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This report is a synthesis of climate science relevant 
for management and planning for Colorado’s water 
resources. It focuses on observed climate trends, 
climate modeling, and projections of temperature, 
precipitation, snowpack, and streamflow. Climate 
projections are reported for the mid-21st century 
because this time frame is the focus of adaptation 
strategies being developed by the State of Colorado 
and other water entities. 

Overview

In the past 30 years, Colorado’s climate has become 
substantially warmer. The recent warming trend in 
Colorado is in step with regional and global warming 
that has been linked to increasing atmospheric 
concentrations of greenhouse gases. Annual 
precipitation, which has high natural variability, has 
not seen a statewide trend over that period. However, 
some drought indicators have worsened due to the 
warmer temperatures.

As greenhouse gases and other human effects on the 
climate continue to increase, Colorado is expected to 
warm even more by the mid-21st century, pushing 
temperatures outside of the range of the past century. 
The outlook for future precipitation in Colorado is less 
clear;  overall increases or decreases are possible. The 
risk of decreasing precipitation appears to be higher 
for the southern parts of the state.

The future warming is projected to generally reduce 
Colorado’s spring snowpack, cause earlier snowmelt 
and runoff, and increase the water use by crops, 
landscaping, and natural vegetation. While future 
increases in annual natural streamflow are possible, 
the body of published research indicates a greater risk 
of decreasing streamflow, particularly in the southern 
half of the state. 

Summit Lake Park, along Mount Evans Scenic Byway. 
Photo: Creative Commons, Matt Wright.
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Observed climate trends in 
Colorado (Section 2)

• Statewide annual average temperatures have 
increased by 2.0°F over the past 30 years and 2.5°F  
over the past 50 years (Figure ES-1). Warming 
trends have been observed over these periods in 
most parts of the state. 

• Daily minimum temperatures in Colorado have 
warmed more than daily maximum temperatures 
during the past 30 years. Temperatures have 
increased in all seasons.

• No long-term trends in average annual precipitation 
have been detected across Colorado, even 
considering the relatively dry period since 2000. 

• Snowpack, as measured by April 1 snow-water 
equivalent (SWE), has been mainly below-average 
since 2000 in all of Colorado’s river basins, but no 

long-term (30-year, 50-year) declining trends have 
been detected.

• The timing of snowmelt and peak runoff has shifted 
earlier in the spring by 1–4 weeks across Colorado’s 
river basins over the past 30 years, due to the 
combination of lower SWE since 2000, the warming 
trend in spring temperatures, and enhanced solar 
absorption from dust-on-snow.

• The Palmer Drought Severity Index (PDSI) shows a 
trend towards more severe soil-moisture drought 
conditions in Colorado over the past 30 years, 
reflecting the combination of the below-average 
precipitation since 2000 and the warming trend.

• No long-term statewide trends in heavy precipitation 
events have been detected. The evidence suggests 
that there has been no statewide trend in the 
magnitude of flood events in Colorado. 

• Tree-ring records and other paleoclimate indicators 

Fig. ES-1. Colorado statewide annually-averaged temperature (°F), 1900–2012. Annual departures are shown relative to 
a 1971–2000 reference period. The light-orange, orange, and red lines are the 100-year, 50-year, and 30-year trends, 
respectively. All three warming trends are statistically significant. The gray line shows the 10-year running average. The 
record shows a cool period from 1900 to 1930, a warm period in the 1930s and again in the 1950s, a cool period in the 
late 1960s and 1970s, and consistently warm temperatures since the mid-1990s. (Data source: NOAA NCDC; http://www.
ncdc.noaa.gov/cag/) 

FIGURE ES-1. Colorado statewide annual temperature, 1900–2012
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for Colorado show multiple droughts prior to 1900 
that were more severe and sustained than any in the 
observed record. 

Linking changes in Colorado to 
global changes (Section 4)

• The global climate system has warmed since 1900, 
particularly in the past 30 years, as evidenced 
by increased surface, atmospheric, and ocean 
temperatures; melting glaciers and ice sheets; rising 
sea levels; and increased atmospheric water vapor. 

• These global changes have been attributed mainly 
to anthropogenic (human-caused) influences, 
primarily the increase in greenhouse gases in the 
atmosphere to the highest levels in at least 800,000 
years.

• In North America, temperatures have increased by 
about 2°F in the last 30 years, with anthropogenic 
influences making a substantial contribution.

• In Colorado, temperatures have also warmed by 
2°F in the past 30 years. The statewide warming is 
plausibly linked to anthropogenic influences, but 
definitive attribution at this spatial scale is difficult.

• Recent  variability in Colorado’s annual precipitation 
has not exhibited trends that might be attributed to 
anthropogenic climate change.

• Anthropogenic climate change may have increased 
the severity of recent drought conditions in the 
western U.S., due to the influence of the warming 
on snowpack, streamflow, and soil moisture. 

Projections of Colorado’s future 
climate and implications for water 
resources (Section 5)

• All climate model projections indicate future 
warming in Colorado. The statewide average annual 
temperatures are projected to warm by +2.5°F to 
+5°F by 2050 relative to a 1971–2000 baseline 
under a medium-low emissions scenario (RCP 4.5; 

Fig. ES-2. Projected changes in annual average temperature and precipitation by 2050 (2035–2064) over the western US 
from an ensemble of 37 climate models under RCP 4.5, a medium-low emissions scenario. The large maps show the average 
change for all of the models (n=37), and the small maps show the average changes for the highest 20% (n=8) and lowest 
20% (n=8) of the models, based on the statewide change for Colorado. For Colorado, all models show substantial warming, 
but there is less agreement about the direction of precipitation change. See Figure 5-1 for an expanded version that also 
shows seasonal changes. (Data source: CMIP5 projections re-gridded to 1-degree grid, Reclamation 2013; http://gdo-dcp.
ucllnl.org/) 

FIGURE ES-2. Projected annual temperature and precipitation changes for the western U.S. under RCP 4.5 
for 2050
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Figure ES-2). Under a high emissions scenario (RCP 
8.5), the projected warming is larger at mid-century 
(+3.5°F to +6.5°F), and much larger later in the 
century as the two scenarios diverge.

• Summer temperatures are projected to warm 
slightly more than winter temperatures. Typical 
summer temperatures by 2050 are projected under 
RCP 4.5 to be similar to the hottest summers that 
have occurred in past 100 years. 

• Climate model projections show less agreement 
regarding future precipitation change for Colorado. 
The individual model projections of change by 2050 
in statewide annual precipitation under RCP 4.5 
range from -5% to +6% (Figure ES-2). Projections 
under RCP 8.5 show a similar range of future change 
(-3% to +8%).

• Nearly all of the projections indicate increasing 
winter precipitation by 2050. There is weaker 
consensus among the projections regarding 
precipitation in the other seasons.

• In the first projections of future Colorado hydrology 
based on the latest climate model output, most 
projections show decreases in annual streamflow by 
2050 for the San Juan and Rio Grande basins. The 
projections are more evenly split between future 
increases and decreases in streamflow by 2050 for 
the Colorado Headwaters, Gunnison, Arkansas, 
and South Platte basins. However, other hydrology 
projections show drier outcomes for Colorado, and 
the overall body of published research indicates 
a tendency towards future decreases in annual 
streamflow for all of Colorado’s river basins.

• The peak of the spring runoff is projected to shift 
1–3 weeks earlier by the mid-21st century due 
to warming. Late-summer flows are projected to 
decrease as the peak shifts earlier. Changes in the 
timing of runoff are more certain than changes in 
the amount of runoff. 

• Most projections of Colorado’s spring snowpack 
(April 1 SWE) show declines for the mid-21st century 
due to the projected warming. 

• Most climate projections indicate that heat waves, 

droughts and wildfires will increase in frequency and 
severity in Colorado by the mid-21st century due to 
the projected warming. 

Incorporating climate change 
information into vulnerability 
assessment and planning (Section 6)

• Colorado water entities have been at the forefront 
of incorporating climate change into long-term 
planning, and their experience can inform future 
efforts by others. 

• Observed records of climate and hydrology are 
still fundamental to assessing future climate risk, 
but should be supplemented with information 
from climate model projections and paleoclimate 
records.

• Planning approaches that explore multiple futures, 
rather than assuming a single future trajectory, are 
more compatible with climate projections and may 
improve preparedness for a changing climate.

• The uncertainty in projections of precipitation and 
streamflow for Colorado should not be construed 
as a “no change” scenario, but instead as a 
broadening of the range of possible futures, some 
of which would present serious challenges to the 
state’s water systems.
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1-1. About this report

This report is a thorough revision of a report produced 
in 2008 by the CIRES Western Water Assessment at 
the University of Colorado in conjunction with the 
Colorado Water Conservation Board (CWCB) (Ray 
et al. 2008; hereafter referred to as the 2008 Report). 
The 2008 Report synthesized the current science 
on the physical aspects of climate change relevant 
to evaluating future impacts on Colorado’s water 
resources. It presented scientific analyses to support 
future studies and state efforts to develop a water 
adaptation plan. The development of the report was a 
direct response to recommendations in then-Governor 
Ritter’s Climate Change Action Plan (Ritter 2007), 
and its release was timed to support the Governor’s 
Conference on Drought and Climate Risk in October 
2008.

The 2008 Report covered five areas:

• The observed record of Colorado’s climate (since 
1900)

• A primer on climate models, emissions scenarios, 
and downscaling

• The attribution of significant climate trends and 
events to climate change 

• Projections of Colorado’s climate for the mid-21st 
century

• Implications of the changing climate for water 
resources

The technical information and graphics in the 2008 
Report were based on research and data that had 
been gathered for the Intergovernmental Panel on 
Climate Change (IPCC) Fourth Assessment Report 
(AR4) in 2007, reports produced by the U.S. Global 

The Black Canyon of the Gunnison River. Photo: Creative 
Commons, Tim Engleman.
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In 2013 the CWCB partnered with the Western Water  
Assessment to undertake a revision of the 2008 Report. 
This revision again presents scientific analyses to 
support water resources management and planning. 
The report focuses on observed trends, modeling, 
and projections of hydroclimate variables—including 
temperature, precipitation, snowmelt, and runoff— 
that determine both water supply and demand for the 
state. The geographic scope of the document does not 
end at the state’s borders, because of Colorado’s role 
as the headwaters for the West, and the importance of 
climate processes that extend well beyond the state. The 
climate projections focus on the mid-21st century1, 
because this is a key planning horizon for the State’s 
adaptation strategies and offers a direct comparison 
with the projections in the 2008 Report. Some of the 
figures show projections for earlier and later periods. 

While this second edition closely follows the overall 
structure of the 2008 Report, we have expanded the 
scope and enhanced the content in nearly all areas, 
especially these sections:

• Establishing the global context for Colorado’s 
climate (Section 1-2)

• Practical definitions of weather, climate variability 
and climate change (Section 1-3)

• The processes influencing Colorado’s current 
climate (Section 2-1)

• Observed snowpack and streamflow trends (Section 
2-4)

• Observed climate and weather extremes (Section 
2-6)

• The paleoclimate of Colorado (Section 2-7)

• Downscaling approaches used in recent studies 
(Section 3-5)

• Linking observed changes in Colorado to global 
changes (Section 4; formerly titled “Climate 
attribution”)

Change Research Program in the mid-2000s, and 
other scientific studies specific to Colorado and the 
Rocky Mountain region. The report authors conducted 
additional Colorado-specific analyses.

The feedback from users of the 2008 Report indicates 
that it was successful in helping water resource 
managers better understand the past, current, and 
projected future climate in Colorado, and apply 
that information to their planning. The information 
was also used by stakeholders outside of the water 
management community, reflecting the broad need for 
state- and region-specific climate information.

The six years since the release of the 2008 Report 
have seen the release of many new research papers 
and applied studies documenting observed climate 
variability and climate change in Colorado, and 
projecting future climate and its impacts. These include 
efforts focused on projecting future water resources, 
such as the CWCB’s Colorado River Water Availability 
Study Phase I (CWCB 2012), the Joint Front Range 
Climate Change Vulnerability Study (Woodbury et 
al. 2012), and the Colorado River Basin Water Supply 
and Demand Study (Reclamation 2012). In May 2014 
the National Climate Assessment (NCA) issued the 
third comprehensive report on climate change and its 
impacts in the U.S. (Melillo et al. 2014). The Climate 
Assessment for the Southwest (Garfin et al. 2013), 
which covered Colorado and five other states, was a 
comprehensive regional assessment that also served as 
a technical input to the NCA. At the global level, in fall 
2013 the IPCC released the Physical Science section 
of the Fifth Assessment Report (AR5; IPCC 2013), 
which presents projections from the latest generation 
of climate models. 

The results in these newer studies and reports do 
not significantly diverge from the 2008 Report’s key 
findings about the character and impacts of past 
climate variability and projected future climate change 
for Colorado. But they do add important nuance and 
detail, and shed further light on important aspects of 
the climate system. Also, some climate-related water 
impacts that we now understand to have statewide 
importance were not addressed in the 2008 Report, 
such as dust-on-snow events and bark beetle epidemics. 

1.    Specifically, the projections shown in Section 5 focus on a 30-year future 
period (2035–2064) centered on 2050.
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• Projections of Colorado’s future climate (Sections 
5-1 and 5-2)

• Projections of Colorado’s future hydrology (Section 
5-3)

• Approaches for using climate information in 
vulnerability assessment and planning (Section 
6-2)

As in 2008, this updated report supports other 
statewide water and climate planning processes. Some 
of the content of this report has already been integrated 
into the Colorado Climate Change Vulnerability Study, 
commissioned by the Colorado Energy Office and to 
be released later in 2014. The Colorado Water Plan, 
the draft of which will be released in December 2014, 
will also draw from this report to inform statewide 
water planning efforts into the future.  

Our understanding of climate and climate change 
is always improving; like the 2008 Report, this 
updated report is a snapshot of the evolving state of 
the science, not a final statement. The information 
reported here provides a basis for planning now, 
with the understanding that planning documents 
and processes will need to be updated as the science 
progresses. 

Like the 2008 Report, this document takes advantage 
of the most recent efforts to synthesize climate science 
at regional to global scales. The statements within 
this report that include an expert assessment of the 
likelihood and certainty of that statement have been 
taken from these other synthesis reports. Apart from 
those syntheses, this report also references over 100 
studies published in peer-reviewed journals. 

Water managers in Colorado have a long history of 
adapting to changing circumstances, including changes 
in economies and land use, increasing environmental 
concerns, and population growth. Climate change will 
also affect the decisions made about how Colorado 
uses and distributes its water. While this report 
provides a scientific basis to support further studies 
of water resource impacts and adaptation efforts, the 
assessment of the sensitivities and vulnerabilities of 
specific water systems in Colorado is beyond the scope 
of this report. Since the 2008 Report was released, 
there have been several new vulnerability assessments 

focused on water resources. The Colorado Climate 
Change Vulnerability Study describes vulnerabilities 
to the water sector, along with other sectors. Section 
5-3 and Section 6 of this report describe some of these 
assessment efforts, as part of a broader discussion of 
using climate projections in vulnerability assessment, 
planning, and adaptation.  

Organization of the report

The key findings of this report are summarized at the 
beginning of each section. Most of the key findings are 
also collected in the Executive Summary that precedes 
Section 1. 

Section 2 describes the climate of Colorado, the 
observing systems and data available for study, and 
presents the observed climate variability and trends 
in Colorado since 1900 that are relevant to water 
resources. Section 3 provides an overview of climate 
models and guidance on how to interpret their output. 
Section 4 links the observed changes in Colorado 
to global changes and describes the attribution of 
observed climate conditions to anthropogenic climate 
change. Section 5 describes the latest climate model 
projections for Colorado and the surrounding region, 
presenting a picture of Colorado’s potential climate 
futures. It also presents recent projections of hydrology 
for the state’s river basins and summarizes the 
implications for Colorado’s water resources. Section 6 
provides guidance on using the findings of the report 
in vulnerability assessment and long-range planning 
for water resources. 

In each section, one or more sidebars provide additional 
detail about specific topics that are relevant to that 
section. A glossary at the back provides definitions of 
many key climate terms, which are generally italicized 
in the text on first use. Supplemental information 
is available at http://wwa.colorado.edu/climate/
co2014report/.
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1-2. The global context for 
Colorado’s climate

Changes in Colorado’s climate are occurring in a 
global context. We know that the global climate has 
changed throughout Earth’s history, but we also know 
that there are novel and rapidly changing conditions 
today. Carbon dioxide (CO2), a potent greenhouse 
gas, has increased by 40% from 280 parts per million 
(ppm) in the pre-industrial era to 400 ppm today, 
a level that the earth has not seen in at least 800,000 
years, due primarily to the burning of fossil fuels. 
Other greenhouse gases, such as methane (CH4) and 
nitrous oxide (N2O), have also increased dramatically 
in the past century due to human activities. While 
some human changes to the earth’s climate system 
such as the emission of aerosols have a cooling effect, 
the overall anthropogenic (human-caused) influence, 
or forcing, has been to add heat to the climate system.

This anthropogenic warming was first predicted over a 
century ago when Swedish chemist Svante Arrhenius 
linked the physical properties of greenhouse gases 
such as CO2—first described in the 1830s—with the 
observations of their increasing levels in the atmosphere 
(Arrhenius 1896). His prediction from basic physics 
was later shown to be consistent with paleoclimate 
studies that found that past periods of higher CO2 
levels had warmer temperatures globally. The observed 
warming trend over the 20th century, in the context 
of increasing greenhouse gas concentrations, led to a 
consensus within the climate science community by 
the mid-1990s that the warming was likely human-
caused and would continue as long as greenhouse 
gas concentrations in the atmosphere increased. The 
evolution of global climate models (GCMs) during 
that time provided sophisticated tools to simulate the 
earth’s climate system under different conditions. This 
period also saw improved observations of the oceans, 
and the first satellite measurements of the energy 
budget of the planet. These observations, along with 
climate model experiements, strongly suggest that the 
warming is largely anthropogenic in nature and cannot 
be explained by natural causes of climate variability, 
such as changes in the sun’s energy output. Projections 
made by the climate models show a future climate by 
the end of the 21st century that is different from any 
experienced by human civilization. To summarize, the 

current scientific understanding about the recent and 
ongoing changes in global climate is based on multiple, 
consistent lines of evidence, including fundamental 
radiation physics, paleoclimate records, historical and 
recent observations, and simulations from climate 
models. 

Today, it is an observational fact that the earth’s climate 
system has warmed in the past century; average 
temperatures at the earth’s surface have increased by 
1.6°F since 1900 and 0.8°F since 1980 (IPCC 2013). 
Over 90% of the additional energy accumulated in the 
climate system since 1980 has gone into warming the 
oceans, and the global sea level rise of about 0.7 feet 
since 1900 reflects the thermal expansion of water from 
this warming as well as increasing melt from mountain 
and polar glaciers and the Greenland and Antarctic ice 
sheets. Other global and hemispheric trends in the past 
several decades that are consistent with the observed 
warming include a reduction in northern hemisphere 
spring snow cover, the loss of 75% of the volume of 
summer Arctic sea ice since 1979, and increasing 
water vapor in the atmosphere as evaporation has 
increased. The latest IPCC report found it extremely 
likely (>95% likelihood) that more than half of the 
observed increase in global surface temperature since 
1950 was anthropogenic in nature, primarily from 
increasing greenhouse gas concentrations (IPCC 
2013). (For a more thorough treatment of the scientific 
evidence for anthropogenic climate change, we direct 
readers to the FAQs [Walsh et al. 2014b] from the 
latest National Climate Assessment, available at http://
nca2014.globalchange.gov.)

Colorado’s climate has evolved within these global 
climate trends. Like nearly every other part of the 
globe, Colorado has warmed over the past century, 
particularly since the 1980s, as detailed in the next 
chapter. Figure 1-1 (following page) shows how the 
path of Colorado’s observed temperatures since 1900 
has closely followed the path of nationwide and global 
temperatures. Because of the relatively small size of 
Colorado compared to the U.S. and the Earth’s surface, 
natural variability has had more influence on decade-
to-decade changes in Colorado’s climate, as is clearly 
seen in Figure 1-1. Section 4 discusses in more depth 
the linkage between changes in global climate and 
observed changes in Colorado’s climate.

8

CHAPTER 1 | INTRODUCTION

http://nca2014.globalchange.gov
http://nca2014.globalchange.gov


encompasses atmospheric, 
oceanic, and cryospheric 
(snow and ice) processes 
that act over long periods 
(years to decades) and 
are not easily perceived at 
the timescale of weather 
(minutes to days), though 
they can have a large 
influence on global weather 
patterns. 

Climate variability refers 
to fluctuations above 
and below the average 
conditions over time, 
on monthly, annual, and 
longer timescales. These 
fluctuations are called 
anomalies or departures. 
For example, during the 
period of 1971–2000, the 

February monthly-averaged temperature in Fort Collins 
ranged from 22°F (in 1989), a departure of 11°F below 
the long-term average, to 39°F (in 1992), a departure 
of 6°F above the long-term average. Climate variability 
occurs naturally due to the complex interactions of the 
atmosphere, oceans, land surface, and land and sea ice. 
Some of the climate processes that produce variability 
in Colorado, such as El Niño-Southern Oscillation 
(ENSO), are described in Section 2-1. Variations in the 
output of the sun, such as the 11-year solar (sunspot) 
cycle, and periodic large volcanic eruptions that cause 
brief cooling, also add to the natural variability. We have 
sufficiently long instrumental climate records in most 
parts of the world, including Colorado (Section 2-3), 
to adequately describe the range of natural variability, 
augmented by paleoclimate records which extend back 
hundreds or even thousands of years (Section 2-7). 

Climate change refers to a persistent change, lasting 
decades or longer, in the average or range of climate 
conditions. Statistical tests can be used to determine 
whether the change lies outside of what would be 
expected from the observed variability in climate; i.e., 
whether it is statistically significant. The statistical 
detection of a change, however, does not assign a 
cause to that change. A climate change could be due 
to natural climate variability or anthropogenic forcings 

1-3. Weather, climate, climate 
variability, and climate change

Before examining Colorado’s climate and climate 
trends in Section 2, we will provide working definitions 
of weather, climate, climate variability and climate 
change. The weather is the always-fluctuating state of 
the atmosphere at a particular location and point in 
time, e.g., 15°F and overcast in Fort Collins at noon 
on February 4, 2014. Weather also refers to near-term 
future state of the atmosphere, including the position 
and impacts of air masses, fronts, and individual storm 
systems.

The climate is the statistical description of the aggregate 
of weather conditions over a longer time period, usually 
30 years or more. This description typically focuses 
on the average daily, monthly, or annual conditions. 
For example, in Fort Collins in February, the average 
monthly temperature is 33°F (based on the period 
1971–2000), corresponding to an average daily high of 
46°F and a low of 20°F. Climate also encompasses the 
average precipitation, winds, humidity, atmospheric 
pressure, and cloudiness. To be complete, a description 
of climate should also include the range of conditions 
that have occurred over time, including extremes, 
and the characteristics of the variability within that 
range over time, as described below. Climate also 

Figure 1-1. Colorado, U.S, and Global Temperatures, 1895–2012

Fig. 1-1. Observed average annual surface temperatures (°F) for Colorado, the 
U.S., and the globe from 1895–2012, smoothed with 10-year running averages 
to emphasize longer-term variability and trends. The temperatures are shown as 
departures from a 1971–2000 baseline. The overall trajectories of temperature of 
the three records are similar, although there is more variability and a larger recent 
warming trend at smaller spatial scales. (Data source: NOAA NCDC). 
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(e.g., greenhouse gases), or a combination of the two. 
The attribution of a climate change to its likely causes 
is more challenging than initially detecting the change. 
Section 4 describes the methods used in climate change 
attribution.

In the media and public conversations, “climate 
change” is often used as shorthand for “anthropogenic 
climate change.”2 In this report we distinguish the two 
concepts, and when we are referring to climate change 
due mainly to human causes, we try to use the latter 
term. The rapid buildup of anthropogenic greenhouse 
gases in the atmosphere makes them stand out among 
the diverse set of influences acting on climate globally 
and locally. But we can’t assume that any particular 
change in a climate variable is due to greenhouse 
gases; natural variability and other factors need to be 
considered.

2.    “Global warming” is also often used as a synonym for anthropogenic 
climate change. While the rise in globally-averaged surface temperature is 
an indicator of climate change on a global scale, “global warming” doesn’t 
adequately convey the many other aspects of the changing climate.
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Key points

• Colorado’s climate reflects its mid-continental 
location, high elevations, and the complex 
topography of the mountains, plains, and plateaus. 
The topography leads to differing influences of 
weather and climate processes in different parts of 
the state, and large variations in climate over short 
distances.

• Statewide annual average temperatures have 
increased by 2.0°F over the past 30 years and 2.5°F  
over the past 50 years. Warming trends have been 
observed over these periods in most parts of the 
state. 

• Daily minimum temperatures in Colorado have 
warmed more than daily maximum temperatures 
during the past 30 years. Temperatures have 
increased in all seasons, with the largest trend in 
summer, followed by fall, spring, and winter.

• No long-term trends in average annual precipitation 
have been detected across Colorado, even 
considering the relatively dry period since 2000. 

• Snowpack, as measured by April 1 snow-water 
equivalent (SWE), has been mainly below-average 
since 2000 in all of Colorado’s river basins, but no 
long-term (30-year, 50-year) declining trends have 
been detected.

• The timing of snowmelt and peak runoff has shifted 
earlier in the spring by 1–4 weeks across Colorado’s 
river basins over the past 30 years, due to the 
combination of lower SWE since 2000, the warming 
trend in spring temperatures, and enhanced solar 
absorption from dust-on-snow.

The original D1 weather station (12,264’), Niwot Ridge 
Long-Term Ecological Research Site. Photo: Jeff Lukas.

2 
The Observed Record of 
Colorado’s Climate 
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2-1. The climate of Colorado 

Colorado’s central location on the North American 
continent determines many aspects of the state’s 
climate. Colorado’s location in the mid-latitudes 
(37°N–41°N) leads to a prominent seasonal cycle that 
strongly influences which climate processes are most 
active at different times of the year. Upper-level winds 
(above 18,000’) that direct the movements of air masses, 
fronts, and storms move generally from west to east at 
these latitudes, with these winds aloft being strongest 
in the winter and weakest in mid- to late summer. The 
location of the strongest core of upper-level winds (the 
jet stream) over western North America also varies 
both seasonally and on shorter timescales. When the 
jet stream is positioned over or near Colorado, which 
is most likely to occur in winter, both the frequency 
and intensity of storm systems affecting the state are 
greater (Lareau and Horel 2012). 

Colorado’s interior location, far from the moderating 
impacts of humid maritime air masses, means that the 
state experiences frequent sunshine, low humidity, 
and rapid and large variations in temperatures. 
Because Colorado straddles the Continental Divide 
along the highest crest of the Rocky Mountains, 
when moisture does reach the state there is almost 
always orographic (terrain-driven) lifting to produce 
clouds and precipitation. Moisture typically arrives on 
the prevailing westerly winds from late fall through 
winter into early spring, shifting to more frequent 
intrusions of moist air from the south and east 
during spring and summer. With the lifting, higher 
precipitation occurs along windward upslopes and 
little precipitation occurs on the leeward downslopes, 
with dry rainshadows extending downwind of the 
mountains. These patterns induced by the topography 
change seasonally in a predictable manner but can also 
vary with every individual storm. Across the seasons, 
because westerly flow is dominant, the western slopes 
of the state’s mountain ranges are generally wetter than 
the eastern slopes.

Colorado’s complex topography—mountains, valleys, 
plateaus, and rolling plains—acts to influence 
temperature, pressure, wind and precipitation 
patterns, which can all vary dramatically over very 
short distances (Figure 2-1). Generally, temperatures 
cool predictably with increasing elevation (by ~3.5°F 

• The Palmer Drought Severity Index (PDSI) shows a 
trend towards more severe soil-moisture drought 
conditions in Colorado over the past 30 years, 
reflecting the combination of the below-average 
precipitation since 2000 and the warming trend.

• No long-term statewide trends in heavy precipitation 
events have been detected. The evidence suggests 
that there has been no statewide trend in the 
magnitude of flood events in Colorado. 

• Tree-ring records and other paleoclimate indicators 
for Colorado show multiple droughts prior to 1900 
that were more severe and sustained than any in the 
observed record. 

Observations are the basis for understanding past and 
recent climate variability, detecting climate change, 
modeling future climate, and evaluating future climate 
scenarios. This section begins with a brief overview of 
the climate of Colorado, then provides background 
on how observations are made and the challenges 
in analyzing observations, and then presents the 
variability and trends in Colorado’s climate record 
since 1900. 

This section presents the results of analyses performed 
by the authors, and results from previously published 
studies. The results of these observational studies must 
be taken in the context of the period over which data 
are analyzed. Colorado’s climate record is punctuated 
with notable climate events and variability, including 
the Dust Bowl drought years (1930s), a relatively 
cool period in the 1960s and 1970s, and the relatively 
warm and dry period since 2000. These variations can 
influence the results of analyses, depending on the 
length of the period being analyzed and the start and 
end dates. Therefore, we explicitly state the time period 
being analyzed. The new trend analyses performed 
for this report were performed with 30-year, 50-year, 
and 100-year periods, all ending in 2012, except for 
snowpack trends, which end in 2013. The 2008 Report 
also analyzed 30-year, 50-year, and 100-year trends, 
but for periods ending in 2006.
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per 1000’ of elevation gain), with the most reliable 
gradients occurring in daytime, especially during the 
warm season. But the ground quickly loses heat by 
thermal radiation on clear nights and local topography 
directs the flow of air. The denser cooling air drains 
down from slopes and ridges and settles into low spots. 
These cold pools form in many river bottoms: the 
Gunnison River near Gunnison, the Rio Grande near 
Alamosa, the White River near Rangely, and the South 
Platte River near Greeley. This effect is most dramatic 
when the valleys are covered with fresh snow; in a 
year with deep and early snows, temperatures can be 
6–10°F below average over the entire winter season 
(Doesken 1992). Conversely, below-average snow 
cover can lead to warmer temperatures by inhibiting 
the formation of cold pools. 

