. Easterling, K.E. Kunkel, K.L.M. Lewis,
T.K. Maycock, and B.C. Stewart, 1101–84. Washington, D.C.:
U.S. Global Change Research Program.

Ford, T.W., and C.F. Labosier. 2017. “Meteorological Conditions
Associated with the Onset of Flash Drought in the Eastern Uni-
ted States.” Agricultural and Forest Meteorology 247: 414–23.

Gardner, J. 2020. “Monsoon 2020: One of the Hottest, Driest on
Record.” Marana News.

Gerlak, A.K., K.L. Jacobs, A.L. McCoy, S. Martin, M. Rivera-
Torres, A.M. Murveit, A.J. Leinberger, and T. Thomure. 2021.
“Scenario Planning: Embracing the Potential for Extreme
Events in the Colorado River Basin.” Climatic Change 165: 27.

Gershunov, A., T. Shulgina, R.E.S. Clemesha, K. Guirguis, D.W.
Pierce, M.D. Dettinger, D.A. Lavers, et al. 2019. “Precipitation
Regime Change in Western North America: The Role of Atmo-
spheric Rivers.” Scientific Reports 9: 9944.

Gonzalez, P., G.M. Garfin, D.D. Breshears, K.M. Brooks, H.E.
Brown, E.H. Elias, A. Gunasekara, et al. 2018. “Southwest.” In
Impacts, Risks, and Adaptation in the United States: Fourth
National Climate Assessment (Volume II), edited by D.R. Reid-
miller, C.W. Avery, D.R. Easterling, K.E. Kunkel, K.L.M. Lewis,
T.K. Maycock, and B.C. Stewart, 1101–84. Washington, D.C.:
U.S. Global Change Research Program.

Guo, Y., A. Gasparrini, S. Li, F. Sera, A.M. Vicedo-Cabrera, M. de
Sousa Zanotti Stagliorio Coelho, P.H.N. Saldiva, et al. 2018.
“Quantifying Excess Deaths Related to Heatwaves under Cli-
mate Change Scenarios: A Multicountry Time Series Modeling
Study.” PLOS Medicine 15: e1002629.

Gutmann, E., I. Barstad, M. Clark, J. Arnold, and R. Rasmussen.
2016. “The Intermediate Complexity Atmospheric Research
Model (ICAR).” Journal of Hydrometeorology 17: 957–73.

Hamlet, A.F., P.W. Mote, M.P. Clark, and D.P. Lettenmaier. 2005.
“Effects of Temperature and Precipitation Variability on Snow-
pack Trends in the Western United States.” Journal of Climate
18: 4545–61.

Harpold, A.A., and M. Kohler. 2017. “Potential for Changing
Extreme Snowmelt and Rainfall Events in the Mountains of the
Western United States: Changing Extreme Snowmelt and Rain-
fall.” Journal of Geophysical Research: Atmospheres 122 (24):
13–219.

Harpold, A.A., and N.P. Molotch. 2015. “Sensitivity of Soil Water
Availability to Changing Snowmelt Timing in the Western U.S.”
Geophysical Research Letters 42: 8011–20.

He, X., and J. Sheffield. 2020. “Lagged Compound Occurrence of
Droughts and Pluvials Globally over the Past Seven Decades.”
Geophysical Research Letters 47. https://doi.org/10.1029/
2020GL087924.

Heinze-Deml, C., S. Sippel, A.G. Pendergrass, F. Lehner, and N.
Meinshausen. 2020. “Latent Linear Adjustment Autoencoders
v1.0: A Novel Method for Estimating and Emulating Dynamic
Precipitation at High Resolution.” Geoscientific Model Develop-
ment Discussions 2020: 1–39.

Hoell, A., B.-A. Parker, M. Downey, N. Umphlett, K. Jencso, F.A.
Akyuz, D. Peck, et al. 2020. “Lessons Learned from the 2017
Flash Drought across the U.S. Northern Great Plains and Cana-
dian Prairies.” Bulletin of the American Meteorological Society
101: E2171–85.

Hoerling, M., J. Barsugli, B. Livneh, J. Eischeid, X. Quan, and A.
Badger. 2019. “Causes for the Century-Long Decline in Colorado
River Flow.” Journal of Climate 32: 8181–203.

Hoffmann, D., A.J.E. Gallant, and M. Hobbins. 2021. “Flash
Drought in CMIP5 Models.” Journal of Hydrometeorology 22:
1439–54.

Holden, Z.A., A. Swanson, C.H. Luce, W.M. Jolly, M. Maneta, J.W.
Oyler, D.A. Warren, R. Parsons, and D. Affleck. 2018. “Decreas-
ing Fire Season Precipitation Increased Recent Western US

Forest Wildfire Activity.” Proceedings of the National Academy
of Sciences of the United States of America 115: E8349–57.

IPCC. 2012. “Summary for Policymakers.” In Managing the Risks
of Extreme Events and Disasters to Advance Climate Change
Adaptation, a Special Report of Working Groups I and II of the
Intergovernmental Panel on Climate Change, edited by C. B.
Field, V. Barros, T. F. Stocker, D. Qin, D. J. Dokken, K. L. Ebi,
M. D. Mastrandrea, K. J. Mach, G. K. Plattner, S. K. Allen, M.
Tignor, and P. M. Midgley, 1–19. Cambridge, UK and New
York, NY: Cambridge University Press.

IPCC. 2019. IPCC Special Report on the Ocean and Cryosphere in
a Changing Climate, edited by H.-O. P€ortner, D.C. Roberts, V.
Masson-Delmotte, P. Zhai, M. Tignor, E. Poloczanska, K. Min-
tenbeck, A. Alegr�ıa, M. Nicolai, A. Okem, J. Petzold, B. Rama,
and N.M. Weyer. Geneva, Switzerland: Intergovernmental
Panel on Climate Change.

IPCC. 2021. “Summary for Policymakers.” In Climate Change 2021:
The Physical Science Basis. Contribution of Working Group I to
the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change, edited by V. Masson-Delmotte, P. Zhai, A. Pir-
ani, S.L. Connors, C. P�ean, S. Berger, N. Caud, Y. Chen, L.
Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R.
Matthews, T.K. Maycock, T. Waterfield, O. Yelekc�i, R. Yu, and
B. Zhou, 5–42. Cambridge, UK: Cambridge University Press.

Jacobs, K.L., A.L. McCoy, S. Martin, and A.K. Gerlak. 2020.
“Reimagining the Colorado River by Exploring Extreme
Events.” Eos 101. https://doi.org/10.1029/2020EO151369.

Jenkins, M.J., J.B. Runyon, C.J. Fettig, W.G. Page, and B.J. Bentz.
2014. “Interactions among the Mountain Pine Beetle, Fires, and
Fuels.” Forest Science 60: 489–501.

Jewett, L., and A. Romanou. 2017. “Ocean Acidification and Other
Ocean Changes.” In Climate Science Special Report: Fourth
National Climate Assessment (Volume II), edited by D.J. Wueb-
bles, D.W. Fahey, K.A. Hibbard, D.J. Dokken, B.C. Stewart, and
T.K. Maycock, 364–92. Washington, D.C.: U.S. Global Change
Research Program.

Kean, J.W., D.M. Staley, J.T. Lancaster, F.K. Rengers, B.J. Swan-
son, J.A. Coe, J.L. Hernandez, A.J. Sigman, K.E. Allstadt, and
D.N. Lindsay. 2019. “Inundation, Flow Dynamics, and Damage
in the 9 January 2018 Montecito Debris-Flow Event, California,
USA: Opportunities and Challenges for Post-Wildfire Risk
Assessment.” Geosphere 15: 1140–63.

Knutson, T., J.P. Kossin, C. Mears, J. Perlwitz, and M.F. Wehner.
2017. “Detection and Attribution of Climate Change.” In Climate
Science Special Report: Fourth National Climate Assessment
(Volume I), edited by D.J. Wuebbles, D.W. Fahey, K.A. Hibbard,
D.J. Dokken, B.C. Stewart, and T.K. Maycock, 114–32. Wash-
ington, D.C.: U.S. Global Change Research Program.

Konapala, G., and A.K. Mishra. 2016. “Three-Parameter-Based
Streamflow Elasticity Model: \hack\newlineapplication to
MOPEX Basins in the USA at Annual\hack\newline and Sea-
sonal Scales.” Hydrology and Earth System Sciences 20: 2545–
56. https://doi.org/10.5194/hess-20-2545-2016.

Kossin, J., T. Hall, T. Knutson, K. Kunkel, R. Trapp, D. Waliser,
and M. Wehner. 2017. In Climate Science Special Report: A Sus-
tained Assessment Activity of the U.S. Global Change Research
Program, edited by D.J. Wuebbles, D.W. Fahey, K.A. Hibbard,
D.J. Dokken, B.C. Stewart, and T.K. Maycock, 375–404. Wash-
ington, D.C.: U.S. Global Change Research Program.

Kuhn, E., and J. Fleck. 2019. Science be Dammed: How Ignoring
Inconvenient Science Drained the Colorado River. Tucson, AZ:
University of Arizona Press.

Li, D., M.L. Wrzesien, M. Durand, J. Adam, and D.P. Lettenmaier.
2017. “How Much Runoff Originates as Snow in the Western
United States, and how Will that Change in the Future?: Wes-
tern U.S.” Snowmelt-Derived Runoff. Geophysical Research Let-
ters 44: 6163–72.