Across the state, January is typically the coldest month 
of the year and July the warmest, with a 40°–50°F 
difference between average mid-winter and mid-
summer temperatures (Figure 2-2). Temperatures vary 

widely from day to day and week to week, especially 
during the cooler months from mid-autumn to late 
spring when frequent storm systems affect Colorado. 
Winter temperatures are more variable, on a daily 
to monthly basis, than summer temperatures, and 
daytime maximum temperatures are more variable 
than nighttime minimum temperatures. The least 
variability occurs in summer minimum temperatures. 
The variation in temperature from year to year in the 
high mountains is determined by the occurrence of 
persistent atmospheric ridges and troughs—regions of 
high and low atmospheric pressure, respectively. East 
of the mountains, the interplay among subtropical, 
Pacific, and polar continental air masses determines 
which years are warmer or colder than average (Pielke 
et al. 2003).

Topography also plays an important role in 
precipitation processes and patterns (Redmond 
2003), even on Colorado’s eastern plains. Precipitation 
typically increases with elevation in all seasons, 
but especially in winter when nearly all moisture 
falls as snow. Areas above 9,000’ along and west 
of the Continental Divide receive the most winter 
precipitation and annual precipitation in the state 
(Figure 2-1). The wettest mountain areas are the Park 

FIGURE 2-1. Average annual temperature and precipitation for Colorado, 1950–1999

Fig. 2-1. Annual average temperature (left) and precipitation (right) over the period 1950-1999. The spatial variability 
in both temperature and precipitation across Colorado is strongly controlled by topography and elevation, with the 
mountains being cooler and wetter than other areas. The dashed white line shows the Continental Divide. (Data source: 
PRISM3  Climate Group, Oregon State University)

3.   PRISM (Parameter-elevation Relationships on Independent Slopes 
Model) accounts for the effects of topography and elevation on temperature 
and precipitation in order to interpolate climate data between weather sta-
tions and create spatially consistent climate data over a regular grid (Daly et 
al. 1994, Daly et al. 2008).
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Range around Steamboat Springs, which is favored in 
northwesterly flow, and the eastern San Juan Mountains 
around Wolf Creek Pass, favored in southwesterly 
flow. On average, Colorado’s southern mountains 
experience fewer individual storm events than the 
northern mountains, but the southern storms tend to 
be more moisture-laden. During spring, occasional 
slow-moving storms bring moisture from the Gulf 
of Mexico into Colorado from the south and east. 
A small number of these upslope events contribute 
a large fraction of the annual precipitation to the 
eastern side of the Continental Divide, especially the 
northern Front Range. In all mountain ranges, most of 

the annual total comes from cold-season precipitation 
(Figure 2-2).

In the summer, most precipitation statewide comes 
from convective processes that generate frequent, 
sometimes daily, thunderstorms. Thunderstorms 
typically develop over high terrain by early afternoon. 
Over the Front Range and Plains, these storms 
typically move eastward as the day progresses. These 
convective processes depend on the presence of 
moist air masses, which most often reach Colorado 
from the south and east. Southerly moisture flow is 
associated with the North American Monsoon system 
(Adams and Comrie 1997) and has the greatest 

FIGURE 2-2. Average monthly temperature and precipitation for eight Colorado stations

Fig. 2-2. Monthly temperature and precipitation, averaged over 1971–2000, at eight Colorado COOP stations selected 
to represent areas with different seasonal climate patterns (colored dots in map, upper left). On the graphs, the red line 
shows the mean daily maximum temperature for each month; the blue line shows the mean daily minimum temperature, 
in degrees F (left-hand vertical scale). The blue bars show the mean monthly precipitation, in inches (right-hand vertical 
scale). The differences in seasonality across the state reflect the different climate processes having more or less influence, 
depending on elevation and relationship to topography. On the inset map, the small colored dots represent stations with 
seasonal climate patterns similar to the eight selected stations (large dots). See Figure 2-7 for further explanation. The gray 
shading indicates areas above 10,000’.  (Data source: Western Regional Climate Center, http://wrcc.dri.edu)
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impact on the southern and central mountains. The 
Front Range and eastern Colorado receive most of 
their summer moisture from lower-level easterly 
and southeasterly flow from the Gulf of Mexico. The 
upper-level westerly flow is weaker in summer and 
the strongest jet stream winds are well to the north of 
Colorado. Across Colorado, the length of the active 
summer thunderstorm season varies considerably 
from year to year. With little precipitation coming 
in winter, eastern Colorado’s precipitation regime is 
dominated by spring and summer precipitation. The 
lower elevations of southern and central Colorado 
also receive a significant proportion of their annual 
precipitation from late summer storms (Figure 2-2).

Since many of the same processes influence both 
temperature and precipitation, the two variables are 
often closely related in space and time. This is most 
clearly seen in the spatial variability of temperature and 
precipitation across Colorado; the coldest areas also 
tend to be the wettest (Figures 2-1 and 2-2). It is also 
seen in the daily and monthly variability during the 
warm season (May–October). The weather patterns 
associated with above-average temperatures (e.g., 
persistent high pressure) also lead to below-average 
precipitation, while weather patterns associated with 
below-average temperatures also lead to above-average 

precipitation. A feedback 
mechanism often reinforces 
the relationship: once 
vegetation and soils dry out 
during a summer dry spell, 
the sun’s energy can go 
directly into heating the soil 
and adjacent air, rather than 
evaporating water, raising 
temperatures further. Thus 
summer drought periods 
are often much hotter than 
normal. In the cold season, 
the situation is more 
complicated. High pressure 
is often associated with 
below-average precipitation 
and    below-average 
temperatures from Arctic 
air masses, while low-
pressure systems may bring 

copious moisture from the Pacific Ocean along with 
relatively mild maritime air.

These many influences on Colorado’s climate, when 
aggregated and averaged, produce the long-term 
climatic conditions to which we are accustomed, as 
reflected in the 30-year normals (see Sidebar 2-1). But 
hidden within those long-term averages are sequences 
where the year-to-year fluctuations can be enormous, 
as described in the following sections. It is this natural 
variability that has driven the historical vulnerabilities 
of water supplies and the uses of water resources such 
as agriculture.

Much of the month-to-month and year-to-year natural 
variability is essentially random, as the chaotic fluid 
motions in the earth’s atmosphere and oceans act to 
maintain a dynamic global equilibrium in energy and 
moisture. But the enormous heat storage capacity and 
slower movement of the oceans also leads to patterns 
or modes of variability that are slower-acting, having 
detectable and predictable influences on weather and 
climate over vast regions for months to years.

El Niño-Southern Oscillation (ENSO)

The best known of these global modes of variability, 
and the most important for Colorado and the western 
U.S., is El Niño-Southern Oscillation (ENSO). ENSO 

FIGURE 2-3. Multivariate ENSO Index (MEI), 1950–2013

Fig. 2-3. Time series of the Multivariate ENSO Index (MEI) from January 1950 
through December 2013. El Niño-like conditions are shown in red, La Niña-like 
conditions are shown in blue. Since 2000, there have been no strong El Niño events 
(MEI greater than +1.5 for at least 3 months), and neutral or La Niña conditions have 
been prevalent. (Data source: K. Wolter, http://www.esrl.noaa.gov/psd/enso/mei)  
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influences precipitation across 
Colorado, with different 
tendencies according to region 
and season (Wolter and Lukas 
2010).

The key features of ENSO are 
changes in the sea-surface 
temperatures of the eastern 
tropical Pacific Ocean, 
the atmospheric pressure 
difference between eastern 
Pacific high pressure and 
western Pacific low pressure 
(the ‘Southern Oscillation’), 
and the preferred location of 
tropical thunderstorms. These 
processes drive changes in 
the atmospheric circulation 
outside the tropics, such as the 
position of the jet stream and 
storm tracks over western North 
America. The Multivariate 
ENSO Index (MEI; Figure 
2-3) monitors these effects in 
an integrated manner, and the 
MEI record since 1950 shows 
the characteristic 2- to 7-year 
timescale of the oscillation 
between the two phases of 
ENSO: the El Niño (warm-
phase) events and La Niña 
(cold-phase) events.

Once an El Niño or La Niña event is established, often 
during summer, it tends to persist into the following 
calendar year. Thus, ENSO events impart “memory” 
and seasonal predictability to the climate system. In 
fact, the ENSO state is the main source of predictive 
skill for seasonal precipitation forecasts for Colorado  
and western North America. ENSO has a more 
consistent year-round effect on climate variability 
to our southwest (Arizona, New Mexico) and to 
the northwest (Washington, Oregon, Idaho). Those 
two regions form a “dipole” in which El Niño events 
typically lead to wet conditions for the Southwest and 
dry conditions for the Northwest, with the reverse for 
La Niña events. Colorado, being in the middle of the 
dipole, has more seasonally variable ENSO impacts.

Figure 2-4 shows how the spatial pattern and strength 
of the ENSO “footprint” in Colorado changes through 
the seasons. The colors indicate the correlation between 
seasonal precipitation from the PRISM gridded dataset 
and the MEI, from 1956–2005. Orange colors indicate 
areas that tend to be wetter in that season during El 
Niño, while blue colors indicate areas that tend to 
be wetter during La Niña. El Niño is often wet in the 
summer, fall, and spring across Colorado. During 
winter (December–February), the wet tendency with 
El Niño is limited to southeast Colorado and the 
Four Corners, while higher elevations in northern 
and central Colorado tend to be dry. La Niña events, 
conversely, tend towards drier conditions in the orange 
areas, and wetter in the blue. Since the winter months 

FIGURE 2-4. Correlations between seasonal precipitation for Colorado 
and Multivariate ENSO Index (MEI), 1956–2005

Fig. 2-4.  Correlations between the Multivariate ENSO Index (MEI) and precipitation 
in Colorado for each season, 1956-2005. Orange colors indicate a tendency 
towards wetter conditions during El Niño (positive MEI) and drier during La Niña 
(negative MEI); and blue indicates a tendency towards wetter conditions during La 
Niña and drier during El Niño. In all seasons but winter, El Niño tends to lead to 
above-average precipitation across Colorado; in winter, the mountains tend to be 
wetter with La Niña. (Source: PRISM gridded climate data; MEI: http://www.esrl.
noaa.gov/psd/enso/mei. Analysis by K. Wolter.)
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are often the wettest time of year in our mountains, a wet 
La Niña winter can balance out typically dry La Niña 
conditions during the rest of the year. Nevertheless, 
averaged across the state, El Niño is associated with 
more precipitation overall, and El Niño events have 
been instrumental in ending long-lasting droughts 
such as the Dust Bowl and 1950s drought.

Longer-term climate oscillations

The Pacific Decadal Oscillation (PDO) is the principal 
pattern of sea-surface temperature variability in the 
northern Pacific (Mantua et al. 1997), and has been 
found to have statistical associations with moisture 
conditions in Colorado and the surrounding region 
(Goodrich 2007). However, PDO is not a single well-
defined physical phenomenon like ENSO, and it appears 
that much of the variation in the PDO is actually ENSO 
variability being expressed in the northern Pacific over 
longer time scales (Newman et al. 2003; M. Newman, 
personal communication). Thus, any relationship since 
the 1970s between the phase of the PDO and Colorado 
being in either a relatively dry or wet state is likely 
to have been driven as much by clusters of La Niña 
(dry) or El Niño (wet) events, as by conditions in the 
northern Pacific that are independent of ENSO. 

A similar slowly-varying sea-surface temperature and 
pressure oscillation in the north Atlantic Ocean is 
named the Atlantic Multidecadal Oscillation (AMO; 
Schlesinger and Ramakutty 1994). The positive (warm) 
phase of the AMO has been found to be statistically 
associated with increased risk of drought in a region 
that includes Colorado (Hidalgo 2004, McCabe et 
al. 2007). A study using climate models found that 
the combination of negative PDO phase and positive 
AMO phase is the least favorable for moisture in the 
interior U.S. (Schubert et al. 2009). However, the 
physical mechanism by which the AMO actually affects 
conditions in the interior West is not clear, unlike with 
ENSO (Nowak et al. 2012). While the phases of the 
AMO and PDO may be indicators of enhanced drought 
risk for our region, both should be used cautiously. 

2-2. Observing and interpreting 
Colorado’s climate  

Describing the patterns of Colorado’s climate in 
both time and space requires a long-term, extensive 

network for observing atmospheric variables. 
The earliest instrumental weather observations in 
Colorado came from some of the early forts built on 
the western frontier. In 1870, the organization that 
later became the National Oceanic and Atmospheric 
Administration (NOAA) National Weather Service 
(NWS) established more weather stations in Colorado, 
including Denver, Pueblo, and Pikes Peak. In the 1880s 
the Colorado State Legislature authorized the creation 
of the Colorado Weather Service, with a goal of better 
defining the weather and climate of Colorado. This 
network of dozens of urban and rural weather stations 
later became Colorado’s portion of the nationwide 
NWS Cooperative Observer (COOP) Network. 
NOAA’s National Climatic Data Center (NCDC), 
which maintains the national archive of COOP data, 
in the early 2000s deployed a special climate observing 
network called the Climate Reference Network (CRN), 
including six stations in Colorado, with the express 
purpose of detecting a nationwide signal of climate 
change. 

There are now over 500 weather stations in Colorado 
that measure and report at least temperature and 
precipitation daily to a publicly accessible data 
archive. Of these, about 200 are COOP stations that 
measure and report daily high and low temperatures, 
precipitation (rain and the melted water from snow 
and ice), snowfall, and total snow depth. Average daily 
temperature is computed as the mean of the minimum 
and maximum temperatures. Some weather stations 
report additional information such as wind, humidity, 
and cloud cover. 

It is important to note that observing weather is not 
the same as monitoring climate. With the exception 
of CRN, none of these weather observing networks 
in Colorado and across the U.S. were established 
and maintained with the goal of detecting long-term 
climate trends. Changes in instrumentation, station 
locations, time of measurement and other factors create 
steps, or inhomogeneities, in the records and affect 
the interpretation of long-term trends. Station moves 
can result in slight differences in the local climate 
being observed, and may create a spurious trend. Of 
the roughly 200 active COOP stations in Colorado, 
only two (Fort Collins and Rocky Ford) are “original” 
stations that were established in the 1880s in nearly the 
same location that they are in today. The widespread 
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Sidebar 2-1. The changing normal

A climate normal, or the average conditions over a set baseline period, is routinely used for placing 
recent or current climate conditions into a longer context. Whenever you see a reference such as 
“percent of average precipitation”, the normal is embedded in that value. The standard practice in the 
meteorological community is that a 30-year period, encompassing three full decades, is used as the 
normal. The normal is typically updated every decade, so the most current 30-year normal is 1981–
2010. 

This practice has been adopted by most providers of hydroclimatic information for Colorado and the 
region. Others may use a longer-term average as the baseline for monitoring current conditions. Key 
providers who use the standard 30-year normal include the NOAA National Climatic Data Center 
(climate monitoring); Regional Climate Centers (RCCs; climate monitoring); the NRCS Colorado Snow 
Survey (snowpack monitoring and water supply forecasts), and the Colorado Basin River Forecast 
Center (CBRFC; hydrologic monitoring and streamflow forecasts)

Between 2011 and 2013, all of these providers changed their baselines for calculation from the previous 
normal (1971–2000) to the new 1981–2010 normal. When the 30-year normal was updated to the new 
one, the decade of the 1970s was replaced in the baseline period with the 2000s. Statewide Colorado 
precipitation, averaged over the decade, was very similar between the 2000s and the 1970s. But the 
2000s were warmer than the 1970s over most of the world and the US, including Colorado. Thus 
the new 1981–2010 normal is warmer than the previous one—and so for hydroclimatic variables like 
streamflow and drought indices that are affected by temperature, the new normal is also drier. 

According to the CBRFC, the 1981–2010 streamflows now used to compute the percent of average 
are lower than the previous normal throughout the Colorado River Basin; for example, the 1981–2010 
unregulated April-July inflows to Lake Powell were 11% lower than the 1971–2000 inflows. In fact, the 
new normal for Lake Powell inflows is lower than any of the seven previous normals, beginning with 
1911–1940. So the coming years’ conditions will appear to be cooler and have greater flow than under 
the old normal, because they will be compared to a warmer and lower-flow baseline.

In this report, we explicitly state the normal being used as a baseline for metrics like “percent of 
average” and “departure from average.” Since the historical period for the climate model runs ends in 
2005, the 1981–2010 normal crosses over into the projected “future” period. Thus for the analyses of 
projected future changes (Section 5) it is more appropriate to use the older 1971–2000 normal as the 
observed baseline for comparison. In Section 2, we elected to also use the 1971–2000 normal for most 
of the analyses and graphics, to keep the baseline consistent and to facilitate comparisons between the 
observed trends and projected future trends. 

transition from glass to electronic thermometers in the 
1980s nationwide resulted in a cold shift, or cold bias, 
of about 0.5°F compared to observations made prior to 
the change. An even larger cold bias can occur when 
the daily observing time is changed from the afternoon 
to the morning (Pielke et al. 2002), as has widely 
occurred in recent decades. Land-use changes that 
affect local temperature are also common in Colorado 
and elsewhere, including urban heat island effects and 
altered irrigation patterns, which impact temperatures 
during the growing season (Pielke et al. 2002). These 
changes are not always well-documented (Pielke et 

al. 2007). An extensive discussion of the records at 
selected Colorado climate stations is provided in 
Pielke et al. (2002). Because of these issues, as well 
as local variability in weather patterns, trends at 
individual stations will not necessarily reflect trends 
over larger areas. 

There are two complementary approaches to selecting 
and quality-controlling station records for climate 
analysis so the results are not unduly influenced by 
the non-climatic factors described above. The first is 
to select only the longest and highest-quality station 
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records, with relatively fewer station moves and changes 
in instrumentation and no obvious breakpoints in the 
record, and use these records without adjustments. 
The second is to use a broader set of station records 
and apply well-established procedures to account 
for and adjust for observational bias, including 
instrumentation changes and station location. The 
methods used to improve observational datasets have 
been reviewed and vetted by the scientific community. 
The advantage of the second approach is that many 
more stations can be used, and averaged together to 
more robustly represent larger regions. Section 2-3 
presents results from both approaches: analyses of 
unadjusted records from selected individual stations, 
and also analyses from composites of adjusted records, 
and comparisons between the two. 

2-3. Variability and trends 
in Colorado temperature and 
precipitation since 1900

Trend analysis uses statistical methods to analyze 
records spanning a period of time in order to assess 
whether or not there is a detectable trend that clearly 
emerges from the year-to-year and longer-term 
variability. When a detectable trend is identified, this 
indicates a change (see Section 1-3). For the analyses 
performed for this report, linear regression analysis 
was used to determine whether the slope of a trend 
line was different than zero at >97.5% likelihood.  

Section 2-3 describes variability and trends in 
Colorado’s climate since 1900. These analyses are based 
on data from the NWS COOP Observing Network 
described in Section 2-2, using both unadjusted 
records from individual COOP weather stations and 
adjusted COOP records as composited into NCDC’s 
official climate division and statewide averages.  

Analysis of selected high-quality, unadjusted 
COOP stations records

In 2008, in collaboration with the Western Water 
Assessment (WWA), the Colorado Climate Center 
categorized each station in Colorado according 
to suitability for trend analysis and detection. The 
Colorado Climate Center developed a website 
specifically to view temperature and precipitation 
variations and trends for the best long-term datasets 

at stations in Colorado, including the data shown in 
Figures 2-5 and 2-6 (accessed via http://ccc.atmos.
colostate.edu). 

To represent local differences in climate variability 
and trends in Colorado using the most fundamental 
data sources, for the 2008 Report nine stations were 
selected from 38 “better quality” stations throughout 
Colorado (Figures 2-5 and 2-6). Since all of these 
stations are still in operation, they were used again for 
this report, with the records updated through 2012. 
All nine stations have 90-year or longer records for 
both temperature and precipitation, and relatively few 
identified problems with station relocation, instrument 
changes, and missing observations, according to 
analysis by the Colorado Climate Center and the WWA. 
Stations in Denver, Colorado Springs, and the central 
mountains were relocated too frequently or had other 
problems limiting their use in long-term analysis. The 
temperature records for the nine selected stations show 
the annual departures from the 1971–2000 average 
(Figure 2-5), and the precipitation records (Figure 
2-6) show the annual values, as well as the 1971–2000 
average.  

The nine stations show similar variability in temperature 
(Figure 2-5) on decadal timescales since 1900: a very 
cool period from 1900 to 1930, warm periods in the 
1930s and again in the 1950s, a cool period in the 
1960s and 1970s, variable conditions in the 1980s, 
and a very warm period since the mid-1990s (Figure 
2-3). The annual variability is also similar among the 
records, with 1934, 1954 and 2012 consistently among 
the five warmest years, and 1913, 1929, and 1951 
among the five coolest. The temperature for each year 
generally falls within 2°F of the long-term average for 
that station. At seven of the nine stations, the warmest 
running 10-year period on record ends in 2005 or 
later, indicating that the temperatures since the mid-
1990s exceed those of earlier warm periods. For the 
remaining two stations, the warmest period ends in 
1938 and 1943, respectively.

Linear regression analysis was used to identify trends 
in the temperature record that were statistically 
significant (>97.5% likelihood). Of the total of 27 linear 
trends for temperature examined (30-, 50-, and 100-
year time periods, at nine stations), 18 are increasing, 
1 is decreasing (the 100-year trend at Lamar), and 8 are 
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Fig. 2-5. Annually averaged temperature, 1900–2012, expressed as a departure (°F) from the 1971–2000 average, at nine long-
term observing stations in Colorado. Station locations are shown on the map of Colorado (top left). Those linear trends through 
2012 that are statistically significant (>97.5%) are shown with yellow or blue (100-year), orange (50-year) and dark red (30-year) 
lines. Of the 27 total trends examined, 18 are increasing, 1 is decreasing (100-year trend at Lamar), and 8 are not statistically 
significant (not shown). (Source: NOAA NCDC; analysis by K. Wolter)

FIGURE 2-5. Annual temperature at nine long-term observing stations, 1900-2012

not statistically significant (Figure 2-5). These results 
are very similar to the results of the trend analysis 
conducted for the 2008 Report, which examined the 
same nine stations, and in which the periods for the 

trend analysis were shifted six years earlier, so that 
all periods ended in 2006. That analysis found that 
19 of 27 trends were increasing, 1 was decreasing, 
and 7 were not significant. In contrast, no significant 
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long-term trends in annual precipitation (Figure 2-6) 
were detected over the three time periods for any of 
the nine stations. The year-to-year and decadal-scale 
variability dominates the records; annual precipitation 
ranges three-fold to four-fold at all locations, from half 
the long-term average in a dry year up to double the 

average in a wet year (Figure 2-6). Examination of the 
coefficient of variation (CV) indicates there have been 
no consistent increases or decreases in the magnitude 
of year-to-year variability over the length of the nine 
records. 

Fig. 2-6. Water year precipitation (inches) at nine long-term observing stations in Colorado, 1900–2012. Station locations are 
shown on the map of Colorado (top left). The 1971–2000 averages are shown with the gray dashed lines. The linear trends 
(30-, 50-, and 100-year) through 2012 are not significant at any of the nine stations. The records share much decadal-scale 
variability, such as the droughts of the 1930s, 1950s, and the early 2000s. (Source: NOAA NCDC; analysis by K. Wolter)

FIGURE 2-6. Annual precipitation at nine long-term observing stations, 1900–2012
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Regional analysis from unadjusted COOP 
records

Climatic trends at individual stations (Figures 2-5 

and 2-6) may not necessarily be representative of 
climate over larger areas, such as a river basin, because 
of local processes affecting those stations. For this 
reason, climatologists often assess long-term regional 

Fig. 2-7. Annually averaged daily temperature, 1913–2012, expressed as a departure (°F) from the 1971–2000 average, for 
nine alternate climate divisions (Wolter and Allured 2007) with multiple stations in Colorado. Station locations are color-
coded to the divisions, as shown on the map of Colorado (top left). The linear trends through 2012 that are statistically 
significant (>97.5%) are shown with yellow or blue (100-year), orange (50-year) and dark red (30-year) lines. Of the 27 total 
trends examined, 20 are increasing, 1 is decreasing (100-year trend for Southeastern Corner), and 6 are not statistically 
significant. The gray shading on the map shows mountain areas over 10,000’ in elevation. (Source: NOAA NCDC for 
individual station records; analysis by K. Wolter)

FIGURE 2-7. Annual temperature for nine alternate climate divisions, 1913–2012
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variability by grouping observing stations together. 
These groupings can be more reliable indicators of 
regional differences in trends and variability than 
individual stations.

The NOAA National Climatic Data Center’s (NCDC) 
five official climate divisions group Colorado climate 
data into regions by river basins, but as NOAA 
acknowledges, the divisions are not necessarily 
representative of the complex regional climates in the 
state. An alternate set of climate divisions was developed 
by Wolter and Allured (2007). These alternate divisions 
are based on groups of observing stations that vary in 
a similar manner from year to year, reflecting similar 
underlying regional climate processes. This procedure 
resulted in nine primary climate divisions in Colorado, 
each having at least seven stations within the state. 
Sufficient data are available to construct time-series of 
temperature for all nine climate divisions back to 1913, 
although the San Luis Valley division is based on only 
a single station before 1950. The averages calculated 

from the better-quality observing records within each 
division can help to detect regional temperature trends 
by eliminating local processes that are not indicative of 
regional climate at each observing station. 

Temperature trends were computed for these 
alternative climate divisions for the same time periods 
(30-, 50-, and 100-year periods; Figure 2-7) as for the 
nine-station analysis. Most of the nine divisions have 
statistically significant warming trends over the past 
100 years (7 of 9), the past 50 years (7 of 9), and the 
past 30 years (6 of 9). Over the past 30 years (1983–
2012), the strongest warming trends are in southwest 
Colorado (+2.8°F), the San Luis Valley (+2.5°F), and 
the northern Front Range (+2.4°F). The Southeastern 
Corner (pink circles) climate division, which includes 
the Lamar station noted in the nine-station analysis, 
is the only division to have a significant long-term 
cooling trend (over the past 100 years) and to have 
no significant warming in either the past 50 or 30 
years. Only two stations, Holly and Lamar were used 

Fig. 2-8. Colorado statewide annually-averaged temperature (°F), 1900–2012. Annual departures are relative to a 1971-2000 
reference period. The dashed yellow, orange, and dark-red lines are the 100-year, 50-year, and 30-year trends, respectively. 
All three warming trends are statistically significant. The gray line is the running 10-year average. The record shows a cool 
period from 1900 to 1930, a warm period in the 1930s and again in the 1950s, a cool period in the late 1960s and 1970s, and 
consistently warm temperatures since the mid-1990s. (Data source: NOAA NCDC; http://www.ncdc.noaa.gov/cag/) 

FIGURE 2-8. Statewide annual temperature, 1900–2012

CLIMATE CHANGE IN COLORADO

A Synthesis to Support Water Resources Management and Adaptation 23

http://www.ncdc.noaa.gov/cag


to compute the divisional average. Pielke et al. (2002, 
2007) discuss problems with the observational record 
at these stations, including changes in observation 
time that may have introduced a cold bias. 

Statewide analysis from adjusted COOP 
records

A final approach to examining trend and variability 
in Colorado’s temperature and precipitation is to 
use the official statewide averages from the new 
“nClimDiv” dataset from NOAA NCDC, in which 
individual COOP records are first adjusted to account 
for changes in station location, instrumentation, and 
time of observation as described in Section 2-2, then 
interpolated to a 5-km (3-mile) grid similar to that 
used for PRISM data, and then averaged over the grid 
to represent divisional or statewide values. 

The statewide average temperature for Colorado since 
1900 is shown in Figure 2-8. Colorado’s climate since 
1900 shows a cool period from 1900 to 1930, a warm 
period in the 1930s and again in the 1950s, a cool period 
in the 1960s and 1970s, and a general warming trend 
since about 1970. Since 1994, 18 of 20 years have been 
warmer than the 1971–2000 average. The temperature 
has increased by +2.5°F in the past 50 years (1963–2012) 
and by +2.0°F in the past 30 years (1983–2012). Both 
of these warming trends are statistically significant, as 
is the 100-year (1913–2012) warming trend (+2.2°F).4 
The statewide warming shown here and in the previous 
figures is consistent with the regional warming that has 
been observed across the western U.S. (Hoerling et al. 
2013).  

The effect of the NCDC station adjustment on the 
statewide trends can be discerned by comparing the 
data shown in Figure 2-8 with an average of the nine 
climate division records shown in Figure 2-7. The 
average of the nine climate divisions has increased by 
1.5°F in the past 50 years and 1.8°F in the past 30 years. 
These trends are smaller than those in the adjusted 
statewide data, but are still statistically significant. 

Using the NCDC statewide data, we can also 
examine the trends in daily minimum and maximum 
temperatures, and also in the average temperatures by 
season. The daily minimum temperatures (nighttime 
lows) averaged across Colorado have warmed more 
than daily maximum temperatures (daytime highs) 
during these periods. This pattern is consistent with 
U.S. and global trends (Hoerling et al. 2013, Walsh et al. 
2014a). Statewide temperatures in the past 50 years have 
increased in all seasons, with the largest trend in spring 
(3.4°F), followed by summer (2.4°F), winter (2.3°F), 
and fall (1.8°F). Over the past 30 years, temperatures 
have also increased in all seasons, although with a 
different ordering in the seasonal changes: the largest 
trend has been in summer (2.5°F), followed by fall 
(2.5°F), spring (2.2°F), and winter (1.6°F). 

Temperature trends with elevation 

Temperature tends to decrease as elevation increases, 
and temperature strongly influences hydrologic 
processes such as evapotranspiration, snowpack 
accumulation, and timing of snowmelt. An elevation-
dependent response in the overall observed warming 
trend for Colorado—consistently lesser or greater 
warming at higher elevations—would have important 
implications for water resources. There are physical 
reasons to expect greater warming at high elevations 
as global temperatures increase (Rangwala and Miller 
2012). But the sparseness of long-term observations at 
elevations above 10,000’ in Colorado limits our ability 
to reliably determine whether elevation-dependent 
warming is actually occurring. At present, there is 
no consistent and robust observational evidence that 
higher-elevation regions in Colorado are warming at a 
different rate than lower-elevation regions.5  

2-4. Snowpack and streamflow

All of Colorado’s major rivers, and all streams with 
headwaters above about 8,000’, have a snowmelt-

4.   Compared to the previous NCDC divisional dataset, the nClimDiv 
dataset released in March 2014 has better data coverage prior to 1930, and 
because it uses grid-based spatial averaging, there can be differences in the 
statewide and divisional values for all time periods. In the previous NCDC 
dataset, the Colorado statewide warming trends were as follows: 30-year: 
1.9°F; 50-year: 2.6°F; 100-year: 2.0°F.