JAWRA JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION1094

MCCOY, JACOBS, VANO, WILSON, MARTIN, PENDERGRASS, AND CIFELLI

 17521688, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1752-1688.13021, W

iley O
nline L

ibrary on [22/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1029/2020GL087924
https://doi.org/10.1029/2020GL087924
https://doi.org/10.1029/2020EO151369
https://doi.org/10.5194/hess-20-2545-2016


Lukas, J., and B. Harding. 2020. “Chapter 2: Current Understand-
ing of Colorado River Basin Climate and Hydrology.” In Color-
ado River Basin Climate and Hydrology: State of the Science,
Western Water Assessment, edited by J. Lukas and E. Payton,
42–81. Boulder: University of Colorado.

Lukas, J., and E. Payton. 2020. Colorado River Basin Climate and
Hydrology: State of the Science. Western Water Assessment,
University of Colorado Boulder. https://doi.org/10.25810/3hcv-
w477.

Lund, J., J. Medellin-Azuara, J. Durand, and K. Stone. 2018. “Les-
sons from California’s 2012–2016 Drought.” Journal of Water
Resources Planning and Management 144: 04018067.

Luong, T.M., C.L. Castro, H.-I. Chang, T. Lahmers, D.K. Adams,
and C.A. Ochoa-Moya. 2017. “The more Extreme Nature of
North American Monsoon Precipitation in the Southwestern
United States as Revealed by a Historical Climatology of Simu-
lated Severe Weather Events.” Journal of Applied Meteorology
and Climatology 56: 2509–29.

McCabe, G.J., M.P. Clark, and L.E. Hay. 2007. “Rain-on-Snow
Events in the Western United States.” Bulletin of the American
Meteorological Society 88: 319–28.

McCabe, G.J., and D.M. Wolock. 2016. “Variability and Trends in
Runoff Efficiency in the Conterminous United States.” Journal
of the American Water Resources Association 52: 1046–55.

McCabe, G.J., D.M. Wolock, G.T. Pederson, C.A. Woodhouse, and
S. McAfee. 2017. “Evidence that Recent Warming Is Reducing
Upper Colorado River Flows.” Earth Interactions 21: 1–14.

Meehl, G.A., C. Tebaldi, G. Walton, D. Easterling, and L. McDa-
niel, 2009. “Relative Increase of Record High Maximum Temper-
atures Compared to Record Low Minimum Temperatures in the
U.S. Geophysical Research Letters 36:L23701.”

Meko, D.M., C.A. Woodhouse, C.A. Baisan, T. Knight, J.J. Lukas,
M.K. Hughes, and M.W. Salzer. 2007. “Medieval Drought in the
Upper Colorado River Basin.” Geophysical Research Letters 34:
L10705.

Miller, O.L., M.P. Miller, P.C. Longley, J.R. Alder, L.A. Bearup, T.
Pruitt, D.K. Jones, A.L. Putman, C.A. Rumsey, and T. McKin-
ney. 2021. “How Will Baseflow Respond to Climate Change in
the Upper Colorado River Basin?” Geophysical Research Letters.
https://doi.org/10.1029/2021GL095085.

Milly, P.C.D., and K.A. Dunne. 2020. “Colorado River Flow Dwin-
dles as Warming-Driven Loss of Reflective Snow Energizes Eva-
poration.” Science 367: 1252–55.

Min, S.-K., X. Zhang, F.W. Zwiers, and G.C. Hegerl. 2011. “Human
Contribution to More-Intense Precipitation Extremes.” Nature
470: 378–81.

Mote, P.W., S. Li, D.P. Lettenmaier, M. Xiao, and R. Engel. 2018.
“Dramatic Declines in Snowpack in the Western US.” NPJ Cli-
mate and Atmospheric Science 1: 2.

Musselman, K., N. Addor, J. Vano, and N. Molotch. 2021. “Melt
Trends Portend Widespread Declines in Snow Water
Resources.” Research Square. https://doi.org/10.21203/rs.3.rs-
79081/v1.

Musselman, K.N., M.P. Clark, C. Liu, K. Ikeda, and R. Rasmussen.
2017. “Slower Snowmelt in a Warmer World.” Nature Climate
Change 7: 214–19.

Musselman, K.N., F. Lehner, K. Ikeda, M.P. Clark, A.F. Prein, C.
Liu, M. Barlage, and R. Rasmussen. 2018. “Projected Increases
and Shifts in Rain-on-Snow Flood Risk over Western North
America.” Nature Climate Change 8: 808–12.

NASEM (National Academies of Sciences, Engineering, and Medi-
cine). 2016. Attribution of Extreme Weather Events in the Con-
text of Climate Change. Washington D.C.: The National
Academies Press. https://doi.org/10.17226/21852.

Niraula, R., T. Meixner, F. Dominguez, N. Bhattarai, M. Rodell, H.
Ajami, D. Gochis, and C. Castro. 2017. “How Might Recharge

Change under Projected Climate Change in the Western U.S.?”
Geophysical Research Letters 44: 10407–18.

NOAA. 2020. “Summer of 2020 Climate Review. National Weather
Service.” https://www.weather.gov/pub/
climate2020SummerReviewFallPreview.