 5.   The 2008 Report reported the results from Diaz and Eischeid (2007), 
who analyzed the temperature record in the PRISM dataset, and found 
larger warming trends at high elevations, as shown in Figure 2-6 in the 2008 
Report. However, this finding is no longer believed to be robust, in part 
because of the scarcity of observed data in PRISM for regions above 10,000’. 
Additional analyses since 2008 also point to the Diaz and Eischeid (2007) 
finding being affected by discrepancies in temperature observations from 
the high-elevation SNOTEL network incorporated into the PRISM dataset.
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dominated hydrology. The majority of the annual flow 
originates as meltwater from a mountain snowpack 
which accumulates from late fall into the spring and 
typically peaks in April or May. The rapid melt of the 
snowpack creates a pronounced peak in streamflow, 
typically in May or June. In this section we describe the 
observed variability and trends in Colorado’s snowpack 
and streamflow.

Snowpack

Snow-water equivalent (SWE) describes the total 
amount of water stored as snow; that is, the amount 
of liquid water that would result if the snowpack were 
melted down. April 1 SWE has a close relationship 
with April–July streamflow in Colorado and elsewhere 
in the West, and is a better measure for hydrologic 
monitoring than total snowfall or snow depth. SWE 
is measured at SNOTEL (SNowpack TELemetry) 
sites and snow courses across the West by the Natural 
Resources Conservation Service (NRCS). Similar 
to weather station data, snow data are subject to 
non-climatic influences, including local weather-
modification efforts (cloud-seeding) and changes in 
vegetation over time that affect snow deposition at the 
site (Julander and Bricco 2006). Thus, as with other 
climate data, trend analyses based on multiple sites 
are more representative of basin-wide conditions than 
those based on a single site. 

Several studies have assessed trends in April 1 SWE 
across the West from 1950 to the early 2000s using 
a combination of snow course and SNOTEL data 
(Hamlet et al. 2005, Mote et al. 2005; Regonda et al. 
2005). While declining SWE was detected in other 
parts of the West over that time period, Colorado 
was found to have had no overall trends. Hamlet et 
al. (2005) concluded that those stations reporting 
increased SWE were associated with modest upward 
precipitation trends, and that widespread warming, 
rather than precipitation trends, caused the downward 
trends in SWE. The warming was also linked to the 
overall regional trend towards a greater proportion 
of cool-season precipitation falling as rain rather 
than snow, though there have been no consistent rain 
vs. snow trends for Colorado (Knowles et al. 2006). 
Colorado has colder climate and generally higher 
elevations than the regions with the largest downward 
trends in April 1 SWE: the Cascades, northern Sierra 

Nevada, and northern Rocky Mountains. Accordingly, 
the snowpack in Colorado appears to be less vulnerable 
to the impacts of the observed West-wide warming 
trend than other regions. 

A more recent study by Clow (2010) assessed trends 
in Colorado’s snowpack between 1978 and 2007. The 
period examined by Clow was constrained by the 
choice to use only SNOTEL records, which begin in the 
late 1970s. Over this shorter period, Clow found that 
there were significant downward trends in April 1 SWE 
in all 14 of the Colorado “snowpack regions” that he 
delineated. Winter precipitation significantly declined 
over this period in 11 of the 14 regions, suggesting 
that lower precipitation was largely driving the 
downward SWE trends, although warming springtime 
temperatures may have also been a factor.

A new analysis conducted for this report assessed the 
variability and trend in Colorado’s April 1 SWE over the 
full length of the available observations (snowcourse 
and SNOTEL), which extend back to the late 1930s 
for three of Colorado’s eight major river basins, and 
back to 1961 for the other five basins. Note that while 
April 1 SWE is a useful overall measure of snowpack, 
it may not reflect more subtle changes in the seasonal 
evolution of snowpack, such as the effects of dust-on-
snow (see Sidebar 2-3).

The time-series of April 1 SWE (Figure 2-9) shows that 
in many years the eight basins track each other closely, 
especially in severe drought years such as 1977, 1981, 
2002, 2012, and 2013. Over the entire April 1 SWE 
record, neighboring basins tend to correlate strongly. 
There are greater differences between the more 
northerly and southerly basins, reflecting the tendency 
of the winter storm tracks to favor either the north or 
south in some years. There also tends to be larger year-
to-year variability in the southern basins. Thus, Figure 
2-9 shows the eight basin records in two groupings, 
northern and southern. Of the long-term trends (30-
year, 50-year) in April 1 SWE examined across all 
eight basins, no trends are statistically significant. The 
difference between this result and that of Clow (2010) 
is likely due to the different statistical approach; the 
Regional Kendall test used by Clow is more sensitive 
in detecting trends than linear regression (Clow 2010). 
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Fig. 2-9. April 1 Snow Water Equivalent (SWE) through 2013 for each of Colorado’s eight major river basins, grouped by 
northern (top) and southern (bottom) basins. The start dates of the basin records, ranging from 1936 to 1961, are based on 
when multiple snow courses were established. Of the trends (30-year, 50-year, 70-year) examined for each basin, only one 
trend is statistically significant (70-year trend for South Platte Basin; decreasing). (Source: NRCS Colorado Snow Survey; 
analysis by K. Wolter)

Streamflow

The variability in surface water supply in Colorado, as 
represented by annual streamflow, very closely follows 
the variability in precipitation and snowpack with 
respect to the sign of the departure above or below 
average. However, evapotranspiration and related 
factors affect the conversion of precipitation to runoff so 
that the year-to-year variability of streamflow is greater 
than that of precipitation. For example, if the April 1 
SWE in a given year is 90% of average (departure of 

10% below average), the resulting April–July runoff will 
typically be closer to 80% of average (departure of 20% 
below average) (Vano et al. 2012). Figure 2-10 shows 
long-term records of naturalized6  annual (water-year) 
streamflow for four river basins in Colorado through 
2012, expressed as percentage of the average flow for 
1971–2000. All four records show considerable year-to-
year variability—a three- to six-fold difference between 
the lowest and highest annual flows—and decadal 
variability. All four records show the same multi-
year droughts and wet periods, reflecting the large-
scale influence of the weather patterns that determine 
Colorado’s mountain precipitation and snowpack for a 
given winter. We did not detect significant long-term 
trends, however, in these four streamflow records. This 

FIGURE 2-9. April 1 Snowpack through 2013 for Colorado’s major river basins

6.   Naturalized streamflow, also known as natural, undepleted, or virgin 
streamflow, is a gaged streamflow record that has been corrected for hu-
man alterations of the natural hydrology, principally upstream diversions 
and augmentations, and reservoir storage and evaporation.
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Sidebar 2-2. Beetles, climate and water

Since 2000, bark beetle epidemics have 
caused extensive tree mortality across 4 
million acres of forested watersheds in 
Colorado (Pugh and Small 2011). Most of this 
acreage is in lodgepole pine forests infested 
by mountain pine beetle, but spruce beetle 
and pinyon ips beetle have also affected 
broad areas. 

While bark beetles are native to Colorado’s 
forests and have periodically erupted in 
epidemics every several decades, the 
epidemics in Colorado in the last 15 years are 
historically unprecedented in their scale. They 
are also part of continental-scale bark beetle 
epidemics that have occurred since the mid-
1990s throughout western North America, 
from British Columbia to New Mexico. The 
synchronous timing of these widespread 
outbreaks of bark beetles has been attributed 
to the overall warm and dry conditions which 
have promoted beetle over-wintering survival 
and reproduction and reduced the trees’ 
resistance to beetle attacks (Raffa et al. 2008, Bentz et al. 2010). A field study in Colorado’s Front Range 
found that the emergence of mountain pine beetles from infested trees in 2009 and 2010 occurred 4–6 
weeks earlier than in the 1970s, allowing for a longer season for infestation and, in some cases, a second 
round of reproduction in the summer (Mitton and Ferrenburg 2012).

In Colorado, most of the beetle-affected watersheds lie at higher elevations and produce substantial annual 
runoff from snowmelt (Section 2-4). Studies of tree harvesting and previous beetle infestations in Colorado 
have shown that widespread tree mortality leads to a significant increase in total runoff, and also earlier 
peak runoff, as the removal of the canopy causes changes in snow accumulation, snowmelt, and water 
uptake by trees. This led to the expectation that more runoff and earlier runoff would occur with the most 
recent infestation (Pugh and Gordon 2012).

However, three separate studies have failed to detect consistent changes in observed total runoff in Colorado 
in basins impacted by the post-2000 mountain pine beetle mortality (Stednick and Jensen 2007, Somor et 
al. in revision, K. Elder personal communication). The Western Water Assessment has recently conducted 
comprehensive hydrologic modeling of four affected Colorado watersheds to simulate the impacts of both 
bark beetle infestation and dust-on-snow (see Sidebar 2-3). The results show an increase in simulated annual 
runoff, of 5–10%, due to the effects of beetle infestation alone, consistent with the expectations described 
above (Livneh et al., in preparation). The mechanism for this increase is the combination of reduced canopy 
interception of snowfall (which leads to less sublimation loss) and reduced warm-season transpiration from 
beetle-killed areas, leaving more moisture available to run off into the streams. The modeled changes in 
runoff timing were negligible, due to the offsetting effects of increasing snow accumulation and faster melt. 

In summary, it is plausible that a beetle “signal” in runoff in Colorado is actually occurring. But it is not large 
enough to be detected amid the high interannual variability in precipitation and runoff, which creates a very 
“noisy” background from which to tease out a trend due to the beetle infestations. The ongoing spruce 
beetle infestation in the San Juans expanded from 2010 to 2013 (photo, above), and given the deeper 
snowpacks in the high-elevation spruce-fir forests, changes in runoff may be detectable in the near future.

Engelmann spruce killed by spruce beetle infestation near Wolf 
Creek Pass, January 2013. The death of trees in the forest canopy 
alters key hydrologic processes, including snow accumulation, 
snowmelt, and water uptake by vegetation. (Photo: Eric Gordon, 
Western Water Assessment)
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Fig. 2-10. Naturalized annual (water-year) streamflows through 2012 at four long-term (>95-year) stream gages represent-
ing runoff over four major river basins both east and west of the Divide. The range between the lowest and highest annual 
flows is three-fold to six-fold. Note that the gages have very similar year-to-year and decadal variability. The yellow dotted 
line shows the 1971–2000 average flow. 2002 is the lowest or second-lowest annual flow on record at all four gages. There 
are no significant long-term trends. (Data sources: South Platte: Denver Water; Arkansas: Colorado Springs Utilities through 
2003, with 2004–2012 estimated from CDWR gaged flows; Colorado and Gunnison: Colorado Water Conservation Board 
through 2006, and 2007–2012 estimated from Reclamation natural flows and USGS gaged flows for the same gages)

FIGURE 2-10. Annual streamflows through 2012 for four major river basins

is consistent with the findings of Murphy and Ellis 
(2014), who did not find persistent long-term trends 
in streamflow in the three basins within Colorado they 
examined: the Yampa River, the Animas River, and the 

Upper Gunnison River. It is plausible that the recent 
warming has tended to reduce the fraction of annual 
precipitation reaching streams and rivers by increasing 
evapotranspiration (Hoerling et al. 2013), but this 
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effect has not been large enough to cause detectable 
trends in annual streamflow.

Regarding changes in the variability of streamflow 
over time, Pagano and Garen (2005) found increases 
in April-September streamflow variability for the 
White River at Meeker (1943-2002) and also an 
increase in the year-to-year persistence of high and 
low flows. A similar analysis of the four century-long 
water-year streamflow records shown in Figure 2-10, 
performed for this report, is in agreement their results. 
Comparing the 50-year periods before and after 1960, 
the coefficient of variation (CV) has increased by 10–
20% at all four gages, indicating an overall increase in 
variability. The year-to-year persistence of high and 
low flows, as indicated by lag-1 autocorrelation (AR1), 
has also increased at all four gages since 1960, although 
this measure is much more variable over time than CV. 

For many uses of water in Colorado, the timing of 
runoff can be as important as the runoff quantity, 
because of strictly timed diversion rights, specific crop 
water needs, and other factors. From 1950–2000, shifts 
to an earlier onset and peak of the spring runoff were 
not consistent across Colorado and were smaller (5–
10 days) than in other regions of the West (Stewart et 
al. 2005, Regonda et al. 2005). More recent analyses, 
however, that include most or all of the generally dry 
and warm 2000–2010 period have detected larger 
shifts towards earlier spring runoff onset and peak 
runoff across Colorado (Clow 2010, Fritze et al. 2011, 
Hoerling et al. 2013), with the magnitude of the shift 
depending on the start date of the analysis. Clow (2010) 
found that the pervasive shifts to earlier snowmelt and 
runoff timing in Colorado from 1978–2007, of roughly 
1–4 weeks, were best explained by a combination of 
the downward trends in SWE from 1978–2007, and the 
warming trend in spring temperatures over that same 
period. Clow (2010) also noted the potential impact of 
dust deposition on snowpack in changing snowmelt 
and runoff timing; this impact is explored further in 
Sidebar 2-3. 

2-5. Drought

Drought is a simple concept: a period of drier-than-
average conditions lasting from weeks to years. But 
defining the onset of drought, its severity, and its 
spatial patterns is more challenging. Droughts begin 

Sidebar 2-3. Dust-on-snow:
impacts on hydrology

In 2013, as in many recent years, the late-spring 
snowpack in the mountains of southwestern and 
central Colorado was a pink-red to brownish color, 
from a heavy deposition of desert dust (photo, 
next page). The dust’s visual impact reflects 
physical changes that have already impacted the 
hydrology in the state’s river basins, especially on 
the Western Slope. 

Soil surfaces in the Colorado Plateau and Great 
Basin are naturally resistant to wind erosion 
thanks to physical and biogenic soil crusts, but 
these crusts are easily disturbed by land uses 
such as grazing, oil and gas exploration and 
drilling, agriculture, and off-road vehicle use. 
Once disturbed, soil particles can then be picked 
up by strong winds and transported hundreds of 
miles from the source. Dust-deposition events 
in Colorado occur with large-scale storms that 
produce strong southwesterly winds over the 
source regions, most frequently in late winter and 
spring. The dust layers from each event are buried 
by subsequent snows. As the snowpack compacts 
and melts down in late spring, the layers emerge 
and are concentrated at the snow surface.

Sediment cores from alpine lakes in the San 
Juan Mountains of Colorado tell us that dust 
deposition increased six-fold in the mid-1800s, 
coinciding with increased settlement and grazing 
(Neff et al. 2008). The deeper parts of the cores 
show no spikes of deposition corresponding 
to the several “megadroughts” prior to 1800 
(see Section 2-7), further indicating that human 
disturbance rather than severe drought is the key 
factor in causing elevated dust emissions. The 
deposition decreased somewhat after the late 
1800s, but leveled off in the late 20th century at 
about five times the natural background levels, 
due to continued disturbance. Dust deposition 
now appears to have increased in our region since 
the late 1990s, due to both increasing aridity 
in the dust source areas and increasing human 
disturbance of the soils (Brahney et al. 2013). 

Field studies beginning in the mid-2000s have 
demonstrated that dust deposition in the 
snowpack alters the energy balance of snowmelt, 
enhances melt rates, and advances the timing of 
spring runoff (Painter et al. 2007, Painter et al. 
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2012, Skiles et al. 2012). Using hydrologic models, two recent studies have quantified the likely impact of 
recent dust loading on both the timing and amount of runoff across the upper Colorado River Basin (Painter et 
al. 2010, Deems et al. 2013). Moderately dusty years like 2005 through 2008 are estimated to cause snowmelt 
and the peak of spring runoff to occur about three weeks earlier compared to with the pre-1800s dust levels. 
The extreme dust loading that occurred in 2009, 2010, and 2013—several times more than in 2005–2008—is 
estimated to cause melt and runoff to occur another three weeks earlier, or a total of six weeks earlier than in 
the pre-historic hydrology. 

The modeling has also indicated that moderate dust loading has reduced runoff from the Upper Colorado River 
Basin by about 5%, or 800,000 acre-feet, compared to pre-1800s conditions. In the model, as the snowpack 

melts out earlier, more evapotranspiration occurs 
from soils and vegetation, reducing runoff. 
Extreme dust loading only increases that loss 
to 6%, because meltout occurs so early that the 
sun angle is too low to drive much additional 
evapotranspiration. 

This dust-caused shift and reduction in runoff 
has likely been present in many years since the 
early 1900s, so the moderate dust impact is 
partly embedded in what we consider ‘normal’. 
But the spatial and year-to-year variability in dust 
loading, and resulting impacts on the hydrograph, 
complicates the forecasting, storage, and 
allocation of runoff. The fact that three of the last 
five years through 2013 have seen “extreme” dust 
loading may indicate a trend towards increasing 
alteration of hydrology. 

For the snowmelt processes on the receiving 
end of the dust, the interaction of the projected 
future warming with the dust-on-snow effect is 
complex, according to the modeling by Deems 
et al. (2013). Runoff timing is strongly affected by 
dust under all warming scenarios, meaning that 
dust reduction efforts could enhance snowpack 

longevity even under a markedly warmer climate. The amount of annual runoff shows the opposite: warming 
reduces snowpack amounts much more strongly than dust-induced evaporation losses, such that moving from 
moderate dust to extreme dust in a 2050 climate has no additional effect on runoff volume, at least averaged 
across a 20-year period. A warmer future climate would also lead to drier soils in the dust source region, 
reducing vegetation cover and allowing for greater dust emissions.

It may be possible to at least partly reverse dust-on-snow impacts in Colorado with management and policy 
changes. Researchers are currently working to determine how improved land-use practices might reduce the 
amount of dust that is mobilized and ultimately deposited in the snowpacks of Colorado and the West, with 
funding from water management agencies in the Colorado River basin. 

CWCB and many other water management agencies are supporting the Colorado Dust-on-Snow (CODOS) 
dust monitoring program conducted by the Center for Snow and Avalanche Studies, in order to anticipate 
yearly impacts on snowmelt and runoff. See http://www.codos.org/#codos for more information.

Dust-covered late-spring alpine snowpack in Senator Beck 
Basin, upper Uncompahgre River Basin north of Silverton, 
on May 16, 2013. The dust that has coalesced on the 
snow surface reflects the “extreme” dust deposition that 
occurred over the winter of 2012–2013, the highest since 
measurements began at Senator Beck Basin in 2004–2005. 
Dusty snow absorbs more solar radiation, causing faster melt 
and earlier peak runoff. (Photo: Jeff Deems, CIRES)

Sidebar 2-3. Dust-on-snow:
impacts on hydrology (cont’d.)
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as meteorological drought (a deficit in precipitation) 
and if they persist for more than a few weeks, they can 
also manifest as agricultural drought (soil moisture 
deficit) and hydrologic drought (reduced runoff). The 
severity of agricultural and hydrologic drought is a 
function not only of the precipitation deficit, but also 
increased evapotranspiration caused by warmer-than-
average temperatures—which in summer are strongly 
associated with periods of low precipitation.

The indicators used to monitor and describe drought 
in Colorado and the West can be divided into those 
that (1) only reflect the precipitation deficit, such as 
percent of normal precipitation and Standardized 
Precipitation Index (SPI); and those that (2) reflect 
both the precipitation deficit and the effects of warmer 
temperatures that typically accompany drought. 
The latter set includes snowpack (e.g., percent of 
normal April 1 SWE), streamflow (e.g., percent of 
normal April–July runoff), reservoir storage, and the 
Palmer Drought Severity Index (PDSI; Palmer 1965). 
The drought indices that reflect the effects of both 
precipitation and temperature may be more useful in 
a warming climate.

PDSI represents the balance of water inputs to the 
soil, based on observed monthly precipitation, and 

water losses from the soil, based on observed monthly 
temperature. Thus PDSI is often used as an indicator 
of agricultural drought. This soil-moisture balance 
calculation accounts for the “memory” of water storage 
within the soil, so PDSI for a given month or season 
actually reflects the previous nine to twelve months of 
weather conditions (Palmer 1965; Alley 1984). Thus, 
while summer PDSI captures moisture anomalies 
that peak during the three months of summer, it also 
incorporates the weather of the previous fall, winter, 
and spring, i.e., the antecedent moisture.

The record of Colorado statewide summer PDSI 
from 1900–2013 (Figure 2-11) shows the annual and 
decadal variability also seen in the observed records 
of precipitation, snowpack, and streamflow that were 
described earlier. For much of the first three decades of 
the 20th century, Colorado and the West experienced 
relatively little drought. Sustained and severe drought 
emerged in Colorado and the Great Plains during the 
1930s (the “Dust Bowl”), with lesser drought episodes 
in the 1950s and the mid-1960s. The period from 1965–
1999, while not as wet as the early 20th century, saw less 
drought than the previous three decades, with short 
droughts in 1977 and 1981, and also in the early 1990s. 
Since 2000, Colorado has experienced an extended 
dry period, with few years of above-average summer 

PDSI and two particularly 
severe drought episodes: 
2000–2003, including the 
record extreme conditions 
of 2002; and 2012–2013. 

There is a statistically 
significant trend of 
decreasing statewide 
summer PDSI (i.e., more 
drought) over a 30-year 
period (1983–2012), but 
no trend over a 50-year 
period or 100-year period. 
The recent downward 
trend reflects both the 
persistently below-average 
precipitation since 2000, 
and the warming trend 
which has caused these 
recent PDSI values to 
be even lower than they 

Fig. 2-11. Colorado statewide summer (June–August) Palmer Drought Severity Index 
(PDSI), 1900–2013. The multi-year droughts in the 1930s, 1950s, and 2000s stand out. 
Since 2000 the three lowest statewide summer PDSI values on record have occurred: 
2002, 2013, and 2012. There is a significant decreasing trend (i.e., increasing drought 
severity) over the 30 years from 1983 to 2012. (Data source: NOAA NCDC; http://
www.ncdc.noaa.gov/cag/) 

FIGURE 2-11. Statewide summer Palmer Drought Severity Index, 1900–2013
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would have been in the 
absence of warming.

Other studies indicate 
that the recent warming 
in our region may have  
exacerbated the recent 
drought conditions and 
drought impacts. A 
nationwide study found 
an increase in the severity 
of droughts over the 
period 1925–2003 in the 
southwestern United States, 
including the Western Slope 
of Colorado (Andreadis and 
Lettenmaier 2006). They 
qualitatively attributed the 
increased drought severity 
in that region to the increase 
in observed temperatures 
and the resulting increase 
in evapotranspiration. 
Similarly, Breshears et al. (2005) compared the early 
2000s drought in the Southwest to the 1950s drought, 
in terms of vegetation impacts, and found that greater 
warmth had been a key factor in the recent drought’s 
more severe impacts. Munson et al. (2011) concluded 
that over the previous 20 years, increasing temperatures 
in the southwestern US had led to both reduced cover of 
perennial grasses and increased emission and transport 
of dust from the Colorado Plateau (see Sidebar 2-3).

2-6. Other climate and weather 
extremes 

Climate and weather extremes have received increasing 
attention recently, and rightly so. Rare extreme events 
cause the vast majority of societal costs related to 
climate and weather (Peterson et al. 2008). Thus it is 
important to understand whether the occurrence of 
extreme events has changed historically, and whether 
we should expect their occurrence to change in the 
future. But it is critical that we consider different 
types of extreme events individually, since they have 
different relationships with broad-scale atmospheric 
patterns and processes, and will respond differently 
to anthropogenic climate forcing. Blanket statements 
such as “extreme weather is getting worse” are difficult 

if not impossible to evaluate. Below, different types of 
extreme events are listed, followed by descriptions of 
observed variability and trends in those extremes in 
Colorado and the surrounding region.

Heat waves

Multi-day extremes of high temperature have 
a straightforward link to a warming climate; as 
temperatures warm in general, we would expect the 
number of days above a given temperature threshold 
to increase. Over the six-state Southwest region, there 
has been an increasing trend in heat waves since 1900, 
although the heat-wave frequency in the 2000s is not 
markedly higher than the 1930s (Hoerling et al. 2013). 
Heat waves are defined as the n hottest 4-day periods 
observed at each station over the entire record, where n 
is the station record length in years divided by 5. Thus, 
these are events that would be expected to occur no 
more often than every five years. For Colorado, this 
same index, based on 12 long-term stations, shows 
significant increasing trends in heat waves over the 
past 50 years and 30 years (Figure 2-12; Kunkel et al. 
2013b). The heat wave occurrence averaged over 2003–
2012 is the second-highest of any 10-year period, after 
1931–1940. This highlights the unusual nature of the 
1930s, and indicates that the most recent heat waves in 

FIGURE 2-12. Statewide heat wave index, 1900–2012

Fig. 2-12. Index of heat wave occurrence for Colorado, 1900–2012, based on 12 long-
term observing stations across the state. There are increasing trends in heat waves 
over the past 50 years and 30 years. The most recent 10-year period (2003–2012) had 
the second-highest average index, after the period 1931–1940. (Data source: Kunkel 
et al. 2013b)
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Colorado are not yet outside of the range of historical 
variability.

Cold waves

Conversely, as the climate warms overall, we would 
expect the number of cold days below a given threshold 
to decrease. The Extreme Cold Index for Colorado 
represents the occurrence of severe cold waves; these 

are the very coldest 4-day periods at each of 12 stations, 
such that they have occurred once every five years or 
less frequently. The occurrence of cold waves shows a 
decreasing trend over the past 30 years, but no trend 
over longer periods (Figure 2-13, Kunkel et al. 2013b). 
This is consistent with the regional trend in cold waves 
over the six-state Southwest region (Hoerling et al. 
2013). Overall, the intrusion of deep Arctic air masses 

into the U.S. has become 
less frequent in recent 
decades (Peterson et al. 
2013). 

Frost-free season

The frost-free season is 
the period between the 
last frost in spring and the 
first frost in fall, with frost 
defined as the minimum 
temperature falling below 
32°F. The length of the 
frost-free season has 
important implications 
for agriculture, as it is 
strongly correlated with 
the growing season and 
partly dictates what crops 
and varieties can be 
grown in a given area, and 
likewise constrains urban 
landscaping. The frost-
free season also has some 
influence on wildfires (see 
below), as a growing season 
that extends further into 
spring allows more grass 
and other fine fuels to grow 
prior to their drying and 
curing during the summer 
fire season. A statewide 
averaged frost-free season 
length for Colorado, 
based on 12 long-term 
observing stations across 
the state, shows significant 
increasing 100-year and 
30-year trends, consistent 
with the warming trend in 

FIGURE 2-13. Statewide cold wave index, 1900–2012

FIGURE 2-14. Statewide length of frost-free season, 1900–2012

Fig. 2-13. Index of cold wave occurrence for Colorado, 1900–2012, based on 12 long-
term observing stations across the state. There is a decreasing trend in cold waves over 
the past 30 years. (Data source: Kunkel et al. 2013b) 

Fig. 2-14. Length of frost-free season, expressed as a departure from the 20th-century 
(1901–2000) baseline, based on 12 long-term observing stations across the state, 
1900–2012. There is a significant increasing long-term trend in the frost-free season, 
consistent with the overall warming trend. (Data source: Kunkel et al. 2013b) 
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annual temperatures (Figure 2-14, Kunkel 2013b). The 
50-year trend is not statistically significant.

Heavy precipitation events

Warmer temperatures tend to cause more water vapor 
will be evaporated and held in the atmosphere. Globally, 
there has been an increase in water vapor of 3–5% since 
the 1970s (IPCC 2013). Whether this increased water 
vapor is translated into more frequent heavy or extreme 
precipitation events depends on a complex interplay of 
factors at different spatial scales. Heavy and extreme 
precipitation events may not necessarily show the same 
trend over time as total annual precipitation. 

In the United States, heavy precipitation events—
those occurring once every year or less often—
have increased in the past 50 years in some regions, 
especially the Northeast and the Midwest (Peterson et 
al. 2013, Walsh et al. 2014a). The six-state Southwest 
region, however, has experienced no detectable trends 
in 1-day heavy precipitation events or 5-day heavy 
precipitation events (Hoerling et al. 2013). 

The same indices of heavy precipitation events for 
Colorado, based on daily precipitation records from 12 
long-term observing stations, also show no statistically 
significant trends over the past 30, 50, or 100 years. 
The threshold for 1-day events varies by station but is 
generally 1”–2” of precipitation in 24 hours for western 
Colorado, and 2”–3” in 24 hours for eastern Colorado. 
About half of these events occurred in summer (June–
August), about one-third in spring (March–May), and 
most of the rest in fall. A different index, based on the 
proportion of annual precipitation coming in the largest 
1% of all precipitation events, also shows no trend for 
Colorado since 1900 (Kunkel 2013b). In summary, 
there are no clear trends in heavy precipitation events 
for Colorado, and like annual precipitation, there is 
considerable variability at annual and decadal time 
scales. (Including the September 2013 Front Range 
rainfall event in the trend analyses would not change 
this conclusion.)

Floods

While the occurrence of flooding is usually dependent 
on heavy precipitation, the trends in flood events may 
not necessarily track the trends in heavy precipitation 
events as expressed in the indices described above. 

Additional factors such as precipitation intensity, soil 
moisture and snow conditions, and basin topography 
are also important in determining the occurrence 
and severity of flooding. And while many floods are 
immediate responses to precipitation events, whether 
flash floods from individual thunderstorms or larger-
scale flooding, Colorado can also experience flooding 
from rapid spring melting of the mountain snowpack, 
without any additional precipitation.  

The evidence in Colorado is limited, but suggests there 
has been no increase in flood events over the past 
100 years. Two recent studies have together assessed 
eight long-term near-natural streamflow records in 
Colorado for trends in annual peak daily discharges 
(i.e., the highest discharge observed in each year), as 
part of national analyses (Villarini et al. 2009, Hirsch 
and Ryberg 2012). No increasing trends over time in 
annual peak discharges were detected at any of the 
eight Colorado gages. Because both of these analyses 
included all annual peak discharges over the period 
of record, neither study necessarily speaks to trends 
in less frequent and more severe floods, such as the 
September 2013 flood event in eastern Colorado (see 
Sidebar 4-2).

Wildfires

The ignition of wildfires and their intensity and size are 
strongly influenced by climate and weather conditions 
prior to and during the fire season (Littell et al. 2009). 
In the Southern Rockies ecoregion, which covers all 
of Colorado’s forested mountain regions and extends 
slightly into Wyoming and New Mexico, variation in 
spring and summer precipitation accounted for most 
of the year-to-year variability in wildfire area burned 
from 1977–2003, with drier conditions of course 
being associated with more fire (Littell et al. 2009). 
Non-climatic factors also affect both ignitions and 
fire behavior. These include changes in forest and land 
management (e.g., fire suppression) and resulting 
changes in fuel loads, and increasing human activity 
and development within forests and other fire-prone 
vegetation types. 

Since 2000, Colorado has experienced its three largest 
wildfires since at least 1930, topped by the 140,000-acre 
Hayman Fire in 2002, and also the five most destructive 
wildfires in terms of structures destroyed, topped by 
the 2013 Black Forest Fire (over 500 homes). A recent 
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analysis found that Colorado large fires (>1,000 acres) 
that burned on National Forest lands have greatly 
increased since 1970, with 6 large fires in the decade 
from 1970–1979, 11 from 1980–1989, 7 from 1990–
1999, 35 from 2000–2009, and 19 in just the three years 
2010–2012 (Climate Central 2012). This increasing 
trend in large fires in Colorado is consistent with 
trends across the western United States. Westerling et 
al. (2006) found that the increasing trends in the area 
burned by wildfires and the length of the fire season 
across the West since 1970 were strongly correlated 
with increasing spring and summer temperatures, and 
earlier snowmelt. However, the strongest relationships 
were found in the Northern Rockies, with weaker 
relationships in the Southern Rockies, including 
Colorado. In summary, it is very plausible that the 
increase in large wildfires in Colorado since 2000 is at 
least partly due to climate factors, including both the 
overall warming trend and the very low precipitation 
during the summer fire season in several recent years. 

2-7. The Paleoclimate of Colorado

Since observed climate records for Colorado are at 
most 125 years in length, and often much shorter, it 
can be helpful to get a longer perspective on natural 
climate variability and put the observed climate 
variations and trends into context. Paleoclimate 
studies use environmental indicators, or proxies, to 
reconstruct the climate prior to the beginning of 
instrumental records. For reconstructing the past one 
to two millennia of climate in Colorado, the most 
useful proxies are the annual growth rings of trees (tree 
rings), which can reflect either temperature variability 
or moisture variability, depending on the species, 
elevation, and location. Other paleoclimate proxies 
in Colorado and the surrounding region, such as ice 
cores, glacier size and movement, sand dunes, and lake 
sediments, provide information that complements and 
supports the tree-ring data. 

Temperature

There are relatively few high-resolution (annual or 
near-annual) paleotemperature records for the past 
two millennia for Colorado and the surrounding 
region. All of these paleotemperature records indicate 
that the modern period, since about 1950, has been 
warmer than at any time since at least 1400. Most, but 

not all, of these records also agree that the modern 
period was also warmer than the period known as 
the Medieval Climate Anomaly (MCA) from c. 900–
1350 AD, or any other period in the past 2000 years 
(Hoerling et al. 2013). Global climate model (GCM) 
experiments using paleo-proxy-derived estimates of 
past solar variability and volcanic activity also suggest 
that recent warmth in the southwestern United States 
exceeds the warmth of the MCA (Stevens et al. 2008; 
Woodhouse et al., 2010). 

Precipitation, streamflow, and drought

Colorado and the surrounding region have yielded 
an unusually rich resource for reconstructing past 
hydrologic conditions: hundreds of highly moisture-
sensitive tree-ring records from 300–2000 years 
long. Most of these records are based on Douglas-
fir, ponderosa pine, or pinyon pine, all of which are 
abundant and live up to 900 years in Colorado. Other 
useful species include bristlecone pine, limber pine, 
and juniper, all of which can live over 1000 years.  Dead 
wood may persist on the ground for many hundreds of 
years and can be used to extend the tree-ring records 
based on living trees. 

These site-level tree-ring records are closely correlated 
with observed (post-1900) records of moisture-
related variables in Colorado, including summer PDSI 
(Woodhouse and Brown 2001, Cook et al. 2009), 
seasonal and annual precipitation, April 1 snow-
water equivalent (Woodhouse 2003; Pederson et al. 
2011), and naturalized annual (water-year) streamflow 
(Woodhouse and Lukas 2006, Meko et al. 2007). 
By calibrating the tree-ring data with an observed 
record over their period of overlap, we can use the 
resulting statistical model to reconstruct that variable 
prior to the observed record. Here, we focus on the 
reconstructions of naturalized annual streamflow, 
since the past changes streamflow match those in the 
other moisture-related variables. Over 30 stream gages 
in Colorado, representing all seven of the state’s water 
divisions, have been reconstructed using tree rings. 
Three of these reconstructions are shown in Figure 
2-15, along with a reconstruction for the Colorado 
River at Lees Ferry, Arizona, which captures all of the 
runoff from western Colorado. These reconstructions 
as shown range from 370–1000 years long.
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Collectively, these paleodrought records tell us that 
the most severe multi-year droughts observed during 
the past century in Colorado, such as the 1930s, 1950s 
and the early 2000s, were exceeded in severity and 
duration by several paleodrought events during the 
preceding 2000 years. The four records show very 
similar decadal-scale variability; all four show severe, 
sustained droughts in the late 1500s and late 1800s that 
have no analog in the post-1900 record.  These pre-
historic droughts were driven by natural variability 
in precipitation, and thus could recur in the future, 
independent of any changes in the climate. The most 
severe and sustained paleodroughts, sometimes 
called megadroughts, occurred during the relatively 
warm Medieval Climate Anomaly (MCA) from c. 
900–1350 AD. These megadroughts were likely caused 

by persistently cool (La Niña-like) conditions in the 
tropical Pacific Ocean (Seager et al. 2008), which 
tends to lead to both below-average precipitation and 
above-average temperatures in our region. Severe and 
sustained paleodroughts also occurred during other 
times, the late 1500s megadrought (Stahle et al. 2000), 
and the early 2nd century megadrought (Routson et 
al. 2011). The paleo-records also indicate that the 20th 
century overall experienced less drought than most 
of the preceding 4–20 centuries (Barnett and Pierce 
2009). The 20th century was also unusual in having 
two persistent wet periods. Thus, the observed record 
of Colorado’s streamflow, typically used as the baseline 
for water planning, is not representative of natural 
variability over a longer period. 

FIGURE 2-15. Tree-ring reconstructed streamflows for four major Colorado river basins

Fig. 2-15. Tree-ring reconstructed water-year streamflows as % of observed mean, showing the 10-year running average, 
for four gages representing major Colorado basins: the Colorado River at Lees Ferry, AZ (762–2005, here shown from 
1000–2005), the South Platte River at South Platte, CO (1634–2002), the Rio Grande at Del Norte, CO (1508–2002), 
and the Arkansas River at Salida, CO (1440–2002). All four records show the occurrence of droughts prior to 1900 that 
were more severe and sustained than any modern droughts. The yellow shading highlights several notable multi-decadal 
paleodroughts, in the mid-1100s, the late 1200s, the late 1500s and the late 1800s. The 20th century was unusual in having 
two persistent wet periods and no droughts longer than 10 years. (Data: TreeFlow web resource; http://treeflow.info)
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Key points

• Global climate models are complex, computer-
based, mathematical representations of the Earth’s 
climate system based on fundamental scientific 
principles. About 30 research centers worldwide 
have developed climate models, using the same 
fundamental principles but different representations 
of some climate processes.

• In the current generation of model projections 
(CMIP5), the models have generally increased 
in spatial resolution and complexity. They have 
improved in their ability to simulate temperature at 
regional scales, such as over Colorado, but they have 
not improved in their simulation of precipitation at 
regional scales.

• The CMIP5 projections represent incremental 
improvement in climate modeling, and do not 
invalidate the results of analyses done with the 
earlier set of model projections (CMIP3) that were 
featured in the 2008 Report.

• The average of all available models is consistently 
more accurate in simulating past climate than any 
individual model. However, the range of projections 
across all of the different models captures the 
uncertainty regarding the future trajectory of the 
climate, and so the range should be emphasized in 
planning.

• Representative Concentration Pathways (RCP 2.6, 
RCP 4.5, RCP 6.0 and RCP 8.5) have been adopted 
by the international climate science community 
to replace the previous set of emissions scenarios 
(SRES) in representing future trajectories of 

Aerial view of downtown Denver. Creative Commons, 
X-Weinzar.

3 
A Primer on Climate Models, 
Emissions Scenarios, and 
Downscaling  
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century and longer. Section 3-4 describes how climate 
models are evaluated and the sources of differences 
among the models, and discusses the credibility of the 
model projections. Section 3-5 summarizes the process 
of downscaling the outputs of the global models so 
they can be applied to scales more relevant to resource 
management. Section 3-6 comments on the recent and 
likely future progress in climate modeling.

3-1. Anatomy of a climate model 

Global climate models (GCMs) are complex, computer-
based, mathematical representations of the Earth’s 
climate based on fundamental scientific principles. 
Many different climate processes are represented in 
the global climate models (Figure 3-1). Precipitation, 
wind, cloudiness, the ocean currents, air and water 
temperatures, the amount and type of vegetation, 
the concentration of greenhouse gases (GHGs) and 
atmospheric aerosols (fine particles)—these and other 

greenhouse gases and other climate forcings. These 
span from RCP 2.6 (low), which assumes strong 
carbon mitigation, to RCP 8.5 (high), which assumes 
no mitigation. 

• RCP 4.5, and RCP 6.0 have similar climate change 
implications out to 2050; RCP 2.6 has lesser effects 
on climate, and RCP 8.5 has greater effects. The 
four RCPs increasingly diverge after 2050 in their 
effects on climate. 

• The global climate models can not represent the 
complexity of Colorado’s topography, since the grid 
of the highest-resolution global models is about 40 
miles on a side, or the length of a typical Colorado 
mountain range. 

• Downscaling methods are used to translate 
the climate model output to the scales that are 
relevant processes to Colorado’s natural resource 
managers. Many sets of downscaled projections are 
now available for Colorado, but each dataset has 
different strengths and weaknesses. 

Global climate models are the principal tools used by 
climate scientists to quantitatively explore potential 
future climates, globally and regionally. They have 
improved significantly in the past few decades and now 
provide realistic simulations of many of the physical 
phenomena, broad-scale patterns, and statistical 
characteristics of the historical and current global 
climate. The simulations of future climate for a given 
region, including the projected changes in temperature 
and precipitation, differ widely among the different 
climate models, mainly reflecting the scientific 
uncertainty regarding some key climate processes. 
While this wide range of results can make interpretation 
and use of the model output challenging, they can still 
provide useful information for long-term planning. 

In Section 3-1, we describe the inner workings of a 
climate model. Section 3-2 describes the CMIP model 
intercomparison program, the source of the model 
projections used in this report (Section 5) and in 
other climate assessments. Section 3-3 describes the 
emissions scenarios that are used to represent potential 
future pathways of greenhouse gases that are expected 
to be the main driver of climate change over the next 

Fig. 3-1. Major climate system components and processes 
represented in a typical global climate model, the NCAR-
based Community Climate System Model (CCSM). (Image 
credit: University Corporation for Atmospheric Research)

FIGURE 3-1. Components and processes in a global 
climate model
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variables evolve in time and space governed by physical, 
chemical, and biological processes. All of these 
processes are expressed as mathematical equations 
derived from scientific laws, empirical relationships, 
and observations. 

Two types of global climate models are commonly used 
for long-term projections: atmosphere-ocean general 
circulation models (AOGCMs), and the newer and 
more comprehensive Earth System Models (ESMs). 
AOGCMs simulate the atmosphere, ocean, sea-ice, 
and the land-surface energy and water balance, as well 
as the interactions among these components. ESMs 
include additional model components that simulate 
the sources and sinks of carbon dioxide, methane and 
other atmospheric trace gases along with the detailed 
evolution of these chemicals in the atmosphere.  

How climate models operate

Climate models share many features with weather 
forecast models. Both types of models have at their 
cores the equations for fluid (air and water) dynamics 
and the first law of thermodynamics, the conservation 

FIGURE 3-2. Global climate model grid

Fig. 3-2. The model grid for the atmosphere component of a global climate model. 
The grid for a typical climate model in the CMIP5 ensemble analyzed for this report 
is about 100 miles on a side in the horizontal, similar to the finer grid shown over 
the eastern US in the figure, with 25–40 layers of varying thickness in the vertical. 
The processes that take place at scales smaller than one gridbox are represented 
through parameterization: generalized values based on observations. (Image credit: 
Nicolle Rager Fuller, National Science Foundation)

of energy. They both include mathematical 
representations of many of the atmospheric processes 
shown in Figure 3-1 that are important to the daily 
weather. In fact, they both simulate weather on hourly 
or finer time scales. But compared to global climate 
models, weather forecast models have smaller spatial 
domains, higher spatial resolution, and much shorter 
forecast periods (days vs. years). Weather models do 
not need to simulate the ocean circulation, which 
doesn’t influence weather on short time scales. Climate 
models cover the entire Earth at a relatively lower 
spatial resolution, include the ocean circulation, and 
are used to simulate decades to centuries. Another 
important difference is in the way the models are run. 
Weather forecast models are regularly updated with the 
latest atmospheric observations, because the accuracy 
of these starting observations (the initial conditions) 
is a large factor in determining the skill of the weather 
forecast for the next several days. In contrast, climate 
models are initialized with starting observations, 
but are not periodically updated with observed data. 
Instead, they run freely in time to simulate the past and 
make long-term projections of future climate. They 

generate their own sequences of 
weather, thus simulating natural 
climate variability, using only 
solar variations, greenhouse gas 
emissions or concentrations, 
and other slowly changing 
forcings as inputs. 

Climate models are marched 
forward at discrete time 
intervals, called timesteps. 
Timesteps can range from a few 
minutes to an hour. As a result, 
the climate models simulate 
many aspects of the weather, 
and climate averages are 
computed from the simulated 
weather data just as they are 
from observed weather data. 

In the spatial dimensions, 
climate models typically divide 
the globe—the atmosphere and 
the oceans—into a grid in the 
horizontal and vertical, creating 
gridboxes (Figure 3-2). The finer 
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the grid, the higher the spatial resolution, and the more 
computer power required to run the simulations. The 
clearest indicator of improvement in climate models 
over time is the increasing spatial resolution of the 
models; a typical model now has gridboxes measuring 
under 100 miles on a side (Table 3-1; Figure 3-4).

Many climate processes, such the formation of clouds 
and thunderstorms, take place at spatial scales much 
smaller than a model gridbox. Climate models don’t 
ignore these processes; instead they account for 
the influence of these sub-grid-scale processes by 
using numerical factors (parameters) that have been 
generalized from observations to the gridbox scale, a 
procedure called parameterization. The choice of the 
methods used in parameterization can have a sizable 
impact on a model’s climate simulations, and is one 
of the main causes of differences among the climate 
models. The parameterization of cloud formation and 
of cumulus convection (thunderstorms) stand out for 
their large impact on model results, and also for the 
wide range of parameters used by different modeling 
groups, which reflects the scientific uncertainty about 
how to best represent these processes.

Global climate models also represent surface hydrologic 
processes such as evapotranspiration, snowpack 
and soil moisture evolution, and river routing. In 
general, the hydrologic components of the current 
generation of climate models are much more detailed 
than previous generations. The main advantage of the 
hydrology output from climate models is that all of the 
key hydrologic processes are simulated into the future 
in a physically consistent and integrated manner. 
However, the robustness of these simulations is limited 
by the coarse spatial scales at which the models are 
run. Because the model grid cannot capture the full 
height of mountain ranges, the contribution of snow to 
the water cycle is underestimated. In addition, most of 
these models are not calibrated to specific basins. These 
limitations are particularly apparent in the western 
U.S. due to the complex topography, importance of 
snowpack to runoff, and a lack of detailed observations 
of soils and other drivers of sub-surface water flow. 

Consequently, for most assessments of future hydrologic 
impacts for this region, only the basic climate outputs 
(temperature and precipitation changes) are extracted 
from the climate models, downscaled, and then run 

through much finer-scale stand-alone hydrologic 
models (e.g., VIC, SAC-SMA) that are calibrated for 
the basins of interest (see Section 5-3 and Figure 5-19). 
The stand-alone hydrologic models simulate all of the 
processes represented in the global climate models.

3-2. Model intercomparison: The 
CMIPs

In the 1990s the global community of climate modelers 
recognized the need for standardized sets of climate 
model runs, with consistent inputs, time periods for 
simulation, and historical and projected trajectories of 
greenhouse gases. These sets of model runs are designed 
around scientific hypotheses that can be tested within 
the framework of the climate models. These efforts 
evolved into the World Climate Research Programme’s 
(WCRP’s) Coupled Model Intercomparison Project 
(CMIP). The third phase, called CMIP3, was carried 
out to support the IPCC’s Fourth Assessment Report 
(AR4; IPCC 2007), while the current phase, called, 
CMIP5 supports the IPCC Fifth Assessment Report 
(AR5; IPCC 2013). 

Compared to CMIP3, CMIP5 has more participating 
modeling centers and models, generally higher-
resolution models, and more individual projections 
of future climate. These and other differences are 
summarized in Table 3-1. A much larger archive 
of model output is available for the CMIP5 models 
compared with CMIP3, with daily output available for 
most runs, and even 3-hourly output for some variables. 
This difference is significant, because it allows for the 
development of downscaled data for use in hydrologic 
models and other climate-impact models directly 
from the archived CMIP5 daily model output, without 
having to first disaggregate the monthly model output, 
as with CMIP3. Daily model output also facilitates the 
computation of many commonly used climatic indices 
that are based on daily data, such as extremes of daily 
precipitation, heat indices, and growing season length. 

CMIP5 also includes a separately generated set of 
decadal climate predictions. Many stakeholders have 
expressed interest in climate forecasts with a 5- to 10-
year time horizon for climate variables such as onset 
or persistence of long-term regional drought. The 
decadal predictions have been analyzed for their skill 
based on “retrospective forecasts” starting from 1960. 
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Unfortunately, the results do not indicate the ability 
to make skillful decadal forecasts over North America 
using the global climate models.

While the CMIP5 model output is quickly becoming 
the de facto standard for climate projections, we must 
emphasize that CMIP5 represents only incremental 
progress in modeling from CMIP3, and does not 
invalidate the results of analyses done with the earlier 
set of models. The CMIP3 and CMIP5 model ensembles 
have very similar projections for mean temperature 
and precipitation changes over much of the globe, 
including most of North America, and a similar 
range of uncertainty. The projections for Colorado 
differ in detail between the CMIP3 and CMIP5 model 
ensembles, but not in their larger messages (see Sidebar 
5-1). It is also important to note that it took the climate 
science community several years to comprehensively 
examine and diagnose the results of the CMIP3 models, 
and that process is still ongoing for the CMIP5 models. 
Thus, while we have reason to believe the CMIP5 
output is better than CMIP3 in some respects, at this 
stage the CMIP3 output has been more fully vetted. 

3-3. Emissions scenarios: In the 
driver’s seat  

Emissions scenarios represent how greenhouse gas 
emissions might unfold over the next century and 
longer. The emissions determine the accumulation 
of greenhouse gases (GHGs) in the atmosphere. 
The IPCC has developed a suite of scenarios called 
Representative Concentration Pathways (RCPs) for use 
in the CMIP5 climate projections, which replaced the 
SRES scenarios (e.g., B1, A1B, A2) that were used for 
the CMIP3 projections. 

The RCPs use a new methodology intended to make 
the climate modeling based on the scenarios less 
time-consuming. Their purpose is the same as before: 
to create a standard set of scenarios that represent a 
broad range of trajectories of GHG emissions and 
other human impacts to the climate system that 
are themselves driven by trends in demographic, 
socioeconomic, technological, and political factors. 
Since those underlying trends cannot be predicted 

TABLE 3-1. Key characteristics of CMIP3 and CMIP5 model projections

Characteristic CMIP3 CMIP5
Emissions scenarios SRES B1, A1B, A2 RCP 2.6, 4.5, 6.0, 8.5 

Historical climate 1880–2000 1850–2005

Projection period 2001–2100 2006–2100+

# Modeling centers 16 30

# Models 22 55

# Model simulations (projections) 120 250

Range of spatial resolutions 
(average gridcell size)

60–300 miles  (median: 160 miles) 40–160 miles (median: 90 miles)

Time-scale of archived data Monthly Daily and monthly

Decadal prediction No 2010–2035

Selected climate assessments 
using these projections

IPCC AR4 (2007)
Climate Change in Colorado (2008)
Climate Assessment of the Southwest 
(2013)
The 3rd National Climate Assessment 
(2014)

IPCC AR5 (2013–2014)
Climate Change in Colorado (2014)
The 3rd National Climate 
Assessment (2014)

Selected hydrology studies based 
on these projections

Colorado River Water Availability 
Study – Phase I  (2012)
Colorado River Basin Water Supply 
and Demand Study (2012)
Joint Front Range C. C. V. Study (2012)

Colorado River Water Availability 
Study – Phase II (ongoing)

Table 3-1. Key characteristics of the Coupled Model Intercomparison Project (CMIP), Phase 3 (CMIP3) model projections 
featured in the 2008 Report, and the Phase 5 (CMIP5) model projections featured in this report. (Source: CMIP)
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with any confidence, there have been no probabilities 
assigned to any one of these RCPs being the actual 
future path.

Each CMIP5 model projection uses one of four 
concentrations pathways: RCP 2.6, RCP 4.5, RCP 6.0, or 
RCP 8.5 (Figure 3-3). The numbers refer to the strength 
of their radiative forcing in watts per square meter (W/
m2)— how much extra energy is trapped in the climate 
system by added greenhouse gases and other human-
caused changes—by the year 2100, compared to pre-
industrial (~1750) levels. As with the SRES scenarios, 
the divergence among the RCPs by 2050 is much less 
than the end of the century (Figure 3-3). The projected 
increase in global average temperature by 2100 closely 
corresponds to the radiative forcing of each RCP. 

RCP 2.6 (low) assumes immediate and large (~70%) 
reductions in GHG emissions from today’s levels, such 
as through major policy intervention, and its climate 

forcing has peaked by 2050 with CO2 levels at about 
435 parts per million (ppm) as compared to the current 
400 ppm (as of spring 2014). After 2050, the forcing 
trajectory of RCP 2.6 is below the other RCPs and also 
below B1, the lowest of the main SRES scenarios. RCP 
4.5 (medium-low) assumes large reductions in GHG 
emissions that are less drastic and take effect later than 
in RCP 2.6, with CO2 at about 475 ppm at 2050 and 
rising. At 2050 the forcing of RCP 4.5 is slightly above 
RCP 6.0 and similar to B2, but after 2070 it levels out 
so that it is below RCP 6.0 and more similar to B1. 
RCP 6.0 (medium-high) assumes moderate reductions 
in emissions, and its forcing is very similar to RCP 
4.5 at 2050 and continues to climb throughout the 
21st century, on a path slightly below A1B. RCP 8.5 
(high) assumes no reduction in emissions, so it can 
be considered a “business as usual” scenario. RCP 8.5 
has greater forcing than the other RCPs at 2050, with 
CO2 at about 530 ppm, and the gap increases over the 
21st century. By 2100 RCP 8.5 is above the high A2 

Fig. 3-3. Radiative forcing of the Representative Concentration Pathways (RCPs) used to drive the CMIP5 climate models 
and the SRES emissions scenarios used for the CMIP3 climate models, from 2000–2100. Over the 2050-centered analysis 
period (2035-2064; blue shading) used in this report, the three SRES scenarios and RCP 4.5 and RCP 6.0 have similar 
radiative forcing, and thus similar projected global temperature increases. RCP 8.5 is higher, and RCP 2.6 is lower. All of 
the RCPs and SRES scenarios diverge markedly after 2050. (Data source: SRES: IPCC 2000; RCP: IIASA RCP Database; 
http://tntcat.iiasa.ac.at:8787/RcpDb/) 

FIGURE 3-3. Radiative forcing of RCP and SRES emissions scenarios, 2000–2100
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scenario, with CO2 levels around 950 ppm.  

Note in Figure 3-3 that the range of climate forcings 
across the four RCPs is larger than that across the 
main three SRES scenarios, so that assessments that 
combine results from all four RCPs will tend to show 
greater overall uncertainty (i.e., a larger range in 
modeled future climate) by the end of the 21st century 
compared to studies that used SRES B1, A1B and A2.  

In this report we will focus primarily on climate 
projections using RCP 4.5 and RCP 8.5, mainly because 
there are more individual climate model projections 
available in the CMIP5 archive for those two RCPs than 
for RCP 2.6 and RCP 6.0. Together, RCP 4.5 and RCP 
8.5 cover most of the total range of the RCPs at 2050. 
(Over the 2050-centered analysis period, the forcing of 
RCP 4.5 and RCP 6.0 are almost identical.) The forcing 
of RCP 4.5 at 2050 is also the closest analogue to the 
A1B SRES scenario, which was the focus of the 2008 
Report.

3-4. Climate model evaluation and 
credibility

Why do climate scientists have confidence that the 
climate models can credibly simulate the future 
climate? The first reason is that the models are based on 
fundamental and well-understood scientific principles 
such as fluid dynamics and the laws of thermodynamics. 
The second reason, closely related to the first, is that 
the models are able to replicate the major features of 
the earth’s climate, such as the jet streams and their 
seasonal movement, mid-latitude cyclonic storms, 
the north-south Hadley circulation, ENSO, and most 
ocean currents. The third reason is that the models 
have been successful at simulating trends in global and 
continental-scale temperatures over the past century, a 
period over which the climate forcings have changed, 
and also at simulating the state of global climate when 
the forcings and other conditions were very different 
than the last century, such as the Last Glacial Maximum 
(LGM) 20,000 years ago. The improvements seen in 
the models over the past two decades in simulating 
historical climate and paleoclimate have come through 
better understanding and representation of the climate 
processes in the model (Figure 3-1).

Despite the improvement in climate models, they still 

have significant biases (systematic errors) in their 
simulation of the observed climate, which become 
larger as one moves from the global scale to regional 
scale. While these biases are typically corrected before 
the data are used in hydrologic modeling, it is important 
to evaluate and understand them. In this section we 
describe the evaluation of models with respect to 
(1) how well the models simulate the climate of the 
recent past, both globally and regionally, and (2) how 
well the models simulate specific climatic phenomena 
such as ENSO and the Pacific Decadal Oscillation that 
influence Colorado’s climate. We also note where the 
CMIP5 output used in this report has improved over 
the CMIP3 data used in the 2008 Report, and where it 
has not. A more detailed discussion of climate model 
evaluation is presented in IPCC (2013), Chapter 9.

Simulating the characteristics of the 
observed climate

Model evaluation first considers the accuracy of the 
model’s simulation of the climate of the late-19th and 
20th centuries. These “historical” simulations include 
known forcing factors such as variations in solar 
output, emissions of volcanic and industrial aerosols 
(fine particles suspended in the air), and changes in 
greenhouse gas concentrations. The historical runs 
produce natural variability of the climate from year 
to year and decade to decade, and the characteristics 
of this variability are examined along with the average 
simulated climate.

Climate model simulations are judged by how well they 
reproduce climate statistics rather than on matching the 
timing of individual historical events. This is because 
climate models do not receive inputs of observational 
data to periodically reset the model, as would happen 
with a weather forecast, but instead run freely through 
time. Consequently, while the simulations cannot 
reproduce the observed weather on any specific day, 
they should reproduce climatological averages (i.e., 
normals) and other statistics of the weather. Likewise, 
while the historical simulations cannot reproduce the 
timing and features of a specific longer-lived climate 
event such as the 1997–98 El Niño, they should show 
El Niño and La Niña events that resemble the ones that 
have occurred, in terms of magnitude, duration, and 
recurrence interval. 

The historical simulations show a climate response to 
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Sidebar 3-1. Why climate model projections differ from each 
other

An inescapable characteristic of climate model projections is that different projections show different 
future changes in temperature, precipitation, and other climate variables for a given region or location. 
The future change from a given model projection can differ from other projections due to any or all of 
the following factors:

• The particular emissions scenario used to drive the model

• The model’s representation of key climate processes, which varies between models

• The simulation of natural variability unique to each projection

• If the projection is downscaled, the methodology used to downscale the model output 

The first factor is the most obvious, since the emissions scenarios (i.e., RCPs) are deliberately constructed 
to represent a broad range of future anthropogenic influences on climate. For temperature, the effect of 
the emissions scenario is predictable and consistent: a higher pathway (e.g., RCP 8.5 vs. RCP 4.5) leads to 
yet warmer projected temperatures, both globally and regionally. For projected precipitation change, the 
influence of the RCP is more variable and may be difficult to discern.

If we look only at projections driven by a single emissions scenario, we still find a large range in both 
projected temperature and precipitation change. The main reason is that the different climate models have 
different approaches to represent key climate processes and patterns. This reflects that our observations 
and understanding of these processes are not complete enough to have confidence in a single methodology 
for including them in climate models, or the coarse scale of the climate models inhibits accurate simulation, 
or both. Thus, different modeling groups use different approaches to represent these processes. 

The third factor is the unique simulation of natural climate variability in each projection. As described in 
Section 3-4, climate models do not attempt to replicate the actual events and sequences of historical 
climate; instead, they generate a simulated climate history that captures the key characteristics of historic 
natural variability. As a model is run out into the future, it likewise projects a sequence of climate variability 
that, because of the randomness inherent in the climate system, does not match the sequences produced 
by other models. Because natural variability has a multi-decadal phase (see Section 2), analyses of projected 
change that compare the averages across two periods will inevitably include some amount of natural 
variability. 

The fourth factor comes into play if the climate projection is downscaled (see Section 3-5). The downscaling 
procedure, whether statistical or dynamical, can shift the future change in temperature and/or precipitation 
from that shown in the underlying global climate model output (see Sidebar 3-2). The direction and amount 
of this shift will differ among downscaling approaches and with the region being downscaled.  