NOAA. 2021a. “National Centers for Environmental Information.”
Climate Data Online. https://www.ncdc.noaa.gov/cdo-web/.

NOAA. 2021b. “National Weather Service: Tucson Monthly Climate
Reports.” https://www.wrh.noaa.gov/twc/climate/reports.php.

NOAA. 2021c. “National Centers for Environmental Information.”
Climate at a Glance Regional Time Series Data Set. https://
www.ncdc.noaa.gov/cag/.

NOAA. 2021d. “U.S. Climate Extremes Index (CEI).” Climate.Gov.
https://www.climate.gov/maps-data/dataset/us-climate-extremes-
index-graph-or-map.

NOAA. 2022. “NOAA: Climate at a Glance.” NOAA. https://www.
ncdc.noaa.gov/cag/.

Otkin, J.A., M. Svoboda, E.D. Hunt, T.W. Ford, M.C. Anderson, C.
Hain, and J.B. Basara. 2018. “Flash Droughts: A Review and
Assessment of the Challenges Imposed by Rapid-Onset
Droughts in the United States.” Bulletin of the American Meteo-
rological Society 99: 911–19.

Painter, T.H., S.M. Skiles, J.S. Deems, W.T. Brandt, and J. Dozier.
2018. “Variation in Rising Limb of Colorado River Snowmelt
Runoff Hydrograph Controlled by Dust Radiative Forcing in
Snow.” Geophysical Research Letters 45: 797–808.

Pascale, S., W.R. Boos, S. Bordoni, T.L. Delworth, S.B. Kapnick, H.
Murakami, G.A. Vecchi, and W. Zhang. 2017. “Weakening of the
North American Monsoon with Global Warming.” Nature Cli-
mate Change 7: 806–12.

Pascale, S., L.M.V. Carvalho, D.K. Adams, C.L. Castro, and I.F.A.
Cavalcanti. 2019. “Current and Future Variations of the Mon-
soons of the Americas in a Warming Climate.” Current Climate
Change Reports 5: 125–44. https://doi.org/10.1007/s40641-019-
00135-w.

Payne, A.E., M.-E. Demory, L.R. Leung, A.M. Ramos, C.A. Shields,
J.J. Rutz, N. Siler, G. Villarini, A. Hall, and F.M. Ralph. 2020.
“Responses and Impacts of Atmospheric Rivers to Climate
Change.” Nature Reviews Earth & Environment 1: 143–57.

Pendergrass, A.G., and D.L. Hartmann. 2014. “Changes in the
Distribution of Rain Frequency and Intensity in Response to
Global Warming.” Journal of Climate 27: 8372–83.

Pendergrass, A.G., and E.P. Gerber. 2016. “The Rain Is Askew:
Two Idealized Models Relating Vertical Velocity and Precipita-
tion Distributions in a Warming World.” Journal of Climate 29:
6445–62. https://doi.org/10.1175/JCLI-D-16-0097.1.

Pendergrass, A.G., R. Knutti, F. Lehner, C. Deser, and B.M. San-
derson. 2017. “Precipitation Variability Increases in a Warmer
Climate.” Scientific Reports 7: 17966.

Pendergrass, A.G., G.A. Meehl, R. Pulwarty, M. Hobbins, A. Hoell,
A. AghaKouchak, C.J.W. Bonfils, et al. 2020. “Flash Droughts
Present a New Challenge for Subseasonal-to-Seasonal Predic-
tion.” Nature Climate Change 10: 191–99.

Ray, A.J., G.M. Garfin, M. Wilder, M. V�asquez-Le�on, M. Lenart,
and A.C. Comrie. 2007. “Applications of Monsoon Research:
Opportunities to Inform Decision Making and Reduce Regional
Vulnerability.” Journal of Climate 20: 1608–27.

Reisen, F., S.M. Duran, M. Flannigan, C. Elliott, and K. Rideout.
2015. “Wildfire Smoke and Public Health Risk.” International
Journal of Wildland Fire 24: 1029–44.

Reynolds, R.L., H.L. Goldstein, B.M. Moskowitz, R.F. Kokaly, S.M.
Munson, P. Solheid, G.N. Breit, C.R. Lawrence, and J. Derry.
2020. “Dust Deposited on Snow Cover in the San Juan Moun-
tains, Colorado, 2011–2016: Compositional Variability Bearing
on Snow-Melt Effects.” Journal of Geophysical Research: Atmo-
spheres 125. https://doi.org/10.1029/2019JD032210.