It is difficult to generalize about these factors’ contributions to the overall range of model output, and 
thus to our uncertainty about future climate. The importance of the factors will vary by both spatial scale 
and the future time frame of the projection. But for temperature change for Colorado by the mid-21st 
century, the emissions scenario  and the GCM’s representation of key processes tend to be most important. 
For precipitation change, the emissions scenario is less important, and the GCM’s representation of key 
processes and simulation of natural variability are more important.
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the known natural and anthropogenic forcing factors, 
resulting in periods of global warming in the early and 
late 20th century and slight cooling in the mid-20th 
century, matching the observed record (see Figure 4-1, 
lower left). The modeled response to large volcanic 
eruptions—a sharp cooling that lasts a few years—also 
agrees closely with the observed temperature response.  

Spatial resolution complicates model evaluation, 
particularly in mountainous regions like Colorado. 
In these areas, local climates are influenced by details 
of topography and elevation that are not captured by 
the climate models. Because of their coarse spatial 
grid, climate models depict a highly smoothed 
representation of mountain regions, including the 
Rocky Mountains (Figure 3-4). Climate models are 
evaluated by comparing their output with averages 
of observed precipitation and temperature over areas 
that are comparable in size to the model gridboxes. 
Examined this way, the climate models do simulate the 
large-scale climate processes affecting mountainous 
regions, including the typical winter and spring storm 
tracks. They also broadly reproduce the differences in 
the seasonal cycle of precipitation as one moves from 
the Great Plains across the Rockies to the Intermountain 
West. For this reason, it is possible for further processing 
of the model output (e.g., downscaling, Section 3-5) to 
relate these large-scale phenomena in climate models 
to the detailed topography of the state, resulting in an 
improved representation of variables and processes 
important to hydrology in Colorado.

At global to sub-continental spatial scales the CMIP5 
models do well in their simulation of both surface 
temperature and precipitation, and have clearly 
improved over CMIP3 (IPCC 2013). The models 
still have problems simulating precipitation at sub-
continental and regional scales, and have not improved 
substantially in this regard compared to CMIP3. 

For Colorado, we can compare the temperature and 
precipitation simulated by the climate models with a 
gridded observational dataset over the period 1950-
1999 (Maurer et al. 2002). The CMIP5-modeled 
climate is on average slightly cooler and considerably 
wetter than the observed climate over Colorado. These 
biases are not isolated to Colorado but occur over 
most of the western U.S. The regional wet bias is likely 
due to a combination of the under-representation of 

the height of mountain ranges in the model, and too-
strong simulated westerly flow from the Pacific Ocean 
(McAfee et al. 2011).

All of the CMIP5 models are too wet over Colorado. 
The ensemble-average bias in statewide annual 
precipitation is +67%, which similar to the bias seen 
in the CMIP3 models. The wet bias is similar in each 
season of the year, indicating that the overall shape of 
the seasonal cycle in precipitation is reproduced, even 
though there is too much precipitation overall. The 
persistent bias in precipitation speaks to the difficulty 
of simulating precipitation processes. 

The mean bias in statewide average annual temperature 
across the CMIP5 ensemble is about -1°F, with the 
individual model biases ranging from -7°F to +6°F. 
The median summer temperature bias is the smallest. 
For both precipitation and temperature, the greatest 
range among the models in their individual bias 
occurs in summer, reflecting the challenges associated 
with simulating the North American Monsoon, 
thunderstorms, and the associated fluctuations in 
soil moisture that have a strong influence on surface 
temperatures. 

That the models have biases in representing the 
average state of the observed modern climate does not 
mean that they cannot credibly simulate changes in the 
future climate. But it does mean that the bias needs to 
be accounted for before interpreting the projections, 
either through formal bias-correction of the data 
(usually performed as part of downscaling; Section 
3-5), or by comparing the uncorrected model output 
for a historical period with the uncorrected output 
for the future period of interest, and examining the 
projected change (or delta) between the two periods, 
which effectively cancels out the bias. This simple delta 
approach to bias correction was used for the projected 
changes for Colorado described in Section 5-1. 

Beyond the averages: Climate phenomena 
that impact Colorado

Year-to-year climate variability in Colorado arises 
in part from modes of variability such as ENSO 
that influence storm tracks and other atmospheric 
dynamics. The simulation of ENSO has improved in 
some aspects from CMIP3 to CMIP5; for example, 
most CMIP5 models capture the characteristic 2- to 
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FIGURE 3-4. Model grids in a GCM compared to an RCM

Fig. 3-4. Comparison of the model grids and representation of 
terrain in a Global Climate Model (GCM) and Regional Climate 
Model (RCM). The typical GCM in the CMIP5 ensemble (top 
panel) has gridboxes that are about 100 miles on a side. The 
WRF regional climate model (bottom panel), used for dynamical 
downscaling, has gridboxes that are about 30 miles on a side. 
The smoothed representation of the Rocky Mountains in global 
climate models reduces the elevations of the mountain peaks. 
Downscaling methods relate the large-scale climate features 
that are simulated by GCMs to the small-scale climatic and 
topographic features of Colorado. The highest-resolution 
GCMs now have gridboxes about 40 miles on a side.

7-year timescale for recurrence of ENSO, whereas 
few CMIP3 models did (IPCC 2013, Sheffield et al. 
2013b). But it is less clear that the representation of 
ENSO’s impacts on North America and Colorado 
has improved. The representation of decadal 
Pacific variability and its associated climate effects 
over North America likewise have improved in 
some aspects since CMIP3 (Sheffield et al. 2013b, 
Polade et al. 2013). 

Climate models capture many important aspects 
of the seasonal movements of storm tracks over 
North America (CCSP 2008a), which are a major 
feature of climate in Colorado. The CMIP5-
simulated storm tracks have improved from 
CMIP3, but are still positioned a little too far south, 
are weaker, and show fewer storms, compared to 
observations (Chang 2012).  

The North American Monsoon, which is strongest 
over northern Mexico and southern Arizona, is an 
important source of moisture for much of Colorado 
during the summer. Many CMIP5 climate models 
are now able to simulate the seasonal timing of 
rainfall over the core area of the monsoon, and 
the northward progression of monsoon moisture 
in northern Mexico. However, the models still 
generally underestimate the amount of monsoon 
precipitation. Colorado sits at the northern edge 
of the monsoon system, and the simulation of the 
monsoon’s extension into Colorado has not been 
specifically evaluated. 

Overall, we have more confidence in the model-
projected changes in cold-season precipitation than in 
those for warm-season precipitation.

Is there a “best” model?

When the multiple aspects of evaluation described 
above are used to judge the climate models, it is 
difficult to discern the “best” or even “better” models 
(Mote et al. 2011). For example, a model that has a 
smaller temperature bias over Colorado may not have 
a good simulation of ENSO, or vice versa. The authors 
of a study of projections for California noted that 
while some models were more capable at simulating 
particular aspects of 20th-century climate, when 
several credibility measures were combined, the 
models tended to perform equally well (Brekke et al. 

2008). They also found that screening the models or 
applying weighting factors to models based on their 
overall performance had little effect on the resulting 
distribution of climate outcomes in their study. This 
is not unexpected, because a model’s skill based on 
historical simulation does not necessarily correlate 
with the magnitude of future change that the model 
projects. Accordingly, as long as a large enough sample 
of climate models is used (Harding et al. 2012), it is not 
necessary to try to screen the models, and they can be 
treated more or less equally. 

Over the past few decades, the models have 
progressively improved in their ability to simulate the 
climate, even as the modeling community has set more 
demanding goals. They are still, however, imperfect 
descriptions of the Earth’s climate. For most measures 
of model performance, the average of all the models 
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SIDEBAR 3-2. The “wettening” in the BCSD downscaled data

Statistical downscaling methods, in correcting the biases of the GCM output and translating the output to 
finer spatial scales, may have additional effects on the downscaled output. For example, when the Bias-
Correction Spatial Disaggregation (BCSD) method described in Section 3-5 was used to downscale the 
CMIP3 GCM output, it was found that future precipitation changes over the Colorado mountains were 
slightly wetter, in terms of percent change from the historical period, than those seen in the underlying GCM 
data (Reclamation 2011). This BCSD “wettening”, once translated through hydrologic modeling into runoff, 
on an annual basis was equivalent to about 6% of the annual average flow at Lees Ferry, or about 1 million 
acre-feet of flow (Barsugli 2010). 

This wettening effect is somewhat stronger in the CMIP5 data downscaled with the BCSD approach over 
Colorado and the Upper Colorado River Basin. Figure 3-5 shows the “raw” GCM data for 37 CMIP5 
projections under RCP 4.5, plotted by their statewide temperature and precipitation change for Colorado 
(red dots) connected with dashed lines to the corresponding BCSD downscaled output (blue dots). A step 
in the bias-correction explicitly preserves the trends in the GCM-modeled temperature, so there is very 
little difference in the temperature changes between the BCSD and the raw GCM data. However, there is 
no equivalent step for precipitation, and the BCSD procedure shifts the precipitation change in the wetter 
direction in nearly all cases, with the largest wettening imparted to the GCM runs that already showed 
an increase in precipitation, i.e., the wet get wetter 
(Reclamation 2013). 

While the details are still being investigated, it appears 
that BCSD wettening is a consequence of the quantile 
mapping in the bias-correction step (Reclamation 
2013). In matching the distributions of the modeled 
and observed climate data, the bias-correction 
effectively amplifies the wettest model months if they 
were of lesser magnitude than the wettest observed 
months, relative to average months. There is evidence 
that the BCSD-induced wettening is an appropriate 
correction for the GCMs systematically under-
representing precipitation variability in our region, 
in particular the wettest months (A. Wood, personal 
communication). 

Since the wettening is larger in CMIP5 than in CMIP3 
and will have proportionately larger consequences 
for CMIP5-based hydrology, researchers are currently 
examining the wettening effect to better understand 
its sources and implications. More broadly, the BCSD 
wettening illustrates that downscaling methods are 
not a panacea or magic—they perform a necessary 
function that enables many user applications, but 
they have embedded assumptions that may have 
implications for the projected changes. Comparisons 
like the one shown in Figure 3-5 can document the 
effects of the downscaling proceure. In this case, the 
“dry side” of the risk profile is similar in the GCM and 
BCSD data, but the risk on the wet side is different. 
As with any projection dataset, it is important not 
to fixate on the average of the projections but to 
consider the range of future possibilities indicated by 
the models.

Fig. 3-5. The BCSD downscaled projections are 
systematically wetter than the corresponding CMIP5 
GCM projections. CMIP5 GCM projected temperature 
and precipitation change for Colorado (red dots) from 
1971-2000 to 2035-2064 under RCP 4.5, compared with 
the BCSD statistically downscaled projections (blue) over 
the same time period. The dashed lines connect each 
CMIP5 model projections (n=37) with the corresponding 
BCSD downscaled projection. (Data source: CMIP5 
projections re-gridded to 1-degree grid and BCSD 
downscaled projections, Reclamation 2013; http://gdo-
dcp.ucllnl.org/downscaled_cmip_projections. Analysis 
by I. Rangwala.)

FIGURE 3-5. The wettening effect in BCSD 
downscaled projections
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the downscaled projections. Similarly, the percent 
change in precipitation from the GCMs is applied to 
the precipitation observations. 

The delta method incorporates the coarse-scale patterns 
of climate change seen in the GCMs while preserving 
the fine-scale spatial detail and time sequences of 
weather events from the historical data. This method 
is often chosen because it is simple to implement and 
to explain. Because water systems are sensitive to the 
sequence of wet and dry years, and water managers are 
familiar with how their systems have performed over 
the historical period, the delta method is attractive 
since it simulates how historical climate sequences 
(such as the 1950s drought) would appear in a changed 
climate. The delta method typically limits the analysis 
to a comparison of climate during two time periods. 

The delta method can also be applied to already-
downscaled data, instead of raw GCM output. This 
is useful for applications where both sophisticated 
treatment of fine-scale spatial patterns in climate 
and retention of the historical climate sequences are 
desirable. This approach was used to generate the 
climate inputs to the hydrologic models used in the 
Colorado River Water Availability Study (CRWAS; 
CWCB 2012) and the Front Range Climate Change 
Vulnerability Study (Woodbury et al. 2012).  

While the delta method inherently corrects for the 
systematic biases in the GCM output (Section 3-4), 
a separate bias-correction step must be incorporated 
into other statistical downscaling methods. Bias-
correction calculates the GCM bias based on the 
difference between the historical GCM simulation and 
fine-scale observations, and adjusts the historical and 
projected GCM output accordingly. In contrast to the 
delta method, which adjusts the observed historical 
climate sequences, methods incorporating bias-
correction retain the simulated future sequencing from 
the GCM output. The choice of observational dataset is 
an essential element of a bias-correction method, and 
results can differ based on this choice, particularly in 
data-sparse regions.   

The Bias-Correction Spatial Disaggregation method 
(BCSD), developed by a team at the University of 
Washington (Wood et al. 2004), incorporates bias-
correction and statistical downscaling. For the BCSD 
method, the biases are first computed at a common 

performs better than a single model (Reichler and Kim 
2008, Sheffield et al. 2013a, IPCC 2013). However, the 
average of all models does not capture the uncertainty, 
due to incomplete scientific understanding, that is 
reflected in the range of model output. Consequently, 
it is very important for planners to consider a range of 
model projections to assess the robustness of planning 
options under different future climates (see Sections 
5-1, 5-3, and 6).

3-5. Downscaling methods

In order to use the coarse-grid global model output 
to study climate change impacts in specific regions 
or basins in Colorado, the model output needs to be 
related to the detailed topography and climate of 
the state through a process called downscaling. This 
process may not necessarily lead to more accurate 
projections of local future changes in temperature 
and precipitation than the underlying coarse-scale 
climate model output. We will describe the two main 
approaches to downscaling (statistical and dynamical) 
and several specific methods and datasets that have 
been used for Colorado. A more complete overview of 
downscaling methods is found in Fowler et al. (2007).  

Statistical downscaling

Statistical downscaling methods use the observed 
relationship between coarse-scale and finer-scale 
climate to translate the GCM output into finer, more 
usable spatial scales. This is less computationally 
intensive than dynamical downscaling, and so it is 
feasible to generate downscaled datasets based on 
large ensembles (>100 projections) of the global model 
simulations.

The simplest statistical downscaling approach is the 
delta or “period-change” method. The delta method 
gets its name from the Greek letter commonly used to 
denote change. The delta method starts with time series 
of historical daily or monthly climate data from gridded 
observations or from individual stations. The change 
in the monthly climatological average of temperature 
between a GCM-simulated historical period and GCM-
projected future period is calculated across the GCM 
grid. These changes (deltas) are interpolated from the 
GCM grid down to the observation locations, and 
then added to the historical observations to produce 
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grid-scale from the GCM-modeled monthly average 
temperature and precipitation compared to the Maurer 
et al. (2002) gridded observational dataset. What 
distinguishes this method from many others is that the 
biases are computed and adjusted separately for each 
portion of the distribution of the climate variables 
through a procedure called “quantile mapping.” In 
effect, biases are adjusted separately for wet months 
and dry months, and for warm months and cold 
months. These bias-corrected GCM data are then 
spatially disaggregated to the fine-scale grid; that is, 
the bias-corrected temperature and precipitation in 
a GCM gridcell are adjusted based on the observed 
finer-scale climatological pattern of temperature and 
precipitation within the GCM gridcell. 

The BCSD downscaled data has been chosen for use 
in many hydrologic applications. In these applications, 
the BCSD climate projections are used as the driving 
inputs for stand-alone hydrology models calibrated to 
a specific river basin. This generates a hydrologically 
consistent set of projections based on the range 
of climate inputs. The Bureau of Reclamation co-
developed a West-wide set of hydrologic projections 
(Gangopadhyay et al. 2011) used for many subsequent 
assessments, including the Colorado River Basin 
Supply and Demand Study (Reclamation 2012). It has 
been noted that the BCSD downscaled data indicate a 
wetter future for Colorado and the surrounding region 
than the underlying GCM output, an effect discussed 
in Sidebar 3-2.

Many other types of statistical downscaling have been 
developed. NASA has implemented a variant of BCSD, 
using 800-meter (o.5-mile) PRISM gridded data as 
its observational baseline, that does not show the 
wettening effect described in Sidebar 3-2. The ARRM 
method is another bias-correction method using 
a quantile-based correction, applied to daily GCM 
output. Other methods include “weather analogs” that 
find observed weather patterns similar to those in the 
GCMs, (e.g., MACA, BCCA), statistical regression-
based techniques, (e.g., SDSM), and stochastic 
“weather generators” (e.g., K-NN). 

Ongoing advances in statistical downscaling include 
the development of additional datasets that provide 
daily data (ARRM, BCCA, MACA), and statistical 
methods that yield more accurate relationships among 

the downscaled climate variables. 

Dynamical downscaling

Dynamical downscaling uses high-resolution regional 
climate models (RCMs) to simulate fine-scale 
processes. As their name suggests, RCMs operate much 
like GCMs but are only able to simulate the climate for 
a portion of the globe. They typically receive inputs 
from the global model gridboxes at the boundaries of 
their domain and then simulate wind, temperature, 
clouds, evapotranspiration, and other variables on 
a much finer grid within their domain, effectively 
nesting the regional model within a “driving” global 
model (Wigley 2004; Wilby and Wigley 1997). RCM 
downscaling is computationally intensive, requiring 
substantial time to run even on supercomputers. As a 
result, the available ensembles of climate projections 
using this method are much smaller (typically 3 to 7 
individual projections) than those that use statistical 
downscaling, and may only represent a single 
underlying emissions scenario. When evaluating RCM 
output, it is important to know where the driving GCM 
lies within the larger ensemble of GCMs, in terms of 
its coarse-scale temperature and precipitation change.

The largest available set of dynamically downscaled 
data with coverage of Colorado is from the North 
American Regional Climate Change Assessment 
Project (NARCCAP; Mearns et al. 2009). This dataset 
consists of 11 projections downscaled to a 50-km 
(31-mile) grid resolution from four CMIP3-era GCM 
simulations. Further downscaling of the NARCCAP 
output may be needed depending on the application. 

As of mid-2014, dynamical downscaling of CMIP5 
output has yet not been performed for North America. 
The CORDEX program has downscaled CMIP5 
output to produce RCM simulations at 6-mile (11-km) 
resolution for many regions of the globe. However, a 
North American CORDEX program, analogous to the 
NARCCAP program for CMIP3, has not been funded.  

Dynamical downscaling is particularly useful for 
exploring the spatial details of how particular climate 
processes may play out in the future. For example, 
the more detailed representation of the Rocky 
Mountains in RCMs has allowed the examination of 
how temperature and precipitation change will vary 
according to elevation, identifying drying of soils 
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at high elevation in summer as contributing to the 
projected warming, while the increased moisture in 
the atmosphere leads to accelerated warming in winter 
at high elevations (Rangwala et al. 2012, Rangwala et 
al. 2013).   

Beyond typical dynamic downscaling, sub-regional 
modeling allows the study of climate processes at even 
finer spatial scales. The Colorado Headwaters Project 
led by NCAR has run a small set of model simulations 
for the Upper Colorado Basin using a weather forecast 
model on a 2-km (1.2-mile) grid (Rasmussen et al. 
2011, Rasmussen et al. 2014); their results regarding 
winter precipitation are described in Section 5-1. 
Mahoney et al. (2012) used the same weather forecast 
model to further downscale NARCCAP output and 
study summer convective precipitation, as described in 
Section 5-4. The advantage of this methodology is the 
ability to explore processes that can not be depicted by 
either global or regional climate models.

3-6. Progress in climate modeling

When a group of water resource managers in Colorado 
and across the country were surveyed five years ago 
about their needs for climate change information, they 
identified four areas in which improvement in climate 
model projections was desired: higher-resolution 
spatial and temporal scales, greater model agreement 
about the direction of regional precipitation change, a 
narrower range of climate projections, and improved 
shorter time-horizon projections (Barsugli et al. 2009). 

Comparing the climate projections in this report 
(Section 5) with those presented in the 2008 Report, we 
can say that there has been progress in the first area, in 
that global and regional models are being run at higher 
spatial resolution, many more downscaled datasets 
are available, and more daily data from projections 
are available. But the other three areas have seen less 
improvement, and significant progress may not occur 
for a decade or more (Barsugli et al. 2012). This slow 
progress reflects not lack of effort but rather the science 
of climate modeling bumping up against the incredible 
complexity of the global climate system and the limits 
of our knowledge. Some uncertainties may eventually 
be reduced, but others will persist.

The next generation of climate models will likely 

see incremental progress similar to that between 
CMIP3 and CMIP5: higher resolution, and better 
representation of many climate processes. But there is 
unlikely to be a significant reduction in the range of 
model projections at global or regional scales under a 
given emissions scenario. 
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Key points

• The global climate system has warmed since 1900, 
particularly in the past 30 years, as evidenced 
by increased surface, atmospheric, and ocean 
temperatures; melting glaciers and ice sheets; 
rising sea levels; and increased atmospheric water 
vapor. 

• These global climate changes have been attributed 
mainly to anthropogenic (human-caused) influences, 
primarily the increase in atmospheric concentrations 
in greenhouse gases to the highest levels in at least 
800,000 years.

• In North America, temperatures have increased by 
about 2°F in the last 30 years, with anthropogenic 
influences making a substantial contribution.

• In Colorado, temperatures have also increased by 
2°F in the past 30 years (Section 2-3). The statewide 
warming is plausibly linked to anthropogenic 
influences, but definitive attribution at this spatial 
scale is difficult.

• Colorado’s annual precipitation has not exhibited 
trends that might be attributed to anthropogenic 
climate change.

• Anthropogenic climate change may have increased 
the severity of recent drought conditions in the 
western U.S., due to the influence of the warming 
on snowpack, streamflow, and soil moisture. 

Sprague Lake, Rocky Mountain National Park. Photo: 
Creative Commons, Daniel Mayer (Mav).

4 
Linking Observed Changes 
in Colorado to Global 
Changes 
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• Global average surface temperatures in the decade 
2001–2010 were the warmest of any decade since 
1850, having increased by about 1.6°F since 1900 
and 1°F since 1950.

• The upper ocean (down to 2300 feet depth) has 
warmed from 1971 to 2010; due to the high heat 
capacity of water, ocean warming accounts for more 
than 90% of the additional energy accumulated in 
the earth’s climate system over that time.

• Over the last 20 years, the Greenland and Antarctic 
ice sheets have lost ice mass, mountain glaciers 
have continued to shrink almost worldwide, and 
summer Arctic sea ice has further decreased.

• Due mainly to the ice sheet and glacier melt, and 
thermal expansion of sea water, global sea level 
has risen by 8 inches since 1900, with the rate of 
increase greater since 1990 than before.

• Globally, water vapor in the atmosphere has 
increased by 3–5% in the last 50 years, which is an 
outcome expected from the warming, since warmer 
air can hold more water vapor.

These observed trends can then be considered in the 
context of changes in radiative forcings—the natural 
or human-caused mechanisms which cause the total 
energy in the global climate system to increase or 
decrease—as well as natural variability. Trends in the 
radiative forcings include the following (IPCC 2013):

• The atmospheric concentrations of the long-
lived greenhouse gases carbon dioxide (CO2), 
methane (CH4), and nitrous oxide (N2O) have 
increased to levels unprecedented in at least the 
last 800,000 years. Carbon dioxide concentrations 
have increased by 40% since pre-industrial times, 
primarily from fossil fuel emissions and secondarily 
from land use change. Together, these gases now 
have a positive radiative forcing of +3 W/m2 7 
compared to preindustrial (~1750) levels.

Section 2 described the observed changes in the 
climate of Colorado over the past century (from 
instrumental records) and the last millennium (from 
paleoclimate records) as a baseline for understanding 
recent trends. Planning for future climate risk, 
however, also requires exploration of the causes of 
those trends. If causes can be identified, this allows 
for the estimation of these trends continuing into the 
future, through climate model projections and other 
tools. The process of establishing the principal causes 
for observed climate phenomena and trends is known 
as climate attribution. This process necessarily begins 
at the global scale, examining the overall changes to 
the earth’s climate system. 

Determining an attribution for an observed climate 
change requires that first, scientists can demonstrate 
that the change is consistent with anthropogenic causes 
(usually in combination with natural variability), 
and second, that these changes are inconsistent 
with physically plausible explanations that exclude 
anthropogenic causes. When attribution is established, 
a likelihood statement may be assigned that presents 
the probability that the identified cause resulted in the 
observed conditions or trends. 

Attribution studies use both statistical analyses of past 
climate relationships and climate model simulations 
in which cause-and-effect relations are evaluated. The 
model simulations are compared with the observed 
record, including estimates of natural variability and 
trends from climate models, historical observations, 
and paleoclimate reconstructions of past temperatures. 
Attribution studies are also used to assess the natural 
and anthropogenic causes of droughts and other 
extreme climate events.

4-1. The global picture

Evidence that Earth’s climate has changed during 
the past century is clear. The IPCC Fifth Assessment 
Report (IPCC 2013) states that the observed warming 
of the climate system is “unequivocal.” This statement 
is based on observed trends of melting snow and 
ice; rising sea level; and increasing surface, ocean, 
and atmospheric temperatures. The most relevant 
observed trends at global scales include the following 
(IPCC 2013):

7.   W/m2 = watts per square meter, a measure of the average heat being 
added over the earth’s area by a radiative forcing. A miniature incandes-
cent Christmas-tree bulb puts out 1 watt, thus 1 W/m2 is equivalent to 
a miniature Christmas tree bulb burning on every square meter of the 
earth’s surface. As described in Section 3, the names of the new emissions 
scenarios (e.g., RCP 4.5) indicate the additional W/m2  of climate forcing by 
2100 inherent in that scenario. For comparison, the globally-averaged solar 
radiation reaching the top of the earth’s atmosphere is 342 W/m2. 
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Fig. 4-1. Observed versus modeled global temperature trends, indicating the influence of human forcings. Left: Time 
series of global and annual-averaged surface temperature change from 1860 to 2010. The top left panel shows results 
from two ensembles of climate models driven with just natural forcings, shown as thin blue and yellow lines; ensemble 
average temperature changes are thick blue and red lines. Three different observed estimates are shown as black lines. 
The lower left panel shows simulations by the same models, but driven with both natural forcing and human-induced 
changes in greenhouse gases and aerosols. Right: Spatial patterns of local surface temperature trends from 1951–2010. 
The upper panel shows the pattern of trends from a large ensemble of CMIP5 simulations driven with just natural forcings. 
The bottom panel shows trends from a corresponding ensemble of simulations driven with natural + human forcings. The 
middle panel shows the pattern of observed trends from the HadCRUT4 data set during this period. (Image credit: IPCC 
2013, FAQ 10.1, Figure 1)

 

FIGURE 4-1. Observed versus modeled global temperature trends

• Human-generated aerosols (dust, sulfur dioxide, 
soot, black carbon) have also increased but have 
a net negative radiative forcing (cooling effect), 
around -1 W/m2, though with more uncertainty 
than the greenhouse-gas forcing.

• The total net human-caused radiative forcing 
from long-lived greenhouse gases, shorter-lived 
greenhouse gases, and aerosols has increased from 

about +1.2 W/m2 in 1980 to +2.3 W/m2 in 2011, 
with the preindustrial (~1750) levels as a baseline. 

• Natural aerosols from periodic volcanic eruptions 
can cause a short-lived (1–3 years) negative radiative 
forcing of up to -3 W/m2 in large eruptions such as 
Mount Pinatubo in 1991. During the most recent 
decade, radiative forcing from volcanic activity has 
been much smaller, on the order of -0.05 to -0.10 
W/m2.
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• Changes in sun’s output over the past two centuries 
have led to a very small increase in solar radiative 
forcing, about +0.05 W/m2, though the trend over 
the last 30 years is downward.

Comparing the sizes of the different radiative forcings, 
it is clear that at the global scale, the anthropogenic 
mechanisms (greenhouse gases, aerosols) have been 
dominant over natural forcings (the sun, volcanoes) 
in recent decades. Experiments using global climate 
models allow assessment of the contribution of 
different forcings. Figure 4-1 shows that both CMIP3 
and CMIP5 models run with only natural forcings 
(upper left) fail to match the observed global warming 
trend over the past 50 years, while the models when 
run with both natural and human forcings follow the 
observed warming trend closely (lower left) and also 
capture the observed spatial pattern of warming, with 
greater warming over the subarctic and Arctic regions. 
This forms the basis of attributing the observed global 
temperature trends, and other observed trends, to 
human causes. The most notable attribution statement 
in the IPCC AR5 report is that it is extremely likely 
(>95% likelihood) that the majority of observed 
increase in global average surface temperature from 
1951 to 2010 was caused by the anthropogenic increase 
in greenhouse gas concentrations together with other 
anthropogenic forcings (IPCC 2013).

4-2. North America and the United 
States

Analysis of observed climate records indicates that 
North America has warmed by about 2°F since 1980. The 
greatest warming has occurred over the northern and 
western portions of the continent. The warming trend 
between 1950 and 2012 in the Western United States 
is clear. The time series of annual North American-
averaged temperatures (Figure 4-2, upper right) shows 
that every year since 1997 has been warmer than the 
1971–2000 baseline. However, the rise in temperature 
has not been constant; year-to-year fluctuations have 
been superimposed on an increasing trend. 

The observed warming of North American mean 
surface temperature is greater than the overall global 
warming because land heats up faster than the ocean 
surface and because high-latitude areas have warmed 
more than low-latitude areas.

SIDEBAR 4-1. The recent 
slowdown in global surface 
temperature warming

Since about 2000, the observed global surface 
temperatures have not risen as fast as between 
the mid-1980s and the late 1990s, or as fast as 
projected by the average of the climate models, 
as shown in in the lower left of Figure 4-1, 
where the observations (black line) sits below 
the average of the CMIP5 models (red line) and 
the average of the CMIP3 models (blue line). 
Some have seized on this slowdown or hiatus to 
claim that global warming has “stopped.” But 
measurements of ocean heat content as well 
as satellite observations of the earth’s radiation 
balance show that excess heat continues to 
accumulate in the global climate system at a 
rate similar to that before 2000. Global sea level 
rise, which integrates many of the effects of 
warming, continues at the same rate as in the 
1990s. So why is global surface temperature—
which is based on thousands of land-surface and 
sea-surface measurements—showing a recent 
slowdown in warming?

A large part of the explanation involves the 
natural variability of the oceans, which store 
much more heat (>90% of the global total) than 
the land surface and the atmosphere combined. 
The very strong 1997–98 El Niño event caused a 
spike in global surface temperature in 1998 (as 
can be seen in Figure 4-1), as enormous amounts 
of heat were released from the Pacific Ocean. 
Since 2000, however, there have been no strong 
El Niño events, and neutral or La Niña conditions 
have prevailed. Furthermore, observations of 
ocean heat content support the hypothesis 
that the atmospheric and ocean circulation 
associated with cooler conditions in the 
Northern Pacific Ocean drives the heat deeper 
into the ocean, leaving less energy to warm the 
surface (Trenberth and Fasullo 2013). Another 
factor which may also have contributed to the 
slowdown is slightly decreased solar output 
during the 2005–2010 period. When the next 
strong El Niño event occurs, releasing stored 
ocean heat to the atmosphere, global surface 
temperatures can be expected to resume their 
climb (Foster and Rahmstorf 2011).
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FIGURE 4-2. Observed versus modeled temperature trends for North America

Fig. 4-2. Observed and modeled temperature trends for North America since 1950. (Upper) Observed: The local 1950–
2013 trend in observed annual average surface temperature (°F;  left) and the time series of the annual values of surface 
temperature averaged over all of North America (right). Annual departures are with respect to a 1971–2000 baseline. 
The black line is the 10-year running average. (Lower) Modeled: The local 1950–2013 trend in annual average surface 
temperature (°F; left), and the time series of the annual values of surface temperature averaged over all of North America 
(right), from the average of 37 CMIP5 model simulations forced with the greenhouse gas, aerosol, solar, and volcanic 
forcing from 1950 to 2005, and the RCP 4.5 emissions scenario from 2006 to 2013. The similarity of the observed and 
modeled trends suggests that anthropogenic greenhouse gas emissions have contributed most of the observed warming 
in the last 30 years, as is the case with the modeled warming. The simulated time-series of temperature is much smoother 
than the observed since it is an average of multiple simulations, and so the variability in individual simulations is averaged 
out. (Data source: Observed: NASA GISS global monthly gridded temperatures; Modeled: CMIP5 archive via the KNMI 
Data Explorer) 

CLIMATE CHANGE IN COLORADO

A Synthesis to Support Water Resources Management and Adaptation 55



Because natural climate variability is greater at smaller 
scales, as shown in the temperature records in Figure 
1-1, it is more difficult to detect an anthropogenic 
climate change signal at continental and smaller scales 
than it is at the global scale (Stott et al. 2010). Also, 
model simulations are less reliable on smaller scales 
than on the continental to global scale, in part because 
of the coarse model resolutions and also because of 
greater uncertainty in forcings at the regional scales.

Nonetheless, the similarities between the observed 
North American trends in temperature and the model 
simulations point to a substantial human influence 
at the continental scale. Most of the warming occurs 
after about 1970 in both time series, and the modeled 
warming of about 1.8°F since 1950 is close to the 
observed warming. The impression 
of similarity is bolstered by model 
experiments for North America 
in which the model simulations 
include only natural forcings, 
and not anthropogenic forcings, 
similar to the experiments at the 
global scale (Figure 4-1). Without 
the inclusion of anthropogenic 
forcings, the envelope of modeled 
North American temperatures 
does not encompass the observed 
warming since the late 1990s. 
Accordingly, the IPCC has 
concluded that anthropogenic 
forcing has made a substantial 
contribution to warming in North 
America, as it has for each of the 
other continents (IPCC 2013).

4-3. Colorado

The  challenges of formally 
detecting and attributing 
anthropogenic influences in 
observed trends are even greater at 
the spatial scale of Colorado, which 
accounts for only 1% of the area of 
North America, and only 0.05% 
of global surface area. The strong 
influence of natural variability can 
mask even large climate forcings 
for several decades or longer 

at small spatial scales. Because of this, no formal 
detection study of an anthropogenic climate changes 
signal has been done specifically for Colorado, though 
several have examined sub-continental regions that 
include Colorado, as described below. In this section, 
we will discuss the potential anthropogenic influence 
on recent observed trends in Colorado.

Temperature

A reasonable case can be made that some component 
of the recent observed warming in Colorado is due to 
anthropogenic climate change. As shown in Figure 
1-1, Colorado’s temperature trajectory over the past 
100 years has closely followed the trajectories of global 
and continental temperature. We can also compare 

Fig. 4-3. The observed statewide annual average temperatures for Colorado, 
1950–2012 (upper), compared to the ensemble average of modeled statewide 
annual average temperatures for Colorado from 37 CMIP5 model simulations 
forced with the observed anthropogenic (greenhouse gas and aerosol) and natural 
(solar and volcanic) climate forcing from 1950 to 2005, and the RCP 4.5 emissions 
scenario from 2006 to 2012 (lower). The temperatures are shown as departures 
from the 1971–2000 baseline. The black lines are the 10-year running means. 
The similarity of the observed and modeled trends suggests that anthropogenic 
forcing from greenhouse gas emissions may have contributed much of the 
observed warming in Colorado in the last 30 years. (Data sources: Observed: 
NOAA NCDC; http://www.ncdc.noaa.gov/cag/; Modeled: Data source: CMIP5 
projections re-gridded to 1-degree grid, Reclamation 2013; http://gdo-dcp.
ucllnl.org/)

FIGURE 4-3. Observed versus modeled temperature trends for Colorado
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the global climate model simulations of historical 
temperatures for Colorado (1950–2012) with the 
observed temperatures over that period. Figure 4-3 
shows the observed temperature record for Colorado 
described in Section 2-3, and the median of 37 CMIP5 
climate model runs for Colorado which are driven by 
the historical climate forcings, including greenhouse 
gases. The modeled temperatures vary much less from 
year-to-year than the observed temperatures, since 
the natural variability being simulated in individual 
model runs is averaged out in the single value shown 
for each year. While the clear similarities between the 
two time-series do not constitute a formal attribution, 
they suggest that Colorado is in step with larger-scale 
trends that have a clear anthropogenic component.

Precipitation

Historic periods of low precipitation in Colorado and 
the surrounding region have been attributed in part to 
fluctuations of ENSO, along with longer cycles such as 
the Pacific Decadal Oscillation (PDO) and the Atlantic 
Multidecadal Oscillation (AMO) (CCSP 2008b; 
Schubert et al. 2004; Seager et al. 2005). ENSO affects 
the tracks of moisture-bearing storms over Colorado 
in winter and spring. CMIP3 model simulations 
indicated that it is very unlikely that the anthropogenic 
increase in greenhouse gases played a role in the period 
of low precipitation in the early 2000s in western 
North America (IPCC 2007). Similarly, Barnett et al. 
(2008) were unable to show any anthropogenic cause 
for recent precipitation trends in the West. Hoerling 
et al. (2010) concluded that a downward trend in 
precipitation over southwestern North America from 
1977–2006 was likely caused by internal (i.e., natural) 
variability in tropical Pacific sea surface temperatures, 
and was inconsistent with modeled trends driven by 
anthropogenic forcing. In summary, research indicates 
that annual precipitation—the main driver of drought 
in Colorado—has not exhibited changes that can be 
attributed to anthropogenic climate change, in contrast 
with annual temperature. 

Snowpack, streamflow, and drought 
indicators

Hydrologic variables like streamflow, while highly 
sensitive to precipitation, are also affected by 
temperature and can be influenced by anthropogenic 
warming, even in the absence of a detectable 

anthropogenic effect on precipitation.  This warming 
influence is potentially detectable in snowpack, 
streamflow, soil moisture, and other drought indicators. 
The aforementioned Barnett et al. (2008) study, along 
with related studies (Bonfils et al. 2008, Das et al. 2009, 
Pierce et al. 2008, Hidalgo et al. 2009) examined several 
hydroclimatic indicators, including the ratio of snow 
water equivalent to precipitation (SWE/P), January–
March minimum temperatures, and streamflow 
runoff timing throughout the western U.S., including 
the Colorado Rockies, to detect and attribute trends 
over the period 1950–1999. These studies concluded 
that, West-wide, up to 60% of the observed trends 
in warming winter–spring temperatures, as well as 
earlier runoff and changes in snow as a fraction of 
total precipitation, were due to anthropogenic causes. 
These changes, however, were relatively smaller over 
Colorado compared to most areas of the West, as 
discussed in Section 2-4. Note that the period covered 
by these studies did not include the recent dry period 
since 2000. 

In summary, research indicates that at the scale of the 
western United States, the observed warming trends—
partly attributed to anthropogenic climate change—
have led to conditions more favorable to drying of the 
land surface and have exacerbated the impacts of recent 
droughts. If we reduce the scale to only Colorado, the 
linkage between increased severity of recent droughts 
and anthropogenic climate change is plausible but less 
certain than at larger scales.
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SIDEBAR 4-2. The 2013 Front Range floods: Did anthropogenic 
climate change play a role?

A severe and widespread flooding event along Colorado’s Front Range from September 11–17, 2013 involved 
most of the rivers and creeks between Pueblo and the Wyoming border, with the highest flood stages and worst 
damage occurring on Lefthand Creek, St. Vrain Creek, the Big Thompson River, and the mainstem South Platte 
River downstream from those tributaries. A total of 20 Colorado counties were impacted. Ten people were killed 
by the flooding; over 1,800 homes were destroyed and almost 20,000 more were damaged. Damage to public 
infrastructure was also enormous: At least 200 miles of roads and over 50 bridges were damaged, along with many 
water conveyance and water treatment facilities. Total damage has been estimated at over $2 billion, which would 
make it the second most costly natural disaster (in 2013 dollars) in Colorado history, after the June 1965 floods on 
Cherry Creek, the South Platte River, and the Arkansas River.

The 2013 floods were caused by an unusually persistent weather pattern that consistently focused a flow of deep 
moisture towards the Front Range and led to rainfall totals seen in only a handful of events on the Front Range 
in the past century. Record or near-record precipitation was recorded during the week across the Front Range. 
Boulder’s COOP weather station, which continues an observational record for Boulder begun in 1893, set new 
records for 1-day (9.08”), 2-day (11.52”) and 7-day (16.9”) totals. In the context of the entire Front Range this was 
a rare precipitation event, especially for September, and in some respects it was unprecedented in the observed 
record. 

There have been previous multi-day rainfall and flood events on the Front Range with similar spatial extents and 
maximum total precipitation as the 2013 event: September 1938 (10” maximum), June 1965 (16”), and May 1969 
(20”). The footprints of the 1938 and 1969 events are similar to that of the 2013 event, while the June 1965 event 
was focused further south, between Denver and Pueblo.   

Because human changes have made the global atmosphere warmer and more moist, one can confidently state 
that all weather events are now subject to some influence of anthropogenic climate change. The potential impact 
of that influence on the September 2013 rain and flood event has not yet been thorougly examined. Below, we 
briefly discuss three dimensions of the potential anthropogenic influence.

Water Vapor
Total moisture content of the atmosphere above Denver on September 11, 2013 was observed to be at record 
levels for September (compared to the period 1948–2012). This mainly reflected the effectiveness of the weather 
pattern in funneling the moist flow to the Front Range, though a climate change contribution may have occurred. 
The increase in atmospheric water vapor (of 3–5% on a global basis) associated with anthropogenic warming alone 
may have increased the source moisture for the event and increased the intensity of heavy rainfall.   

Trends in Heavy Rainfall Events
As described in Section 2-6, no increasing trend has been observed in the past century in very heavy rainfall events 
in Colorado, unlike other regions of the U.S. and the world. Heavy rainfall events are projected to increase in 
frequency in the future over many parts of the globe, and the average projection shows an increase for Colorado 
by the mid-21st century (Kharin et al. 2013; see Section 5-3).

The Unusual Weather Pattern
The unusually moist and persistent weather pattern in the 2013 event was very similar to the pattern in the 
September 1938 event. Thus the atmospheric setup for the 2013 event was rare but not unprecedented, and 
climate change does not need to be invoked to explain the pattern itself. It is very uncertain whether or not slow-
moving weather systems like the one accompanying the 2013 rain and flood event might become more frequent 
with future climate change. 

The historical record strongly suggests that a flood event of the extent and magnitude of September 2013 could 
occur even in the absence of climate change. Climate researchers at NOAA, the University of Colorado, and 
Colorado State University are now addressing the anthropogenic climate change contribution to this event, 
through analysis of observations, historical trends, and climate model experiments. In doing so, they will also 
assess whether the risk of similar events is likely to change in the future. 
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Key points 

• All climate model projections indicate future 
warming in Colorado. The statewide average annual 
temperatures are projected to warm by +2.5°F to 
+5°F by 2050 relative to a 1971–2000 baseline under 
a medium-low emissions scenario (RCP 4.5). Under 
a high emissions scenario (RCP 8.5), the projected 
warming is larger by 2050 (+3.5°F to +6.5°F), and 
much larger later in the century as the two scenarios 
diverge.

• Summer temperatures are projected to warm 
slightly more than winter temperatures. Typical 
summer temperatures by 2050 are projected under 
RCP 4.5 to be similar to the very hottest summers 
that have occurred in past 100 years. 

• Climate model projections show less agreement 
regarding future precipitation change for Colorado. 
The individual model projections of change by 2050 
in statewide annual precipitation under RCP 4.5 
range from -5% to +6%. Projections under RCP 8.5 
show a similar range of future change (-3% to +8%).

• Nearly all of the projections indicate increasing 
winter precipitation by 2050. There is weaker 
consensus among the projections regarding 
precipitation change in the other seasons.

• In the first projections of future Colorado hydrology 
based on the latest climate model output, most 
projections show decreases in annual streamflow by 
2050 for the San Juan and Rio Grande basins. The 
projections are more evenly split between future 

Barker Reservoir and Nederland. Photo: Jeff Lukas

5 
Projections of Colorado’s 
Future Climate and 
Implications for 
Water Resources
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from the CMIP5 climate model ensemble (see 
Section 3-2). To illustrate how these broad-scale 
projections may play out at a local scale, Section 5-2 
examines downscaled CMIP5 climate projections for 
eight subregions across Colorado, using the BCSD 
downscaling method (see Section 3-5). Section 5-3 
describes projected changes in streamflow and other 
hydroclimatic variables for Colorado, which are derived 
from downscaled climate projections run through a 
separate hydrologic model. Because the development 
of hydrology projections using the CMIP5 climate 
projections is at an early stage, previous results based on 
the CMIP3-based projections are also shown. Section 
5-4 describes the projections of climate extremes for 
Colorado. Section 5-5 describes the future outlook for 
additional aspects of water resources, while Section 5-6 
summarizes the overall implications of future climate 
change for water in Colorado.

About the climate projections

The set, or ensemble, of CMIP5 model projections 
discussed in Section 5-1 and shown in Figures 5-1 
through 5-7 is comprised of one projection from each 
of the 37 climate models run under RCP 4.5, a medium-
low emissions scenario. For comparison, results from 
one projection from each of the 35 climate models that 
were run under RCP 8.5, a high emissions scenario, are 
shown in some figures and also summarized in the text 
(see Section 3.3 for descriptions of the RCPs). 

Projections under RCP 2.6 (low emissions) and RCP 
6.0 (medium-high emissions) are not shown in the 
figures or discussed in the text, but are summarized 
in a supplemental table available on the report website 
(http://wwa.colorado.edu/climate/co2014report). 
Both of these scenarios have lower climate forcing than 
RCP 4.5 at 2050, although RCP 6.0 surpasses RCP 4.5 
after 2065, while RCP 2.6 takes a declining trajectory 
(see Figure 3-4). While the projections from the four 
RCPs have different multi-model averages at 2050, 
the ranges of the projections overlap considerably 
among the RCPs. We focus on RCP 4.5 and RCP 8.5 
here because more projections are available for those 
two RCPs, and because together they span most of the 
range of all four RCPs.

Because individual climate projections include 
simulated natural variability, to more clearly discern 
the anthropogenic future change in each projection we 

increases and decreases in streamflow by 2050 for 
the Colorado Headwaters, Gunnison, Arkansas, 
and South Platte basins. However, other hydrology 
projections show drier outcomes for Colorado, and 
the overall body of published research indicates 
a tendency towards future decreases in annual 
streamflow for all of Colorado’s river basins.

• Changes in the timing of runoff are more certain 
than changes in the amount of runoff. The peak 
of the spring runoff is projected to shift 1–3 weeks 
earlier by the mid-21st century due to warming. 
Continuing impacts of dust-on-snow may increase 
the shift. Late-summer flows are projected to 
decrease as the peak shifts earlier. 

• Most projections of Colorado’s spring snowpack 
(April 1 SWE) for the mid-21st century show 
declines in the snowpack due to multiple effects 
of the projected warming. The individual model 
projections of change in April 1 SWE range from 
about -30% to +10% in most basins.

• Most climate projections indicate that heat waves, 
droughts and wildfires will increase in frequency and 
severity in Colorado by the mid-21st century due to 
the projected warming. 

• The frequency and magnitude of extreme 
precipitation events are generally projected to 
increase globally as a warmer atmosphere is able 
to hold more water vapor. For Colorado, studies 
suggest that winter extreme precipitation events 
will follow this global increasing trend, but not 
necessarily summer extreme precipitation events. 

This section describes the results from the latest 
temperature and precipitation projections from global 
climate models (GCMs) for Colorado and the western 
U.S. Our focus is on projections for 2050, consistent 
with the main time horizon being used in the State’s 
ongoing water planning efforts. Projections for other 
time periods may be useful depending on the type of 
decision or planning horizon. 

Section 5-1 begins by presenting the projected changes 
in temperature and precipitation on a statewide scale, 
derived from the GCM output, without downscaling, 
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need to compare two periods (historical and future) that 
are long enough so that the natural variability is at least 
partly averaged out. Here we use a 30-year averaging 
period. Thus, the projected changes described for 2050 
are based on the projected conditions averaged over the 
period 2035–2064, compared to the conditions for the 
historical period of 1971–2000. Note that the climate 
continues to change throughout that future period, 
particularly temperature, so the changes described for 
2050 are like a snapshot of a moving target.

For the same emissions scenario, the climate models 
produce different projected future climate changes 
because (1) the representation of some key climate 
processes differs from model to model, and (2) the 
multi-decadal natural variability simulated by the 
models is still present in the 30-year average and is not 
synchronized from model to model. See Sidebar 3-1 
for a more in-depth discussion of these factors.

The term projection is deliberately used by climate 
scientists for long-term future simulations of future 
climate rather than ‘prediction’ or ‘forecast.’ The latter 
two terms are generally reserved for situations in which 
the future outcome is sensitive to the initial state of the 
system, but not future changes in related conditions. 
Projection indicates that the future outcome is sensitive 
to future changes in related conditions (emissions); 
the projected changes are conditional on that specific 
emissions scenario.

5-1. Statewide Temperature and 
Precipitation Projections from GCMs 

Temperature

All of the climate models, under all RCPs, project that 
Colorado’s climate will warm substantially by 2050. 
Projected changes in temperature for the western US 
for 2050 relative to the late 20th-century observed 
baseline are shown on the left side of Figure 5-1. 
While all projections show increases in temperature 
by the mid-21st century, they differ in the magnitude 
of future warming. Under RCP 4.5 (medium-low 
emissions scenario), Colorado’s annual temperatures 
are projected to warm by +2.5°F to +5°F  by mid-
century relative to 1971–2000 observed baseline. 
Under RCP 8.5 (high emissions scenario), Colorado’s 
annual temperatures are projected to warm by +3.5°F 

to +6.5°F by mid-century. Summers are projected to 
warm slightly more than winters under both RCPs. 

The significance of the projected warming becomes 
clearer when compared to the observed variability 
and trend in temperature for Colorado (Figure 5-2). 
Figure 5-2 is based on the same climate projections 
as in the left side of Figure 5-1, and shows how the 
projected temperatures for Colorado under RCP 4.5 
evolve over time compared to the observed record of 
statewide temperatures from Figure 2-8. While the 
climate models are not designed to exactly simulate 
the historical variability in Colorado’s temperature, 
they still capture the general trajectory of the observed 
temperatures: below-average from 1950 to 1990, then 
above-average since 1990 with a pronounced warming 
trend that continues at a similar rate into the 21st 
century. The projected warming by 2050 is several 
times larger than the multi-decadal observed swings in 
temperature of about ±1°F over the last century. The 
three warmest individual years across Colorado in the 
observed record (1934, 1954, and 2012) were 2.5°–3.5°F 
warmer than the 1971–2000 baseline. Thus, the typical 
year by 2050 in the median projection under RCP 4.5 
is warmer the very warmest years of the past century. 
The typical year in the median projection under 
RCP 8.5 is much warmer than those historical years. 
Overall, the anthropogenic warming signal would 
be clearly seen in seasonal and annual temperatures 
throughout Colorado by 2050, under all RCPs. Because 
this human-induced warming is superimposed on a 
naturally varying climate, the future temperature rise 
will not manifest as a smooth upward trend; there 
would continue to be relatively warmer years and 
cooler years as the baseline shifts upward.

Another way to place the projected warming into 

Fig. 5-1 (next page). Projected annual and seasonal 
temperature and precipitation changes by 2050 (2035–
2064) over the western US from an ensemble of 37 climate 
models under RCP 4.5. The large maps show the average 
change for all of the models (n=37) for that season, and 
the small maps show the average changes of the highest 
20% (n=8) and lowest 20% (n=8) of the models, based 
on the statewide change for Colorado in temperature or 
precipitation. For Colorado, all models show a substantial 
warming (of +2.5°F to +5.5°F), but there is less agreement 
about the direction of precipitation change. (Data 
source: CMIP5 projections re-gridded to 1-degree grid, 
Reclamation 2013; http://gdo-dcp.ucllnl.org/) 
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FIGURE 5-1. Projected temperature and precipitation for the western U.S. under RCP 4.5 for 2035–2064
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context is to equate the future shift in 
climate regime with the difference in 
today’s climate between two locations 
in Colorado. With a 2°F warming, 
the seasonal temperature regime for 
Denver would be like the current 
climate of Pueblo. With a 4°F warming, 
Denver’s temperature regime would 
be similar to Lamar today. With a 
6°F warming, there is no analogue 
in Colorado; Denver’s temperatures 
would be like Albuquerque, New 
Mexico, today. 

Looking beyond the 2050-centered 
analysis period, the warming trend is 
projected to continue into the late-21st 
century under all RCPs except RCP 
2.6. By the period centered on 2070 
(2055–2084), the projected warming in 
Colorado annual temperatures under 
RCP 4.5 is +2.5°F to +6.5°F relative to 
the 1971–2000 baseline. Under RCP 
8.5, the projected warming is +5.5°F 
to +9.5°F relative to the 1971–2000 
baseline. 

Because of the physical characteristics 
of high-elevation regions—seasonally 
persistent snow cover and a very dry 
and cold atmosphere—the future 
warming is expected to be enhanced at 
high elevations globally (Rangwala and 
Miller 2012). An analysis of projected 
21st century temperature trends as a 
function of elevation in the Northern 
Hemisphere mid-latitudes from 
CMIP5 models shows more warming 
at higher elevations during winter, 
particularly in the daily minimum 
temperature (Rangwala et al. 2013). 
However, as discussed in Section 3, the 
global climate models do not represent 
the topography of Colorado very well, 
so it is difficult to discern whether the 
warming projected for the higher-
elevation regions (>10,000’) in the 
state is substantially different from that 
projected for lower elevations. 

FIGURE 5-2. Projected Colorado annual temperature under RCP 
4.5 compared to observations

Fig. 5-2. Modeled Colorado annual temperature, 1950–2070, by 37 climate 
models under RCP 4.5 (yellow/orange lines) compared to the observed 
Colorado annual temperature anomalies, 1900–2012 (red/blue bars). All 
values are shown relative to the 1971–2000 baseline (gray dashed line). 
The thick dashed orange line is the median of the 37 projections. The 
median and range (10th–90th) of the projected temperatures over the mid-
century period (2035–2064) is shown. The models project a continuation 
of the recent warming trend through the mid-21st century, with typical 
temperatures by then matching or exceeding the warmest years of the 20th 
century. (Data source: Observations: NOAA NCDC; Projections: CMIP5 
projections re-gridded to 1-degree grid, Reclamation 2013; http://gdo-
dcp.ucllnl.org/) 

Fig. 5-3. Projected annual and seasonal temperature change for Colorado 
under RCP 4.5 for the 2050 (2035–2064) time period, relative to 1971–
2000. The filled circles show the median (50th percentile) change across 
the model runs, the boxes show the range between the 25th percentile of 
the model runs and the 75th percentile, and the bars, between the 10th 
percentile and the 90th percentile. Slightly more warming is projected in 
summer and fall than in spring and winter. (Data source: CMIP5 projections 
re-gridded to 1-degree grid, Reclamation 2013; http://gdo-dcp.ucllnl.org/)

FIGURE 5-3. Projected Colorado annual and seasonal temperature 
change under RCP 4.5 for 2035–2064
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Precipitation

There is much less consensus among the 
models about the direction of projected 
precipitation change for Colorado than 
for temperature. The climate models 
consistently project an increase in annual 
precipitation for the northernmost states 
of the U.S., and a decrease in precipitation 
for the far Southwest (Figure 5-1, right). 
However, Colorado sits between these 
two regions in an area of lower model 
agreement. The ensemble of model 
projections under RCP 4.5 shows a range 
from -5% to +6% change in statewide 
annual precipitation in Colorado by the 
mid-21st century, with a slight majority of 
projections showing an increase (Figures 
5-4 and 5-5). The projections also tend to 
show a gradient in which the southern part 
of the state has drier future outcomes than 
the northern part of the state. Projections 
under the RCP 8.5 emissions pathway 
are similar, with a range of -3% to +8% 
change in statewide annual precipitation 
by the mid-21st century (Figure 5-7).  

For comparison, the range of historical 
variability in the 30-year running 
average of Colorado statewide annual 
precipitation from 1900 to 2012 has been 
about ±8%. Thus, any anthropogenic 
trend in precipitation in Colorado within 
the model range which does occur in the 
next several decades will be difficult to 
detect against the background of decadal 
natural variability. We can also expect 
year-to-year natural variability (Figure 
5-4) to remain the key driver of Colorado’s 
precipitation in any given year.

Projections of annual precipitation change 
for the later-century period centered on 
2070 (2055–2084) are very similar to 
those for mid-century under both the 
RCP 4.5 and RCP 8.5 pathways, again with 
little consensus regarding the direction of 
change.

FIGURE 5-4. Projected Colorado annual precipitation under RCP 
4.5 compared to observations

Fig. 5-4. Projected Colorado annual precipitation anomalies, 1950–
2070, by 37 climate models under RCP 4.5 (blue lines) compared to the 
observed Colorado annual precipitation anomalies, 1900–2012 (blue/
orange bars). All values are shown relative to the 1971–2000 baseline. 
The thick dashed purple line is the median of the 37 projections. The 
median (black dot) and range (red vertical line; 10th–90th percentile) 
of the projected precipitation changes for the mid-century period 
(2035–2064) are shown. The models do not agree whether statewide 
annual precipitation will increase or decrease in the future. (Data source: 
Observations: NOAA NCDC; Projections: CMIP5 projections re-gridded 
to 1-degree grid, Reclamation 2013; http://gdo-dcp.ucllnl.org/) 

FIGURE 5-5. Projected Colorado annual and seasonal precipitation 
change under RCP 4.5 for 2035–2064

Fig. 5-5. Projected annual and seasonal precipitation change for Colorado 
under RCP 4.5 for the 2050 (2035–2064) time period, relative to 1971–
2000. The filled circles show the median (50th percentile) change across 
the model runs, the boxes show the range between the 25th percentile of 
the model runs and the 75th percentile, and the bars, between the 10th 
percentile and the 90th percentile.  (Data source: CMIP5 projections re-
gridded to 1-degree grid, Reclamation 2013; http://gdo-dcp.ucllnl.org/)
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On average, the climate models indicate a seasonal 
shift in precipitation for Colorado, with increasing 
winter precipitation (Figure 5-1, right; Figure 5-5). 
As with annual precipitation, the range of projections 
for each season encompasses both future increases 
and decreases. The multi-model ensemble under 
RCP 4.5 indicates the following changes in seasonal 
precipitation for Colorado by mid-21st century 
compared to the 1971–2000 baseline (Figure 5-5): 

• Winter (Dec–Feb) precipitation: Increases in a large 
majority (33/37) of model runs.

• Spring (Mar–May) precipitation: Increases in a 
slight majority (22/37) of model runs.

• Summer (Jun–Aug) precipitation: Decreases in a 
slight majority (20/37) of model runs, with some 
runs showing the largest decreases of any season.

• Fall (Sep–Nov) precipitation: Increases in a slight 
majority (20/37) of model runs. 

The ranges in the seasonal projections under RCP 4.5 
as shown in Figure 5-5 are similar to the observed 
running 30-year averages for seasonal precipitation 
for Colorado, which have varied by roughly ±10% 
from the longer-term average since 1900. Thus, as 
with annual precipitation, any anthropogenic trends 
in seasonal precipitation which do occur over the next 
several decades will be difficult to detect. 

The projected precipitation changes in the Colorado 
mountains, which receive the bulk of their precipitation 
from winter and spring storms, mainly reflect model-
simulated shifts in the location of jet stream, and thus 
the location of the typical storm track. In many of the 
climate models, the storm track is projected to move 
slightly to the north as the climate warms (Yin 2005, 
Chang et al. 2012), but with somewhat wetter storms. 
The net effect over Colorado in most models is a 
seasonal shift towards more mid-winter precipitation, 
and in some areas a decrease in late spring precipitation. 
As described in Section 2-1, ENSO influences the 
storm tracks crossing the western U.S. and Colorado. 
In CMIP5, the climate models do not agree whether 
there will be systematic changes in ENSO in a warming 
climate that would shift towards more frequent or 
intense El Niño or La Niña conditions. The uncertainty 
in future ENSO behavior is a major contributor to the 

uncertainty in future precipitation for Colorado and 
the western U.S. (Dominguez et al. 2009).