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION JAWRA1095

THE PRESS AND PULSE OF CLIMATE CHANGE: EXTREME EVENTS IN THE COLORADO RIVER BASIN

 17521688, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1752-1688.13021, W

iley O
nline L

ibrary on [22/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.25810/3hcv-w477
https://doi.org/10.25810/3hcv-w477
https://doi.org/10.1029/2021GL095085
https://doi.org/10.21203/rs.3.rs-79081/v1
https://doi.org/10.21203/rs.3.rs-79081/v1
https://doi.org/10.17226/21852
https://www.weather.gov/pub/climate2020SummerReviewFallPreview
https://www.weather.gov/pub/climate2020SummerReviewFallPreview
https://www.ncdc.noaa.gov/cdo-web/
https://www.wrh.noaa.gov/twc/climate/reports.php
https://www.ncdc.noaa.gov/cag/
https://www.ncdc.noaa.gov/cag/
https://www.climate.gov/maps-data/dataset/us-climate-extremes-index-graph-or-map
https://www.climate.gov/maps-data/dataset/us-climate-extremes-index-graph-or-map
https://www.ncdc.noaa.gov/cag/
https://www.ncdc.noaa.gov/cag/
https://doi.org/10.1007/s40641-019-00135-w
https://doi.org/10.1007/s40641-019-00135-w
https://doi.org/10.1175/JCLI-D-16-0097.1
https://doi.org/10.1029/2019JD032210


Rhoades, A.M., A.D. Jones, A. Srivastava, H. Huang, T.A. O’Brien,
C.M. Patricola, P.A. Ullrich, M. Wehner, and Y. Zhou. 2020.
“The Shifting Scales of Western U.S. Landfalling Atmospheric
Rivers under Climate Change.” Geophysical Research Letters 47:
e2020GL089096. https://doi.org/10.1029/2020GL089096.

Robinson, P.J. 2001. “On the Definition of a Heat Wave.” Journal
of Applied Meteorology 40: 14.

Rutz, J.J., W.J. Steenburgh, and F.M. Ralph. 2015. “The Inland
Penetration of Atmospheric Rivers over Western North America:
A Lagrangian Analysis.” Monthly Weather Review 143: 1924–44.

Schwarzwald, K., A. Poppick, M. Rugenstein, J. Bloch-Johnson, J.
Wang, D. McInerney, and E.J. Moyer. 2021. “Changes in
Future Precipitation Mean and Variability across Scales.”
Journal of Climate 34: 2741–58. https://doi.org/10.1175/JCLI-D-
20-0001.1.

Shamir, E., E. Halper, T. Modrick, K.P. Georgakakos, H.-I. Chang,
T.M. Lahmers, and C. Castro. 2019. “Statistical and Dynamical
Downscaling Impact on Projected Hydrologic Assessment in
Arid Environment: A Case Study from Bill Williams River Basin
and Alamo Lake, Arizona.” Journal of Hydrology X 2: 100019.

Simpson, I.R., R. Seager, M. Ting, and T.A. Shaw. 2016. “Causes of
Change in Northern Hemisphere Winter Meridional Winds and
Regional Hydroclimate.” Nature Climate Change 6: 65–70.

Sippel, S., N. Meinshausen, A. Merrifield, F. Lehner, A.G. Pender-
grass, E. Fischer, and R. Knutti. 2019. “Uncovering the Forced
Climate Response from a Single Ensemble Member Using Sta-
tistical Learning.” Journal of Climate 32: 5677–99.

Swain, D.L., B. Langenbrunner, J.D. Neelin, and A. Hall. 2018.
“Increasing Precipitation Volatility in Twenty-First-Century
California.” Nature Climate Change 8: 427–33.

Swales, D., M. Alexander, and M. Hughes. 2016. “Examining Mois-
ture Pathways and Extreme Precipitation in the U.S. Inter-
mountain West Using Self-Organizing Maps.” Geophysical
Research Letters 43: 1727–35.

Swann, A.L.S., F.M. Hoffman, C.D. Koven, and J.T. Randerson.
2016. “Plant Responses to Increasing CO2 Reduce Estimates of
Climate Impacts on Drought Severity.” Proceedings of the
National Academy of Sciences 113: 10019.

Thomas, B., A. Behrangi, and J. Famiglietti. 2016. “Precipitation
Intensity Effects on Groundwater Recharge in the Southwestern
United States.” Water 8: 90.

Tillman, F.D., S. Gangpadhyay, and T. Pruitt. 2020. “Trends in
Recent Historical and Projected Climate Data for the Colorado
River Basin and Potential Effects on Groundwater Availability.”
U.S. Geological Survey Scientific Investigations Report.

Tohver, I.M., A.F. Hamlet, and S.-Y. Lee. 2014. “Impacts of 21st-
Century Climate Change on Hydrologic Extremes in the Pacific
Northwest Region of North America.” Journal of the American
Water Resources Association 50: 1461–76.

Trenberth, K. 2011. “Changes in Precipitation with Climate
Change.” Climate Research 47: 123–38.

Udall, B., and J. Overpeck. 2017. “The Twenty-First Century Color-
ado River Hot Drought and Implications for the Future.” Water
Resources Research 53: 2404–18.

Vano, J., T. Das, and D. Lettenmaier. 2012. “Hydrologic Sensitivi-
ties of Colorado River Runoff to Changes in Precipitation and
Temperature.” Journal of Hydrometeorology 13: 932–49.