Summer precipitation is projected by most models to 
decrease over much of the continental United States, 
but there is more disagreement among the models for 
summer than for winter (Figures 5-1 and 5-5). The 
extension of the North American Monsoon system into 
Colorado, which strongly influences our summertime 
precipitation, may not be simulated well by climate 
models. Also, the thunderstorms that dominate 
Colorado’s summer precipitation are more difficult to 
simulate than winter cyclonic and frontal storms.

It is clear from Colorado’s observed climate record 
(Figure 2-1) that precipitation amounts in the 
mountains—per storm event, seasonally, or annually—
depend on elevation and the specific orientation of the 
topography relative to the flow of moisture. The spatial 
resolution of the global climate models is too coarse 
to capture these effects, and downscaling methods may 
not fully compensate for the deficiencies in the global 
models. In a very high-resolution weather model (1.2-
mile gridboxes) simulation under a warmed climate 
with more available water vapor, precipitation over 
the Colorado mountains during the cold-season 
(November–April) increased by 12–15% versus recent 
observed conditions (Rasmussen et al. 2011). For 
comparison, only a 4% increase in precipitation was 
seen in the CMIP3-era GCM projection that was used 
to perturb the high-resolution simulation. A follow-
up study with a longer simulation period found a 
12% increase in winter precipitation over the same 
region (Rasmussen et al. 2014). These results point 
to the possibility that the future winters in Colorado 
may be wetter than projected in the global models, 
assuming that storm tracks don’t change. However, 
the follow-up study (Rasmussen et al. 2014) also 
showed that evapotranspiration increased even more 
than precipitation over the Colorado mountains in a 
warmed climate, resulting in projection of a slight 
decrease in runoff from the region on an annual basis.

5-2. A closer look: Downscaled 
climate projections

Water resources management, planning, and use 
are tied to climate processes and variability at more 
local (i.e., basin) scales than can be captured by the 
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While this report focuses on the results of the new generation 
of climate model projections (CMIP5), it is important to 
compare them to the previous generation of climate model 
projections (CMIP3). The CMIP3 projections have been used 
in many climate change assessments and studies, including 
some released very recently, and have been scrutinized more 
thoroughly than the newer CMIP5 projections. Comparing 
the two sets of projections is complicated because the future 
greenhouse gas emissions scenarios used to force the two 
sets of models are not the same, and because CMIP5 includes 
many more individual models. But by examining projections 
under comparable emissions trajectories, we can make a broad 
comparisons between the two sets of model output. The overall 
differences between CMIP3 and CMIP5 for Colorado are not 
large, and are much smaller than the spread of the individual 
model runs in each ensemble. This lends more credibility to 
the results from both sets of models than if the differences 
between them were larger. 

Temperature

Compared to the CMIP3 ensemble of projections under the 
A1B emissions scenario, the CMIP5 projections under RCP 
4.5 tend to have slightly less warming in summer (by 0.5°F), 
and slightly more warming in winter (by 0.5°F), but the median 
change in annual temperature is very similar, as is the spread of 
the projected changes (Figure 5-6). Projections under RCP 8.5, 
having greater radiative forcing than either A1B or RCP 4.5 at 
mid-century, show a larger temperature change. The warming 
difference in summer results from the CMIP5 projections 
tending to show more summer precipitation than the CMIP3 
projections; summer temperature is closely tied to the amount 
of summer precipitation. 

Precipitation

Compared to the CMIP3 ensemble of projections for A1B, 
the CMIP5 projections for Colorado under RCP 4.5 tend to 
be wetter in spring and summer, and are very similar in fall 
and winter. For annual precipitation, the CMIP5 projections 
are shifted slightly wetter than the CMIP3 projections, with 
the CMIP5 median projection showing a slight increase in 
precipitation vs. the late 20th-century baseline, while the 
CMIP3 median projection shows a slight decrease (Figure 
5-7). Projections under RCP 8.5 show a range shifted slightly 
more to the wet side compared to RCP 4.5. The ranges of 
projections for CMIP3 and CMIP5 overlap substantially, and 
the overall differences between CMIP3 and CMIP5 at the 
annual and seasonal scale are smaller than these ranges. But 
because changes in precipitation are amplified during the 
conversion to runoff, the differences between CMIP3 and 
CMIP5 have relatively larger consequences for the projections 
of hydrologic change (see Section 5-3).

Figs. 5-6 and 5-7. Projected annual temperature 
change precipitation change for Colorado under 
SRES A1B (CMIP3), RCP 4.5, and RCP 8.5 for 
2050 (2035–2064). The filled circles show the 
median (50th percentile) change across the 
model runs, the boxes show the range between 
the 25th percentile of the model runs and the 
75th percentile, and the bars, between the 10th 
percentile and the 90th percentile. (Data source: 
CMIP3 and CMIP5 projections re-gridded to 
1-degree grid, Reclamation 2013; http://gdo-
dcp.ucllnl.org/)

FIGURES 5-6 and 5-7. Projected Colorado 
annual temperature change (upper figure) 
and precipitation change (lower figure) 
change under A1B, RCP 4.5, and RCP 8.5 
for 2035–2064

SIDEBAR 5-1. Exploring the differences between CMIP3 and CMIP5
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projections shown in the previous section. Thus it can 
be informative to look at projections that have been 
downscaled to provide more local detail. Aside from 
the potential benefit of capturing smaller-scale climate 
features, downscaling is often needed to meet the input 
requirements of hydrologic models and other impact 
models that are run at spatial scales much smaller than 
that of the GCM output.

Compared to the “raw” GCM output, downscaling 
leads to a better representation of Colorado’s complex 
topography and, in principle, the influences of that 
topography on climate. We again caution that while 
downscaled projections are more precise than the 
underlying GCM output (i.e., they have finer spatial 
resolution), they may not necessarily be more accurate 
in projecting future change. Like the underlying raw 
GCM projections, downscaled projections will still have 
a large spread across the model ensemble, reflecting 
the inherent uncertainties in projecting future climate.

To examine the implications of the model-projected 
changes in 2050, including the seasonal cycle, at more 
local scales, eight subregions across Colorado were 
delineated (Figure 5-8): the Northeastern Plains, 
the Denver Metro area, the Central Mountains, the 
Yampa Valley, the Grand Valley, the San Juans, the San 
Luis Valley, and the Arkansas Valley. Each of these 
subregions is about 30 miles across east-west, and 40 
miles north-south. These subregions were chosen to 
align with the alternate climate divisions for Colorado 
described in Section 2-3. 

For all eight subregions, the monthly average 
temperatures and precipitation from 1971–2000 
are compared with those projected for the mid-
21st century (2035–2064) using the BCSD (Bias-
Correction Spatial Disaggregation) CMIP5 projections 
(BCSD5; Reclamation 2013); see http://gdo-dcp.
ucllnl.org/downscaled_cmip_projections/. Sidebar 3-2 
describes the “wettening” effect of the BCSD approach, 
which tends to make these downscaled precipitation 
projections for 2050 slightly wetter than the original 
GCM output.  

Table 5-1 shows the median projected monthly 
temperature change for mid-century under RCP 4.5 
(37 models) for the eight subregions. The projected 
warming in all months in all eight subregions is within 
1°F of the statewide median projected annual warming 

FIGURE 5-8. Map of the eight Colorado 
subregions used in the analysis of downscaled 
climate projections

Fig. 5-8. The eight subregions used for analysis of the 
downscaled monthly temperature and precipitation 
projections. Each of the subregions is about 30 miles across 
east-west, and 40 miles north-south. The subregions are 
coded in the map as follows: N = Northeastern Plains, D 
= Denver Metro area, C = Central Mountains, Y = Yampa 
Valley, G = Grand Valley, SJ = Western San Juans, SL = San 
Luis Valley, A = Arkansas Valley.

(4°F). The seasonal differences in the projected 
warming are consistent among the subregions, with the 
least warming in winter and early spring, and the most 
warming in late summer and early fall, which reflects an 
expected amplifying feedback on the warming due to 
soils drying out earlier in the summer. The differences 
between the subregions are greatest in winter and 
early spring, when the western slope is projected to 
warm more than the eastern slope, likely related to the 
precipitation increase projected for the eastern slope 
in most models. The range of the model projections 
between the 10th and 90th percentiles is 3°–4°F in 
all months and in all subregions, which is larger than 
either the seasonal differences in the median projection 
or the differences between subregions.

Table 5-2 shows the median projected monthly 
precipitation change (in %) for mid-century under RCP 
4.5 (37 models) for the eight subregions. Looking first 
at seasonal differences across the changes, projected 
increases in precipitation predominate during the cold 
season (November–April), especially east of the Divide 
and in the mountains, while during the warm season 
(May–October) there are more projected decreases, 
especially east of the Divide. Given the high variability 

CLIMATE CHANGE IN COLORADO

A Synthesis to Support Water Resources Management and Adaptation 67

http://gdo-dcp.ucllnl.org/downscaled_cmip_projections
http://gdo-dcp.ucllnl.org/downscaled_cmip_projections


Table 5-1. Median downscaled projected increase in monthly temperature (°F) under RCP 4.5 for the eight subregions 
for mid-century (2035–2064) compared to 1971–2000, from 37 climate model projections. (Source: BCSD statistically 
downscaled CMIP5 projections, Reclamation 2013; http://gdo-dcp.ucllnl.org/downscaled_cmip_projections/)

TABLE 5-1. Projected monthly temperature change for eight subregions under RCP 4.5 for 2035–2064

TABLE 5-2. Projected monthly precipitation change for eight subregions under RCP 4.5 for 2035–2064

Table 5-2. Median downscaled projected monthly precipitation change (%) under RCP 4.5 for the eight subregions for 
mid-century (2035–2064) compared to 1971–2000, from 37 climate model projections. Median changes greater than 10% 
represent an appreciable projected shift towards wetter or drier conditions, relative to historical variability. Note that the 
range of projections for every subregion and every month includes both projected increases and decreases in precipitation. 
(Source: BCSD5 statistically downscaled CMIP5 projections, Reclamation 2013; http://gdo-dcp.ucllnl.org/downscaled_
cmip_projections/)

in monthly precipitation over time and the large range 
of projected changes across the models, only median 
changes greater than 10% may represent an appreciable 
shift in the risk of wetter or drier future conditions. 
Considering this, the projected median increase 
in precipitation in most or all of the months from 
November–March in the east-slope subregions, the 

Central Mountains, and Yampa Valley is a noteworthy 
feature of the projections, as is the median decrease in 
May precipitation in southwestern Colorado (Grand 
Valley and the South San Juans). Note that the large 
percentage increases in January–March precipitation 
in eastern Colorado come during what is typically the 
driest season in those areas (see Figure 2-2), so the 
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FIGURE 5-9. Projected monthly temperature change for Denver Metro 
subregion under RCP 4.5 for 2035–2064

Fig. 5-9. Monthly downscaled projected temperature changes for mid-century 
(2035–2064) for the Denver Metro subregion under RCP 4.5. The dark red lines 
show the median projection for each month; the orange bars show the range from 
the 10th percentile to the 90th percentile of the individual model projections. 
The pink dashed lines show the envelope of observed multi-decadal variability 
in monthly temperature, derived from the running 30-year averages of a long-
term (>100-year) station record within that subregion. By mid-century, projected 
temperatures are outside of the bounds of historical variability at local scales and 
monthly timescales. (Source: BCSD5 statistically downscaled CMIP5 projections, 
Reclamation 2013; http://gdo-dcp.ucllnl.org/downscaled_cmip_projections/)

Fig. 5-10. Monthly downscaled projected precipitation changes (in %) for mid-
century (2035–2064) for the Denver Metro subregion under RCP 4.5. The dark red 
lines show the median projection for each month; the blue bars show the range 
from the 10th percentile to the 90th percentile of the individual model projections. 
The purple dashed lines show the envelope of observed multi-decadal variability 
in monthly precipitation, derived from the running 30-year averages of a long-term 
(>100-year) station record within that subregion. By mid-century, most projections 
for precipitation are within the bounds of historical variability. (Source: BCSD5 
statistically downscaled CMIP5 projections, Reclamation 2013; http://gdo-dcp.
ucllnl.org/downscaled_cmip_projections/)

FIGURE 5-10. Projected monthly precipitation change for Denver Metro 
subregion under RCP 4.5 for 2035–2064

effect on annual precipitation is 
not as large as it might appear.

To further illustrate the 
projected changes at local 
scales, Figures 5-9 through 5-12 
show the median and range of 
the model-projected changes 
in the context of historical 
climate variability for two of the 
subregions: Denver Metro and 
the Western San Juans. These 
two subregions illustrate some 
of the seasonal differences in 
projected climate change across 
the state, and also the broad 
similarities.

Figure 5-9 shows the monthly 
projected temperature changes 
for mid-century (2035–2064) 
for the Denver Metro subregion. 
The dark red lines show the 
median projection for each 
month; these are the same 
values as shown in Table 5-1. 
The orange bars show the range 
from the 10th percentile to the 
90th percentile of the individual 
model projections. The pink 
dashed lines show the envelope 
of observed variability in 
monthly temperature, derived 
from the running 30-year 
averages of a long-term (>100-
year) station record within that 
subregion. The 30-year average 
was chosen to match the 30-year 
averaging period for the future 
projections. In all months, 
nearly all of the projected 
changes across the ensemble 
are outside of the envelope of 
observed variability, with the 
summer months being further 
outside of that envelope than the 
winter months. 

Figure 5-10 shows the monthly 
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projected precipitation changes 
for mid-century (2035–2064) 
for the Denver Metro subregion, 
using the same scheme as the 
previous figure. First, there is 
substantial natural variability in 
monthly precipitation at local 
scales. Even when averaged over 
30-year periods, precipitation 
varies by ±15% to ±40%, 
depending on the month. The 
ranges of the projections for each 
month are also large, spanning 
both future increases and 
decreases in precipitation for each 
month. These broad ranges result 
in part from the modes of natural 
variability being simulated by 
the different models not being in 
phase with each other over the 
2035–2064 period. Examining the 
overlap of the observed variability 
with the model projections, most 
of the projected precipitation 
changes are within the envelope 
of past variability. Only in March 
are the majority of projections 
outside of that envelope (on the 
wet side), though in four other 
months—January, February, 
November and December—the 
range is also shifted appreciably 
towards wetter conditions.

Figure 5-11 shows the monthly 
projected temperature changes 
for mid-century (2035–2064) for 
the Western San Juans subregion. 
Again, in all months, nearly all 
of the projected changes across 
the ensemble are outside of the 
envelope of observed variability, 
with the warm-season months 
(May–October) being further 
outside of that envelope than the 
cool-season months.

Figure 5-12 shows the monthly 
projected precipitation changes 

FIGURE 5-11. Projected monthly temperature change for Western San 
Juans subregion under RCP 4.5 for 2035–2064

Fig. 5-11. Monthly downscaled projected temperature changes for mid-century 
(2035–2064) for the Western San Juans subregion under RCP 4.5. The dark red 
lines show the median projection for each month; the orange bars show the range 
from the 10th percentile to the 90th percentile of the individual model projections. 
The pink dashed lines show the envelope of observed multi-decadal variability in 
monthly temperature, derived from the running 30-year averages of a long-term 
(>100-year) station record within that subregion. By mid-century, temperatures 
will be outside of the bounds of historical variability at local scales and monthly 
timescales. (Source: BCSD5 statistically downscaled CMIP5 projections, Reclamation 
2013; http://gdo-dcp.ucllnl.org/downscaled_cmip_projections/)

Fig. 5-12. Monthly downscaled projected precipitation changes (in %) for mid-
century (2035–2064) for the Western San Juans subregion under RCP 4.5. The 
dark red lines show the median projection for each month; the blue bars show 
the range from the 10th percentile to the 90th percentile of the individual model 
projections. The purple dashed lines show the envelope of observed multi-decadal 
variability in monthly precipitation, derived from the running 30-year averages of 
a long-term (>100-year) station record within that subregion. By mid-century, most 
projections for precipitation are within the bounds of historical variability. (Source: 
BCSD5 statistically downscaled CMIP5 projections, Reclamation 2013; http://gdo-
dcp.ucllnl.org/downscaled_cmip_projections/)

FIGURE 5-12. Projected monthly precipitation change for Western San 
Juans subregion under RCP 4.5 for 2035–2064
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involving water management agencies, that examine 
impacts on many gages across multiple basins. Three of 
these more recent studies are described in Sidebar 5-2. 

Before examining the results of these studies, it 
is important to understand the concept of runoff 
sensitivity to climate variations. The amount of annual 
runoff is sensitive to changes in both temperature and 
precipitation; because these two factors are correlated 
on a seasonal and annual basis, the runoff sensitivity 
to each factor is difficult to discern from observations 
alone. Thus, controlled tests with hydrologic process 
models, also called land-surface models, are used 
to tease out the sensitivity of runoff to each factor 
separately. 

A major goal of the recently completed NOAA-funded 
“Reconciling Projections of Future Colorado River 
Stream Flow” study (Hoerling et al. 2009, Vano et al. 
2014) was to examine the runoff sensitivities for the 
Colorado River as estimated from different hydrologic 
models, as part of understanding the differences among 
future streamflow projections. That study found that for 
the widely used VIC and SAC-SMA models (see Sidebar 
5-2), the runoff sensitivity to precipitation change for 
the Upper Colorado River Basin (at Lees Ferry) was 
such that a 5% decrease in annual precipitation over 
the basin equated to a 10%–15% decrease in annual 
runoff (Vano et al. 2012). Similar analyses done for the 
Joint Front Range Study (see Sidebar 5-2) using the 
SAC-SMA and WEAP models found that the runoff 
sensitivity to precipitation change for other river basins 
in Colorado was similar: a 5% decrease in precipitation 
led to a 8–15% decrease in annual runoff, with the 
South Platte and Arkansas River showing similar 
sensitivity (Woodbury et al. 2012). For temperature, 
the VIC, SAC-SMA, and WEAP models have a similar 
response, such that a 1°F warming is associated with 
a 3–4% decrease in annual runoff for river basins in 
Colorado (or 12–16% decrease for a 4°F warming) 
(Vano et al. 2012, Woodbury et al. 2012).  

Changes in annual streamflow 

Figure 5-13 shows hydrologic projections of changes 
in average annual streamflow for 2050 for seven gages 
representing major river basins in Colorado. The 
projections are from two datasets based on the CMIP3 
and CMIP5 climate projections, respectively. The 
CMIP3-based projections (BCSD3 hydrology) were 

for mid-century (2035–2064) for the Western San 
Juans subregion. The overall picture is similar to that 
for the Denver Metro region: most of the projected 
precipitation changes are within the envelope of past 
variability. Only in May are most projections outside of 
that envelope (on the dry side); no other month has a 
median projection that is more than 10% change from 
late-20th century conditions.

5-3. Projections of hydrologic 
changes

By itself, the warming projected for Colorado described 
in Sections 5-1 and 5-2 would have clear impacts 
on the hydrologic cycle; it would tend to reduce the 
amount of annual streamflow and to shift peak runoff 
earlier in the spring. However, the uncertainty in the 
direction and amount of future change in precipitation 
for Colorado greatly broadens the range of potential 
hydrologic outcomes. 

In this section, we examine the role of temperature 
and precipitation in hydrology, and explore the 
range of future hydrologic outcomes for Colorado 
as presented in recent studies and assessments. 
Because the translation of the CMIP5 climate model 
projections into basin-scale hydrology output for 
Colorado and the western U.S. is still at an early stage, 
we share initial results with the caveat that subsequent 
hydrology results based on CMIP5 projections that use 
different downscaling methods or hydrologic models 
may show different changes. Accordingly, at this time, 
we encourage users to consider the CMIP5-based 
hydrology results alongside the CMIP3-based results, 
as in Figure 5-13.

Runoff and streamflow

The state of Colorado includes most or all of the 
headwaters of the Arkansas River, South Platte River, 
Colorado River, and the Rio Grande. Of these basins, 
the most-studied with respect to climate change 
impacts has been the Colorado River; it is among the 
most-studied basins in the country. Since the 2008 
Report, many new studies of climate change impacts 
on hydrology for our region have been conducted, 
with a transition from academic studies that examine 
the impacts on one or several gages in a single basin 
(usually the Colorado River), to larger research efforts, 
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developed for the Bureau of Reclamation’s West-Wide 
Climate Risk Assessment (WWCRA; Reclamation 
2011) and also used, with a slight modification, in 
the Colorado River Basin Water Supply and Demand 
Study (Reclamation 2012). The CMIP5-based 
projections, the BCSD5 hydrology, were developed by 
researchers at NCAR with support of the U.S. Army 
Corps of Engineers, for a consortium that includes 
the Bureau of Reclamation (Reclamation 2014). Both 
datasets use climate model projections downscaled 
with the BCSD method (Reclamation 2013; see Section 
5-2), then run through the VIC hydrology model to 
generate projections of runoff and other hydrologic 
variables. Figure 5-19 shows a schematic of the 
overall methodology. Because there are no consistent 
differences in the streamflow changes associated with 
the emissions scenario (e.g., RCP), in Figure 5-13 the 
results have been pooled across all of the emissions 
scenarios to make a more even comparison between 
the two ensembles of projections.

The ensemble of CMIP3-based BCSD3 hydrology 
projections is strongly tilted towards decreasing future 
annual streamflows for Colorado, with about three-
quarters of the individual projections in each basin 
indicating less streamflow for the mid-century period. 
The broad ranges of projections include the possibility 
of increasing future streamflows in each basin. The 
CMIP5-based BCSD5 hydrology projections have 
similar ranges but are shifted away from drier outcomes 
in all basins. In the San Juan and Rio Grande basins, 
about two-thirds of the projections still show decreases 
in annual streamflow by 2050. In the Colorado 
Headwaters, Gunnison, Arkansas, and South Platte 
Basins, the shift is larger and the projections are more 
evenly split between future increases and decreases in 
streamflow. 

The overall wetter outcomes seen in the BCSD5 
hydrology projections can be at least partly attributed 
to two factors. First, the CMIP5 climate projections on 

Fig. 5-13. Projected change in average annual streamflow for selected gages for 2050 (2035–2064) based on CMIP3 (BCSD3 
hydrology; blue) and CMIP5 (BCSD5 hydrology; purple) climate projections under all emissions scenarios, using similar a 
methodology: BCSD-downscaled GCM output run through the VIC hydrologic model. The bars show the range from the 
10th percentile to the 90th percentile of the individual model projections, the boxes show the interquartile range (25th to 
75th percentile). The values in red show the percentage of individual projections indicating a future decrease in flow (n=112 
for BCSD3; n=97 for BCSD5[hydro]). While the ranges of outcomes are broad, the projections collectively indicate a greater 
risk of decreasing future streamflow, especially in the southern half of the state. Note that the results for a given gage may 
not be representative of all gages in that basin. (Source: BCSD3 hydrology: West-Wide Climate Change Risk Assessment; 
Reclamation 2011; BCSD5 hydrology: Reclamation 2014; http://gdo-dcp.ucllnl.org/)

FIGURE 5-13. Projected annual streamflow changes for selected gages for 2035–2064, based on CMIP3  
and CMIP5 climate projections
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average show slightly greater future precipitation across 
Colorado than the CMIP3 projections (see Sidebar 5-1). 
Second, the BCSD downscaling procedure imparts a 
“wettening” effect on the precipitation changes seen 
in the underlying climate model projections (see 
Sidebar 3-2). While this effect was also seen with the 
CMIP3 projections, it is larger overall with the CMIP5 
projections, for reasons that are not yet clear. 

Both sets of streamflow projections also show a 
gradient across the state, more prominent in the 
BCSD5 hydrology projections, in which the southern 
half of the state has generally drier outcomes than the 
northern. This gradient reflects that both the CMIP3 
and CMIP5 projections for annual precipitation tend 
to show drier outcomes for southern Colorado than for 

northern Colorado. 

The differences between the BCSD3 and BCSD5 
hydrology projections have not yet been fully explained, 
and further research is needed. So at this time, it is 
advisable to consider these hydrology projections 
together (Figure 5-13), recognizing that the BCSD3 
and other CMIP3-based projections have undergone 
more scrutiny. 

In all of the hydrology projections summarized in 
Figure 5-13, the projected warming drives increased 
water  loss from snowpack (sublimation) and from 
soils and vegetation (evapotranspiration), i.e., the 
temperature sensitivity of runoff as described above. 
When an individual projection shows increased 
streamflow, there is a projected increase in precipitation 

large enough to offset the runoff-
reducing effect of the warmer 
temperatures. When a projection 
shows decreased streamflow, either 
there is a precipitation increase 
insufficient to offset the warming, 
or a precipitation decrease that 
amplifies the warming. Figure 5-14 
shows the balance of temperature 
change and precipitation change 
with respect to the projected runoff 
outcomes for the Colorado River 
near Cameo; there is a similar 
relationship in the other basins. 
From the climate models we have 
more confidence in the continued 
warming, which would tend to 
reduce runoff, than in the future 
precipitation change being in one 
direction or the other. Considering 
this, in light of the overall body 
of published research on future 
Colorado hydrology, while there is 
a broad range of future outcomes 
for Colorado’s river basins, and 
the clear possibility of increasing 
annual streamflow, overall there is 
a greater risk of decreasing annual 
streamflow. 

The broad range in the projected 
streamflow changes for each basin 

FIGURE 5-14. Direction of projected annual runoff change for the 
Colorado River as a function of projected temperature change and 
precipitation change

Fig. 5-14. Projected change in average annual runoff for the Colorado River near 
Cameo for 2050 (2035–2064) as a function of projected temperature change and 
precipitation change using BCSD-downscaled CMIP5 GCM output run through 
the VIC hydrologic model (BCSD5 hydrology). The filled circles show the 2035–
2064 average temperature and precipitation change for each of 97 climate 
projections across all RCPs. Blue circles indicate that the projected climate was 
associated with a modeled increases in runoff for the same time period; red 
circles indicate modeled decreases in runoff. Below the sloped dashed line, 
increases in precipitation were offset by the effects of the projected warming, 
and runoff declined in nearly all cases. (Data source: Reclamation 2014; http://
gdo-dcp.ucllnl.org/downscaled_cmip_projections/)
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in Figure 5-13 reflects that the respective uncertainties 
about future temperature and future precipitation 
change, described earlier, are compounded in the 
hydrologic modeling. Some of the difference between 
the projections is due to the underlying climate models’ 
different simulations of natural climate variability, 
which is reflected even in a 30-year average (Harding et 
al. 2012). The presence of simulated natural variability 
at multi-decadal time scales is clearly seen in the 
ups and downs of the CMIP5-based projections for 
the Colorado River shown in Figure 5-15. Averaging 
across the model ensemble will tend to average out the 
natural variability in the individual projections, but will 
also obscure the range of potential future outcomes. 
The projected streamflow, for the same basin, from 
different studies (as in Figure 5-17) can differ due to 
additional factors. The selection of a particular subset 
of GCMs for analysis may shift the range of hydrologic 
outcomes relative to another subset. The downscaling 
and bias-correction approaches used to translate 
the coarser GCM grids to the finer hydrology model 
grids may impart different shifts 
to the distribution of the GCM-
projected precipitation, which 
in turn will affect runoff (see 
Section 3-5 and Sidebar 3-2). 
The spatial resolution of the 
hydrologic modeling, especially 
in the mountainous western U.S., 
can have a substantial impact 
on results. Even when run at 
the same resolution, the various 
stand-alone hydrologic models 
(e.g., VIC, SAC-SMA, WEAP, 
CLM) have different inherent 
sensitivities to temperature 
and precipitation perturbations 
(Christensen and Lettenmaier 
2007, Woodbury et al. 2012, Vano 
et al. 2012). Finally, different 
studies have used different future 
periods and different historical 
baseline periods, making precise 
comparison across studies 
difficult. 

It is often assumed that 
precipitation and streamflow will 
become more variable from year 

to year under future anthropogenic climate change. 
Colorado’s observed streamflows over the past century 
have shown a tendency towards increasing year-to-year 
variability, as measured by the coefficient of variation 
(CV; see Section 2-4), but it is not clear that this trend is 
anthropogenic in nature, nor that it should be expected 
to continue. Seager et al. (2012a) examined the output 
of 24 CMIP3 climate models; while the year-to-year 
variability of precipitation minus evapotranspiration 
(~runoff) is projected to increase over most of the globe 
in the 21st century, there is a projected decrease in 
variability for southwestern North America, including 
Colorado. Similar analyses of the CMIP5 climate and 
hydrology projections for Colorado have not yet been 
conducted. 

Changes in runoff timing and seasonal streamflow 

As noted in Section 2-4, for some water users, changes 
in runoff timing can be as important as changes in the 
amount of annual runoff. The hydrologic projections 

FIGURE 5-15. Projected annual runoff for the Colorado River from 1980–
2070 under RCP 4.5

Fig. 5-15. Projected annual runoff from 1980 to 2070 for the Colorado River near 
Cameo, showing the 30-year averages for 31 projections under RCP 4.5, using 
BCSD-downscaled CMIP5 GCM output run through the VIC hydrologic model 
(BCSD5 hydrology). The gray traces show individual model projections, with the 
red and blue traces showing two selected projections that at 2050 are close to 
the 10th and 90th percentile changes, respectively, in runoff. The blue bar shows 
the actual 10th–90th percentile range of the projections. All of the projections 
show substantial multi-decadal natural variability. The increasing spread of 
projected future runoff changes over time reflects the uncertainties in the forced 
anthropogenic change on precipitation and temperature. By mid-century, that 
range of projected outcomes is broader than the past gaged variability (dark blue 
bar) or paleo variability (green bar) from tree-ring reconstructions. (Data source: 
Reclamation 2014;  http://gdo-dcp.ucllnl.org/downscaled_cmip_projections/)
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have much greater agreement regarding future change 
in runoff timing and related changes in seasonal runoff 
than regarding change in annual runoff. Runoff timing 
is particularly sensitive to warming, and nearly all 
projections, even ones with increased precipitation, 
show the peak of runoff shifting earlier, with the extent 
of that shift ranging from 1–3 weeks by 2050. Figure 
5-16 shows the projections of monthly runoff for the 
Colorado Headwaters basin for 2050 under RCP 4.5. 
Runoff increases in spring (March–May) in nearly all 
projections, while runoff decreases in summer and 
early fall (June–September) in nearly all projections, 
with the largest percentage decline in July. This overall 
seasonal pattern of change is also seen in the other 
basins in Colorado. 