Vano, J.A., B. Udall, D.R. Cayan, J.T. Overpeck, L.D. Brekke, T.
Das, H.C. Hartmann, et al. 2014. “Understanding Uncertainties
in Future Colorado River Streamflow.” Bulletin of the American
Meteorological Society 95: 59–78. https://doi.org/10.1175/BAMS-
D-12-00228.1.

Vano, J.A., K. Miller, M.D. Dettinger, R. Cifelli, D. Curtis, A.
Dufour, J.R. Olsen, and A.M. Wilson. 2019. “Hydroclimatic
Extremes as Challenges for the Water Management Commu-
nity: Lessons from Oroville Dam and Hurricane Harvey.” Bul-
letin of the American Meteorological Society 100: S9–14.

Vose, R.S., D.R. Easterling, K.E. Kunkel, A.N. LeGrande, and
M.F. Wehner. 2017. “Temperature Changes in the United
States.” In Climate Science Special Report: Fourth National
Climate Assessment (Volume I), edited by D.J. Wuebbles, D.W.
Fahey, K.A. Hibbard, D.J. Dokken, B.C. Stewart, and T.K.
Maycock, 185–206. Washington, D.C.: U.S. Global Change
Research Program.

Wahl, E.R., A. Hoell, E. Zorita, E. Gille, and H.F. Diaz. 2020. “A
450-Year Perspective on California Precipitation ‘Flips’.” Jour-
nal of Climate 33: 10221–37.

Walsh, J., D. Wuebbles, K. Hayhoe, J. Kossin, K. Kunkel, G. Ste-
phens, P. Thorne, et al. 2014. “Ch. 2: Our Changing Climate.
Climate Change Impacts in the United States: The Third
National Climate Assessment.” U.S. Global Change Research
Program. https://doi.org/10.7930/J0KW5CXT.

Wang, B., M. Biasutti, M.P. Byrne, C. Castro, C.-P. Chang, K.
Cook, R. Fu, et al. 2021. “Monsoons Climate Change Assess-
ment.” Bulletin of the American Meteorological Society 102: E1–
19.

Wasley, E. and K. Jacobs. 2020. Water Utility Business Risk and
Opportunity Framework: A Guidebook for Water Utility Busi-
ness Function Leaders in a Changing Climate. Water Research
Foundation 4729b. Denver, CO: The Water Research Founda-
tion.

Wehner, M.F., J.R. Arnold, T. Knutson, K.E. Kunkel, and A.N.
LeGrande. 2017. “Droughts, Floods, and Wildfires.” In Cli-
mate Science Special Report: Fourth National Climate
Assessment (Volume I), edited by D.J. Wuebbles, D.W.
Fahey, K.A. Hibbard, D.J. Dokken, B.C. Stewart, and T.K.
Maycock, 231–56. Washington, D.C.: U.S. Global Change
Research Program.

Western Water Assessment. 2021. “Water Year 2021 Summary.”
http://wwa.colorado.edu/resources/intermountain-west-climate-
dashboard/briefing/water-year-2021-summary.

Williams, A.P., E.R. Cook, J.E. Smerdon, B.I. Cook, J.T. Abat-
zoglou, K. Bolles, S.H. Baek, A.M. Badger, and B. Livneh.
2020. “Large Contribution from Anthropogenic Warming to an
Emerging North American Megadrought.” Science 368: 314–
18.

Woodhouse, C.A., S.T. Gray, and D.M. Meko. 2006. “Updated
Streamflow Reconstructions for the Upper Colorado River
Basin.” Water Resources Research 42. https://doi.org/10.1029/
2005WR004455.

Woodhouse, C.A., G.T. Pederson, K. Morino, S.A. McAfee, and G.J.
McCabe. 2016. “Increasing Influence of Air Temperature on
Upper Colorado River Streamflow.” Geophysical Research Let-
ters 43: 2174–81.

Woodhouse, C.A., R.M. Smith, S.A. McAfee, G.T. Pederson, G.J.
McCabe, W.P. Miller, and A. Csank. 2021. “Upper Colorado
River Basin 20th Century Droughts under 21st Century Warm-
ing: Plausible Scenarios for the Future.” Climate Services 21:
100206.

WUCA, AMWA, and Resilent Analytics. 2020. “It’s Hot, and Get-
ting Hotter: Implication of Extreme Heat on Water Utility
Staff and Infrastructure, and Ideas for Adapting.” https://
www.amwa.net/system/files/linked-files/Heat%20Impacts%
20copy.pdf.

Wuebbles, D.J., D.R. Easterling, K. Hayhoe, T. Knutson, R.E.
Kopp, J.P. Kossin, K.E. Kunkel, et al. 2017. “Our Globally
Changing Climate.” In Climate Science Special Report: Fourth
National Climate Assessment (Volume I), edited by D.J. Wueb-
bles, D.W. Fahey, K.A. Hibbard, D.J. Dokken, B.C. Stewart, and
T.K. Maycock, 35–72. Washington, D.C.: U.S. Global Change
Research Program.

Xiao, M., and D.P. Lettenmaier. 2021. “Atmospheric Rivers and
Snow Accumulation in the Upper Colorado River Basin.” Geo-
physical Research Letters 48: e2021GL094265.

JAWRA JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION1096

MCCOY, JACOBS, VANO, WILSON, MARTIN, PENDERGRASS, AND CIFELLI

 17521688, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1752-1688.13021, W

iley O
nline L

ibrary on [22/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1029/2020GL089096
https://doi.org/10.1175/JCLI-D-20-0001.1
https://doi.org/10.1175/JCLI-D-20-0001.1
https://doi.org/10.1175/BAMS-D-12-00228.1
https://doi.org/10.1175/BAMS-D-12-00228.1
https://doi.org/10.7930/J0KW5CXT
http://wwa.colorado.edu/resources/intermountain-west-climate-dashboard/briefing/water-year-2021-summary
http://wwa.colorado.edu/resources/intermountain-west-climate-dashboard/briefing/water-year-2021-summary
https://doi.org/10.1029/2005WR004455
https://doi.org/10.1029/2005WR004455
https://www.amwa.net/system/files/linked-files/Heat%20Impacts%20copy.pdf
https://www.amwa.net/system/files/linked-files/Heat%20Impacts%20copy.pdf
https://www.amwa.net/system/files/linked-files/Heat%20Impacts%20copy.pdf


Xiao, M., B. Udall, and D.P. Lettenmaier. 2018. “On the Causes of
Declining Colorado River Streamflows.” Water Resources
Research 54: 6739–56.

Yan, H., N. Sun, M. Wigmosta, R. Skaggs, Z. Hou, and R. Leung.
2018. “Next-Generation Intensity-Duration-Frequency Curves
for Hydrologic Design in Snow-Dominated Environments.”
Water Resources Research 54: 1093–108.

Zhang, L., W. Lau, W. Tao, and Z. Li. 2020. “Large Wildfires in the
Western United States Exacerbated by Tropospheric Drying
Linked to a Multi-Decadal Trend in the Expansion of the Had-
ley Circulation.” Geophysical Research Letters 47. https://doi.org/
10.1029/2020GL087911.

Zhu, Y., and R.E. Newell. 1994. “Atmospheric Rivers and Bombs.”
Geophysical Research Letters 21: 1999–2002.

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION JAWRA1097

THE PRESS AND PULSE OF CLIMATE CHANGE: EXTREME EVENTS IN THE COLORADO RIVER BASIN

 17521688, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1752-1688.13021, W

iley O
nline L

ibrary on [22/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1029/2020GL087911
https://doi.org/10.1029/2020GL087911

	 Abstract
	 INTRODUCTION
	jawr13021-fig-0001

	 PLANNING AMID EXTREMES
	jawr13021-fig-0002

	 COLORADO RIVER BASIN CONTEXT
	 THE PRESS OF CLIMATE CHANGE IN THE COLORADO RIVER BASIN
	jawr13021-fig-0003

	 WHERE PRESS MEETS PULSE AND SUBSEQUENT IMPACTS
	 EXTREME EVENTS OF CONCERN IN A CHANGING CLIMATE
	 Event of Con�cern 1: Inten�si�fy�ing Heat Waves
	 Phys�i�cal Mech�a�nisms
	 Impacts
	 Link�ages to Cli�mate Change

	 Event of Con�cern 2: Dimin�ished Snow�pack
	 Phys�i�cal Mech�a�nisms
	 Impacts
	 Link�ages to Cli�mate Change

	 Event of Con�cern 3: Long-Dura�tion Dry�ing (Sus�tained Decli�nes in Runoff Effi�ciency)
	 Phys�i�cal Mech�a�nisms
	 Impacts
	 Link�ages to Cli�mate Change

	 Event of Con�cern 4: Exten�sive Wild�fire
	 Phys�i�cal Mech�a�nisms
	 Range of Impacts
	 Link�ages to Cli�mate Change

	 Event of Con�cern 5: Short-Dura�tion Intense Wet and Dry Sys�tem Shocks
	 Phys�i�cal Mech�a�nisms
	 Pre�cip�i�ta�tion Inten�sity Increases
	 Rapid Onset Dry�ing (Flash Droughts)

	 Impacts
	 Pre�cip�i�ta�tion Inten�sity Increases
	 Rapid Onset Dry�ing (Flash Droughts)

	 Link�ages to Cli�mate Change
	 Pre�cip�i�ta�tion Inten�sity Increases
	 Rapid Onset Dry�ing (Flash Droughts)


	 Event of Con�cern 6: Ampli�fied Wet and Dry Swings
	 Phys�i�cal Mech�a�nisms
	 Impacts
	 Link�ages to Cli�mate Change

	 Event of Con�cern 7: Decline in Mon�soons
	 Phys�i�cal Mech�a�nisms
	 Impacts
	 Link�ages to Cli�mate Change

	 Addi�tional Cli�mate-Related Events

	 CONCLUSIONS
	 DATA AVAILABILITY STATEMENT

	 ACKNOWLEDGMENTS
	 AUTHOR CONTRIBUTIONS
	 LITERATURE CITED
	jawr13021-bib-0001
	jawr13021-bib-0003
	jawr13021-bib-0004
	jawr13021-bib-0501
	jawr13021-bib-0502
	jawr13021-bib-0005
	jawr13021-bib-0006
	jawr13021-bib-0007
	jawr13021-bib-0008
	jawr13021-bib-0009
	jawr13021-bib-0010
	jawr13021-bib-0011
	jawr13021-bib-0012
	jawr13021-bib-0013
	jawr13021-bib-0014
	jawr13021-bib-0015
	jawr13021-bib-0016
	jawr13021-bib-0503
	jawr13021-bib-0017
	jawr13021-bib-0018
	jawr13021-bib-0019
	jawr13021-bib-0020
	jawr13021-bib-0021
	jawr13021-bib-0022
	jawr13021-bib-0023
	jawr13021-bib-0024
	jawr13021-bib-0025
	jawr13021-bib-0026
	jawr13021-bib-0027
	jawr13021-bib-0028
	jawr13021-bib-0029
	jawr13021-bib-0030
	jawr13021-bib-0031
	jawr13021-bib-0032
	jawr13021-bib-0504
	jawr13021-bib-0033
	jawr13021-bib-0034
	jawr13021-bib-0035
	jawr13021-bib-0036
	jawr13021-bib-0037
	jawr13021-bib-0038
	jawr13021-bib-0039
	jawr13021-bib-0040
	jawr13021-bib-0041
	jawr13021-bib-0042
	jawr13021-bib-0043
	jawr13021-bib-0044
	jawr13021-bib-0045
	jawr13021-bib-0046
	jawr13021-bib-0047
	jawr13021-bib-0048
	jawr13021-bib-0049
	jawr13021-bib-0050
	jawr13021-bib-0051
	jawr13021-bib-0052
	jawr13021-bib-0053
	jawr13021-bib-0066
	jawr13021-bib-0054
	jawr13021-bib-0055
	jawr13021-bib-0056
	jawr13021-bib-0057
	jawr13021-bib-0058
	jawr13021-bib-0505
	jawr13021-bib-0059
	jawr13021-bib-0060
	jawr13021-bib-0061
	jawr13021-bib-0062
	jawr13021-bib-0063
	jawr13021-bib-0064
	jawr13021-bib-0065
	jawr13021-bib-0067
	jawr13021-bib-0068
	jawr13021-bib-0069
	jawr13021-bib-0070
	jawr13021-bib-0071
	jawr13021-bib-0072
	jawr13021-bib-0073
	jawr13021-bib-0074
	jawr13021-bib-0075
	jawr13021-bib-0076
	jawr13021-bib-0077
	jawr13021-bib-0078
	jawr13021-bib-0079
	jawr13021-bib-0080
	jawr13021-bib-0081
	jawr13021-bib-0082
	jawr13021-bib-0083
	jawr13021-bib-0084
	jawr13021-bib-0085
	jawr13021-bib-0086
	jawr13021-bib-0087
	jawr13021-bib-0088
	jawr13021-bib-0089
	jawr13021-bib-0506
	jawr13021-bib-0090
	jawr13021-bib-0091
	jawr13021-bib-0507
	jawr13021-bib-0092
	jawr13021-bib-0093
	jawr13021-bib-0094
	jawr13021-bib-0095
	jawr13021-bib-0096
	jawr13021-bib-0097
	jawr13021-bib-0098
	jawr13021-bib-0099
	jawr13021-bib-0508
	jawr13021-bib-0100
	jawr13021-bib-0101
	jawr13021-bib-0102
	jawr13021-bib-0103
	jawr13021-bib-0104
	jawr13021-bib-0105
	jawr13021-bib-0106
	jawr13021-bib-0107
	jawr13021-bib-0108
	jawr13021-bib-0109
	jawr13021-bib-0110
	jawr13021-bib-0111
	jawr13021-bib-0509
	jawr13021-bib-0112
	jawr13021-bib-0113
	jawr13021-bib-0114
	jawr13021-bib-0115
	jawr13021-bib-0116
	jawr13021-bib-0117
	jawr13021-bib-0118
	jawr13021-bib-0119
	jawr13021-bib-0120
	jawr13021-bib-0121
	jawr13021-bib-0122
	jawr13021-bib-0123
	jawr13021-bib-0124
	jawr13021-bib-0125
	jawr13021-bib-0126
	jawr13021-bib-0127
	jawr13021-bib-0128
	jawr13021-bib-0129
	jawr13021-bib-0130