This shift in the seasonal timing of runoff, which was 
also seen in CMIP3-based hydrologic studies, would 

continue the recent observed trend towards earlier 
runoff described in Section 2-4. Some portion of the 
observed trend towards earlier runoff is due to the 
effect of dust-on-snow deposition—an effect that is 
not explicitly included in most of the projection-based 
studies. If dust-on-snow deposition in the future is 
similar to the high levels observed in Colorado since 
2009, the shift towards earlier runoff will occur faster 
than indicated by the climate model output (Deems et 
al. 2013). 

Upper Colorado River Basin and sub-basins

The Upper Colorado River Basin has been the subject 
of many previous climate change studies. Since the 
mid-1990s, these studies have consistently reported 
an average decrease in projected basin annual 
streamflow by the mid-21st century, as summarized 

in the 2008 Report. Those 
studies based on multiple 
climate model runs have 
also consistently found a 
broad range of projected 
outcomes, with some of 
the projected changes 
indicating future increases 
in flow (e.g., Christensen 
and Lettenmaier 2007).  

Figure 5-17 shows the 
BCSD5 and BCSD3 
(WWCRA) projected 
streamflow changes for 
the Colorado River near 
Cameo as shown in 
Figure 5-13, alongside 
the results from three 
other recent studies that 
used BCSD-downscaled 
CMIP3 (Reclamation 
2012, Woodbury et al. 
2012, CWCB 2012; see 
Sidebar 5-2). The BCSD5 
hydrology projections, as 
noted earlier, depart from 
the previous studies by not 
showing a clear tendency 
towards decreasing 
annual  streamflow. But 

FIGURE 5-16. Projected change in monthly runoff for the Colorado River 
headwaters

Fig. 5-16. Projected monthly runoff change for the Colorado River Headwaters for 
2050 (2035-2064) under RCP 4.5, from the BCSD5 hydro dataset. The upper graph 
shows the projected average monthly flows for the 31 projections (light blue lines) and 
the ensemble median (dark blue dotted line) compared to the 1971-2000 baseline 
(gray dashed line). The lower graph shows the range of the monthly runoff changes 
from the ensemble, with the dark blue bars show the range from the 10th percentile to 
the 90th percentile and the light blue boxes show the interquartile range (the 25th to 
75th percentile). As the hydrograph shifts earlier in the projections, March-May runoff 
increases while June tends to decreases, and July-September runoff sharply decreases 
in all projections. The other basins in Colorado show a very similar seasonal shift. (Data 
source: Reclamation 2014; http://gdo-dcp.ucllnl.org/downscaled_cmip_projections/)
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the vast majority of the BCSD5 projected changes are 
still within the overall envelope of the CMIP3-based 
projected changes, and still include the potential for 
large decreases in streamflow.

In both the CMIP3-based and CMIP5-based 
projections, there are consistent differences among 
the Upper Colorado sub-basins in their projected 
streamflow outcomes (Figure 5-13). The San Juan 
basin shows drier outcomes than the Gunnison or the 
Colorado Headwaters, which largely reflects the north-
south gradient in projected precipitation for Colorado 
and the surrounding region. 

The only recent study of future hydrology to explicitly 
include dust-on-snow 
impacts in the hydrologic 
modeling is Deems et al. 
(2013), which projected 
futures for the Upper 
Colorado River Basin 
under multiple climate 
change scenarios (from 
BCSD-downscaled CMIP3 
projections) and dust-forcing 
scenarios, using the VIC 
hydrologic model. Both the 
moderate-dust and extreme-
dust scenarios led to a 3% 
larger reduction in projected 
runoff at Lees Ferry by 2050 
than the multi-model mean 
for the low-dust scenario. See 
Sidebar 2-3 for a description 
of dust-on-snow and its 
impacts.

Other recent climate 
change studies of the Upper 
Colorado River Basin used 
an approach different than  
those shown in Figure 5-17. 
Milly et al. (2005) examined 
the hydrologic output 
(i.e., runoff) directly from 
12 CMIP3 GCMs. Their 
results showed drier runoff 
outcomes than the CMIP3 
studies shown in Figure 5-17 

in which downscaled GCM data was run through 
stand-alone hydrologic models. A more recent study 
using the hydrologic output directly from the CMIP5 
GCMs likewise showed appreciably less future Upper 
Colorado River runoff than that projected by the 
BCSD5 hydrology (Seager et al. 2012b). The drier 
outlook seen in these two direct-from-GCM studies is 
likely due to the coarse representation in the GCMs of 
topographic effects on precipitation and hydrology in 
our region (see Section 3-1). Colorado’s precipitation 
is more concentrated at the highest elevations, where 
evapotranspiration is lower and runoff efficiency is 
higher, than can be depicted in the raw GCM output. 
Downscaling and higher-resolution hydrologic 

FIGURE 5-17. Projected changes in annual streamflow for the Colorado 
River for the mid-21st century from recent studies

Fig. 5-17. Projected changes in Colorado River headwaters (Cameo gage) streamflow 
by the mid-21st century from five recent studies. The range of changes from the CMIP5-
based projections (far left) are shifted wetter than the CMIP3 results which used similar 
methods. The boxplots follow the convention of previous figures. For the two studies 
with small ensembles of projections deliberately selected to span the range of the full 
ensemble, the individual projected changes are shown with horizontal bars. The values 
in red show the percentage of individual projections indicating a future decrease in 
flow. “HModel” identifies the hydrologic model used to simulate the streamflow 
changes, and “Runs” is the number of individual hydrologic projections. All of these 
studies used the BCSD method for downscaling the GCM output. (Data sources: 
BCSD5 Hydrology: Reclamation 2014; Colorado River Basin Study: Reclamation 2012;  
WWCRA: Reclamation 2011; Joint Front Range Study: Woodbury et al. 2012; CRWAS: 
CWCB 2012)
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modeling are carried out in large part to compensate 
for these deficiencies in the GCMs.

South Platte River Basin

The projected changes in annual runoff for the South 
Platte River basin (at Sterling) for mid-century from 
the CMIP5-based BCSD5 dataset shown in Figure 
5-13, with a range of -15% to +29%, are clearly shifted 
towards wetter outcomes compared to the CMIP3-
based projections, reflecting that the CMIP5 climate 
projections call for more  precipitation for northeastern 
Colorado than the CMIP3 projections. We need to 
repeat a caution offered earlier that the results for the 
given gage (Sterling) may not be representative of all 
gages in the basin. In fact, examination of sub-basin 
results shows that the northern tributaries of the South 
Platte (north of Clear Creek) have ranges of outcomes 

similar to the Sterling gage, while the outcomes for 
the southern part of the basin are shifted drier than 
for the Sterling gage. This north-south difference 
was also seen in previous hydrology projections. The 
CMIP3-based Joint Front Range study (Woodbury et 
al. 2012) projected streamflows for eight gages within 
the South Platte Basin: four on the mainstem between 
Fairplay and Henderson, and four on northern Front 
Range headwaters tributaries. The projected changes 
in annual runoff for 2040 for the northern Front Range 
tributaries ranged from -20% to +20% (five projections 
using each of two hydrologic models), with a slight 
majority of projections showing decreasing flows. The 
mainstem gages showed more sensitivity to changes 
in both temperature and precipitation in the separate 
sensitivity analysis, and so the range of projected 
changes for 2040 was much larger for those gages 
(-40% to +30%) than for the northern tributaries, and 

with more projections 
showing decreases in 
flow. These results for 
the mainstem gages 
are consistent with the 
projections for the South 
Platte at Sterling from the 
BCSD3 WWCRA results 
shown in Figure 5-13.

As in the Colorado River 
basin, the projected 
changes in monthly 
runoff for the South 
Platte basin across all 
studies show a strong 
tendency towards earlier 
spring peak flows and 
reduced summer flows. 

Arkansas River Basin

The BCSD5 projected 
changes in annual runoff 
for the Arkansas River 
basin for mid-century 
shown in Figure 5-13, 
with a range of -10% 
to +19%, are shifted 
wetter than previous 
results based on CMIP3, 

FIGURE 5-18. Projected change in April 1 snow-water equivalent (SWE) for 
Colorado river basins under RCP 4.5 for 2035–2064

Fig. 5-18. Projected area-averaged change in April 1 snow water-equivalent (SWE) 
for major river basins in Colorado for 2050 (2035–2064) compared to a 1971–2000 
baseline under RCP 4.5, from the BCSD5 hydrology dataset (BCSD-downscaled CMIP5 
GCM output run through the VIC hydrologic model). The basins are listed in the same 
order as in Figure 5-13. The dark blue bars show the range from the 10th percentile 
to the 90th percentile of the individual model projections (n=31), while the light blue 
boxes show the interquartile range (the 25th to 75th percentile). By mid-century, about 
75% of the projections call for decreased April 1 SWE, with basins in southwestern 
Colorado tending towards larger decreases. The projected SWE changes under RCP 
8.5 are very similar to those under RCP 4.5 for all basins. (Source: Reclamation 2014; 
http://gdo-dcp.ucllnl.org/downscaled_cmip_projections/)
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though not as much as in the South Platte.  The Joint 
Front Range study (Woodbury et al. 2012) projected 
streamflows for the Arkansas River at Salida gage; the 
projected changes in annual runoff for 2040 ranged 
from -15% to +16% with the Sacramento model and 
consistently lower with the WEAP model (-23% to 
+16%). This illustrates the degree to which the results 
can vary solely due to the choice of hydrologic model. 
Both ranges are comparable to the BCSD3 WWCRA 
results for the Arkansas at Coolidge, KS, shown in 
Figure 5-13. 

Rio Grande Basin

The BCSD5 projected changes in annual runoff for the 
Rio Grande basin for mid-century shown in Figure 
5-13, with a range of -28% to +11%, are shifted slightly 
wetter than previous results based on CMIP3 but still 
show a strong tendency towards future flow declines. In 
both the CMIP5-based and CMIP3-based projections, 
the Rio Grande has the driest range of streamflow 
outcomes of all of Colorado’s major river basins. The 
Upper Rio Grande Impact Assessment (Reclamation 
2013), using the same BCSD3 hydrology runs used in 
WWCRA, reported the projected annual streamflows 
for the combined four Rio Grande “index” gages within 
Colorado (Rio Grande near Del Norte, Conejos River 
near Mogote, Los Pinos River near Ortiz, San Antonio 
River at Ortiz). The reported ensemble-average  change 
is -20% by 2050, the same as the ensemble-average 
change reported for the Rio Grande at Lobatos in 
WWCRA (Figure 5-13).

Snowpack 

The BCSD5 hydrology model output (Reclamation 
2014) described above also includes snow-water 
equivalent (SWE). The projected changes in April 1 
SWE by 2050 for selected major basins in Colorado are 
shown in Figure 5-18, with the basins listed in the same 
order as in Figure 5-13. As with runoff, the individual 
model projections span a broad range that includes 
both future increases and decreases in all basins. 
However, for all basins, decreases in April 1 SWE are 
seen in most of the projections, and the projected 
decreases in SWE are more prevalent and larger than 
projected decreases in annual streamflow.

These initial snowpack results using CMIP5 climate 
projections are very similar to the findings of previous 

studies based on CMIP3 climate projections, in 
showing a strong future tendency towards declining 
April 1 SWE across all major river basins in Colorado, 
with generally larger declines in the far western and 
southern basins (Christensen and Lettenmeier 2007, 
Battaglin et al. 2011, Reclamation 2011).  

This strong tendency towards decreased April 1 SWE 
reflects multiple effects of the projected warming: the 
shift towards earlier snowmelt in the spring, the shift 
towards precipitation falling as rain instead of snow in 
the fall and spring, and greater sublimation from the 
snowpack throughout the season. These warming-
related effects are modulated by elevation, with SWE 
at higher elevations seeing less overall impact from 
warming than lower elevations. The projections of 
February 1 SWE and March 1 SWE also tends towards 
decreases in all basins, but not as strongly as for 
April 1 SWE. May 1 and June 1 SWE, however, show 
sharp declines in nearly all projections for all basins, 
reflecting a broad shift towards earlier snowmelt.

An independent study projected future snowpack 
changes (Pierce and Cayan 2013) using the VIC 
hydrologic model and projections from 13 CMIP5 
climate models that were downscaled using the BCCA 
(Bias-Corrected Constructed Analog; Hidalgo et al. 
2008) method. The study examined changes for seven 
regions across the western US, including the “Colorado 
Rockies,” which includes all mountain headwaters 
within Colorado and small portions of far southern 
Wyoming and eastern Utah. The reported multi-
model average change in April 1 SWE for 2050 for the 
Colorado Rockies (-6%) is consistent with the results 
shown in Figure 5-18. 

An important message to be taken from these snowpack 
projections is that in the future, springtime SWE may 
be a less useful predictor of April–July streamflow and 
annual streamflow than it is today. Regardless of the 
future change in precipitation, the projected warming 
means that less of the annual precipitation in the 
high country would fall as snow, and that more of the 
snowpack would melt and run off prior to April 1 or 
other benchmark dates, than in the recent past. 
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SIDEBAR 5-2. Recent planning-oriented studies of future 
hydrology for Colorado

Three recent studies of future hydrology for Colorado have produced important and consistent results, and 
also signaled a shift in the ownership of the research process: in all three studies, water management agencies 
helped design and/or conduct the analyses. Also, the three studies used as their core climate input the same 
dataset of downscaled GCM projections.

Those downscaled CMIP3 projections were developed by researchers from Reclamation, Lawrence Livermore 
National Laboratory (LLNL), and Santa Clara University to produce climate projections for the western US and 
beyond at a spatial resolution fine enough to drive distributed hydrology models such as the VIC (Variable 
Infiltration Capacity) model (Maurer et al. 2007). In 2009, a total of 112 climate projections from the CMIP3 
dataset (see Section 3-2) from 1950–2099 were bias-corrected (“BC”) and then spatially disaggregated (“SD”) 
using the BCSD approach (Wood et al. 2004; see Section 3-5). The 112 BCSD3 projections included a roughly 
equal number of projections using the B1 (low), A1B (medium) and A2 (high) emissions scenarios (Figure 5-19).

The first of the three studies to be 
initiated, the Joint Front Range 
Climate Change Vulnerability Study 
(Woodbury et al. 2012), was carried out 
by a consortium of eight Front Range 
water providers, along with Riverside 
Technology, Inc. (Fort Collins), the 
Colorado Water Conservation Board, 
and the National Center for Atmospheric 
Research (NCAR), with additional 
guidance from WWA researchers and 
funding from the Water Research 
Foundation. That team selected 5 of 
the 112 BCSD projections to broadly 
capture the range of projected future 
temperature and precipitation. The team 
then used the changes in temperature 
and precipitation from those five climate 
projections to drive two hydrologic 
models—the National Weather Service’s 
Sacramento Soil Moisture Accounting 
(SAC-SMA) model, and the WEAP 
(Water Evaluation And Planning system) 
model—and simulate streamflows for 
future time periods centered on 2040 
and 2070. These future streamflows 

were generated for 18 gages in the South Platte, Arkansas, and Colorado River basins which represent the 
collective water supply for those eight water providers.

The second study, the Colorado River Water Availability Study (CRWAS) Phase 1, was carried out for the 
Colorado Water Conservation Board (CWCB 2012). In CRWAS, the same selection procedure was used to 
select 5 of the 112 BCSD projections for future time periods (2040 and 2070). The changes in temperature and 
precipitation in those projections were used to drive the VIC (Variable Infiltration Capacity) hydrology model, 
for 43 gages across the Colorado River basin within Colorado. 

These first two studies used a delta or “period-change” approach (see Section 3-5) in simulating future 
hydrology. First, the changes in monthly temperature and precipitation were calculated between a historical 
baseline period (1950–1999) and the future period. Then those monthly changes were used to perturb the 

Figure 5-19. Schematic showing the flow of data and processing steps 
to generate projected streamflows for the three recent studies of future 
hydrology described in Sidebar 5-2. Emissions scenarios drive the GCMs, 
whose output is then bias-corrected and spatially downscaled and run 
through hydrologic process models, to generate the projected streamflows. 
(Source: Adapted from the Colorado River Basin Water Supply and Demand 
Study, Reclamation 2012)
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5-4. Projections of climate extremes

As with observations of climate extremes, the 
projections of climate extremes need to be separated 
into categories, since the consensus of the models 
regarding the projected direction and amount of 
change differs according to the type of extreme.

Heat waves

With the substantial projected increase in average 
annual and seasonal temperatures worldwide, large 
increases in the 21st century in the frequency and 
duration of heat waves are likewise projected over most 
land areas across the globe (IPCC 2013). Projections 
of a summer Heat Wave Index similar to that shown 
in Figure 2-12 indicate a five-fold to ten-fold increase 
in heat waves by mid-century for the southwest U.S., 
including Colorado, based on CMIP3 projections 
(Gershunov et al. 2013). For Colorado, new analyses 
performed for this report using CMIP5 output indicate 
that very hottest daily maximum temperatures in 
summer (i.e., the hottest July day each year) will increase 
even more than the average summer temperatures. 

Cold waves

As the overall winter climate is projected to warm, 
winter cold waves are expected to continue to decrease 
in frequency over the southwestern US, though some 
future cold waves may be as severe as historical cold 
waves (Kodra et al. 2011, Gershunov et al. 2013).  

Frost-free season

With the substantial projected warming, the frost-free 
season across Colorado is also projected to lengthen 
(Walsh et al. 2014). A 4°F rise in average annual 
temperature by mid-century, which is consistent with 
the middle of the RCP 4.5 projections and towards 
the low end of the RCP 8.5 projections, would lead 
to an increase in the frost-free season length of 20–
40 days. Higher elevations in Colorado, where more 
days in the year currently see freezing temperatures, 
would see the largest increases in the length of the 
frost-free season, with the smallest increases on the 
eastern Plains (Mearns et al. 2009). A longer frost-
free season and growing season would not necessarily 
benefit agriculture, depending on the degree of future 
warming and associated increase in water loss from 

daily weather that occurred during the historical 
period, and that perturbed daily weather was 
used to simulate the daily hydrology for the 
future period. This approach blends the projected 
trends in climate with the variability of the 20th 
century. The CRWAS analyses also incorporated 
sequences of wet and dry years derived from 
tree-ring paleohydrology for the Colorado River 
(see Section 2-7), effectively expanding the range 
of variability in the future hydrology scenarios. 

The third study, or actually a pair of nested 
efforts, used a different approach in which both 
the modeled climate changes and modeled 
variability from the BSCD3 projections were 
used to drive the VIC hydrology model. The 
Bureau of Reclamation, in 2011, carried out the 
BCSD3 hydrology projections for their West-
Wide Climate Risk Assessment (WWCRA), which 
covered eight major river basins in the western 
US, including the Colorado River Basin. Then 
those projections were used, with a secondary 
bias correction, in the Colorado River Basin Water 
Supply and Demand Study (aka the “Basin Study”; 
Reclamation 2012) conducted by Reclamation 
with the seven Basin states. With more computer 
resources, Reclamation ran the VIC hydrology 
model with all 112 BCSD climate projections. 

Considering the differences in the overall 
approaches, number of GCM runs, and hydrologic 
models used, the results of the three studies 
for the Upper Colorado River Basin were very 
consistent (see Figure 5-17). They all showed 
ensemble-average declines in streamflow of 
3–10% for the mid-century periods compared to 
late-20th century observed flows, with the majority 
of individual runs showing declines in streamflow. 
In the CRWAS and the Basin Study, the modeled 
future hydrology was then run through system 
models (StateMod and CRSS, respectively) to 
assess the range of specific system outcomes 
under the future hydrology, and these results 
were incorporated into the final reports. 

In 2013, the Reclamation-LLNL consortium 
developed a new set of downscaled climate 
model projections (BCSD5) based on CMIP5 
(see Section 5-2), and in 2014 they developed 
corresponding BCSD5 hydrologic projections, 
allowing for comparison with the recent CMIP3-
based studies, as shown in Figures 5-13 and 5-17. 
CWCB is currently conducting Phase II of CRWAS, 
using a period-change approach with the BCSD5 
projections, similar to the approach used for 
Phase I. 
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soils and crops. Likewise, any increases in forest 
productivity from a longer growing season could be 
offset by drying, leading to an earlier and longer fire 
season and more intense fires (see below).

Heavy precipitation

A global analysis of extreme daily precipitation (the 
1-in-20-year event) using the CMIP5 projections 
under RCP 4.5 found that most regions globally were 
projected to have increases in the magnitude of the 
1-in-20-year events by mid-century (~2055). In the 
several gridboxes that cover Colorado, the multi-
model average projected increase in the size of these 
extreme daily precipitation events was 5–10%, similar 
to global average increase of 8.5% (Kharin et al 2013). 

Different atmospheric processes generate warm-
season convective events (i.e. thunderstorms) and 
winter storm events, and that future anthropogenic 
impacts on the respective processes may also differ. 
Two recent studies examined warm-season convective 
events for Colorado using downscaled output from 
CMIP3-generation climate models, run through a 
weather forecast model with high enough resolution 
to represent convective processes. While physical 
principles suggest thunderstorms could be more 
intense in a warmer climate because warmer air can 
potentially hold more moisture, and thus energy, and 
transport it into the storms (Trenberth 1999), neither 
study found a clear projected trend in the frequency 
or intensity of these warm-season convective heavy 
precipitation events for Colorado (Alexander et al. 
2013, Mahoney et al. 2013). 

Using a similar methodology, Mahoney et al. (2012) 
projected that the occurrence of small surface hail 
over high elevations of the Colorado Front Range and 
surrounding region in a mid-century (2041–2070) time 
period would dramatically decrease from historical 
conditions, due to a higher melting level caused by 
warming. In mountain regions where the heaviest 
summer precipitation currently tends to fall as hail, the 
risk of flash flooding may increase if hail falls instead 
as rain, which would facilitate faster runoff. 

A study of future heavy winter precipitation events for 
the western U.S., using downscaled CMIP3 output, did 
find that extreme winter precipitation increased across 
the future climate projections, even in those runs 

in which the trend was for drier winter conditions, 
reflecting that individual mid-latitude winter storms 
are projected to become wetter (Dominguez at al. 
2012).  To summarize, it appears that winter heavy 
precipitation events for Colorado may follow a global 
tendency towards increases, but not necessarily 
summer heavy precipitation events. 

Drought

Due to the effects of the projected warming, drought 
can be expected to generally become more frequent and 
intense compared to current conditions (Gershunov 
et al. 2013). A sufficiently large future increase in 
precipitation could counteract the effect of warming 
on many measures of drought; such an increase in 
precipitation is seen in some of the projections for 
Colorado. Examination of the projections of future 
streamflow for Colorado indicate that for those 
projections in which average streamflow declines 
(see Section 5-3), droughts as defined as sequences 
of consecutive below-average streamflow years also 
become more frequent, more intense, and longer-
lasting, resulting in water deficits not experienced 
during the period of the observed record. Measures of 
agricultural drought such as soil moisture and Palmer 
Drought Severity Index (PDSI) are also expected to 
generally intensify due to warming (Gershunov et 
al. 2013). PDSI is more sensitive to temperature than 
other drought indices and may overestimate the impact 
of future warming on soil moisture and agriculture 
(Walsh et al. 2014). 

Wildfire and other forest disturbances

Wildfire occurrence and the total area burned per year 
are projected to increase substantially into the 21st 
century in the Rocky Mountain West and Colorado as 
the climate warms (Liu et al. 2010, Moritz et al. 2012, 
Pechony and Shindell 2010, Spracklen et al. 2009, Yue 
et al. 2013). These studies’ results vary due to different 
climate model inputs and different assumptions 
linking climate variables with wildfire occurrence. 
For the mid-21st century (~2050) compared to the 
late 20th century under a warming consistent with 
that described in Section 5-1 (2.5°F to 5°F), a 50–
200% increase in annual area burned in Colorado is 
projected (Spracklen et al. 2009, Yue et al. 2013). The 
length of the fire season in Colorado is also projected 
to increase, by several weeks (Yue et al. 2013).
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5-5. Projections of other aspects of 
water resources

Other aspects of water resources may see future 
conditions that are shifted outside of the envelope 
of historical experience, or at least tend towards one 
side of that envelope. While it is beyond the scope of 
this report to treat these potential impacts in detail, 
we summarize several of the areas of concern below. 
For groundwater and water quality, there may not be 
a sufficient scientific basis at present to support state-
level assessment of climate change impacts.

Water demand

Future climate-induced changes in water demand may 
be as or more important than changes to water supply 
in determining impacts on the overall water balance 
of a basin. The projected warming would tend to 
increase the consumption of water by plants, whether 
crops, urban landscaping, or native vegetation. 
Decreased precipitation during the growing season, 
as is projected by a majority of the models (Figure 
5-5), would exacerbate this increased water use. The 
Crop Irrigation Requirement (CIR) is a measure of the 
difference between the growing season precipitation in 
a given location and the calculated water use of the crop. 
The Colorado River Water Availability Study (CWCB 
2012), found that the average annual CIR across 
western Colorado for the current mix and acreage 
of crop types was projected to increase by 7–25% by 
a 2040-centered period (2025–2054), based on the 
same five CMIP3 projections used for the streamflow 
projections shown in Figure 5-17. By a 2070-centered 
period, the CIR was projected to increase by 18–37%. 
The projected increase in CIR was mainly due to 
the projected warming, which both lengthened the 
growing season for perennial crops and increased crop 
water use for all crops. Reduced summer precipitation 
in many projections was also a factor.

Since the magnitude of projected future warming for 
a given climate forcing is very similar in the CMIP5 
projections compared to CMIP3, and summer 
precipitation in CMIP5 also shows a tendency towards 
future decreases, we would expect similar projected 
increases in crop water use given the CMIP5 climate 
projections. Likewise, we would expect urban outdoor 
water use to increase appreciably under most CMIP5 

projections, consistent with sensitivity analyses by 
Denver Water (see Sidebar 6-1) and others. Since 
the projected increases in water demand are strongly 
driven by increasing temperatures, there is high 
confidence that they will occur.

Groundwater

While surface water accounts for the large majority of 
the water used in Colorado, groundwater resources 
are the primary component of the water supply in 
certain portions of the state, including far eastern 
Colorado above the High Plains Aquifer, the San Luis 
Valley, the Platte River Valley, and parts of Douglas 
County (Georgakakos et al. 2014). For some of these 
groundwater resources, depletions exceed the natural 
recharge of the aquifer, as indicated by declining well 
levels over time. It is also clear from past experience in 
Colorado that droughts can lead to sharp declines in 
well levels, by increasing the pumping of groundwater 
for irrigation and/or reducing recharge. 

The potential responses of groundwater flow and storage 
to projected climate change, however, are not well 
understood. Only recently have groundwater models 
included detailed representations of groundwater 
recharge and interactions with surface-water and 
land-surface processes, and there have been relatively 
few projections of groundwater responses to climate 
change for the U.S., let alone Colorado, compared to 
projections of surface water hydrology (Georgakakos 
et al. 2014). Since groundwater recharge in semi-arid 
regions is usually driven by precipitation, we might 
expect that the future trend in recharge would reflect 
the (uncertain) future trend in precipitation. But 
given that groundwater depletions exceed recharge in 
many basins, the most likely impact to groundwater 
supply from climate change will come from increased 
irrigation demands driven by warming (Taylor et al. 
2012). 

Water quality

Climate change poses multiple potential impacts 
to water quality, depending on how it manifests in a 
given basin. The most likely suite of impacts would 
result from the warmer water temperatures that would 
closely track the projected atmospheric and land-
surface warming. Warmer surface waters lead to higher 
levels of organic matter and thus increased disinfection 
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byproducts that are costly to remove to meet water 
quality standards (Vogel et al. 2012). Warming of lakes 
and reservoirs also reduces seasonal mixing of the 
water layers, potentially decreasing dissolved oxygen 
and leading to excess concentrations of nitrogen and 
phosphorous (Georgakakos et al. 2014). 

If there is a decreasing trend in streamflows due 
to climate change (Section 5-3), concentrations of 
contaminants and sediment will tend to increase as 
streamflow volumes decrease. Climate-driven changes 
in watershed disturbances can also impact water 
quality. Wildfire, whose occurrence is projected to 
increase under climate change, can lead to increases in 
erosion and sedimentation rates in basins experiencing 
high-severity burns, and excess stream nitrates and 
turbidity (Rhoades et al. 2011). 

Climate impacts on nonconsumptive uses 

Climate change may also affect nonconsumptive uses 
of water in Colorado. A likely earlier shift in the timing 
of peak runoff, and lower summer streamflows, would 
negatively impact water-based recreation activities 
such as rafting and fishing. A future declining trend 
in annual streamflows could exacerbate the effects of 
timing changes on recreation use (Klein et al. 2011, 
Reclamation 2012).

Aquatic species and habitats may be negatively 
impacted by future climate change. Changes to earlier 
runoff timing, and lower streamflow levels, may hamper 
the reproduction and survival of native threatened 
and endangered fish species, reduce the effectiveness 
of fish passages at dams and diversions, and facilitate 
the spread of non-native species (Rieman and Isaak 
2010, Klein et al. 2011). Some of these impacts have 
already been observed in the past few decades, and 
have been attributed to low flows and/or rising stream 
temperatures. Future changes to hydrology or water 
quality large enough to impact endangered species 
would raise the possibility of legal restrictions on water 
uses in the basins where those species have critical 
habitat. 

5-6. Summary of the implications 
of climate projections for water and 
water-related resources

The global climate models consistently project a 
further temperature increase for Colorado by the 
mid-21st century. The amount of projected warming 
varies among the model projections depending 
on the trajectory of greenhouse gases and other 
anthropogenic forcings (RCPs), and also on each 
model’s representation of key climate processes. The 
model runs under RCP 4.5 and RCP 8.5 project that 
by the mid-21st century, average annual and monthly 
temperatures in Colorado will be largely beyond the 
envelope of historical temperatures. Future change 
in average annual precipitation for Colorado is more 
uncertain than the change in temperature; the models 
do not agree regarding the direction of change. 

The uncertainty in the direction of precipitation 
change, and to a lesser extent the uncertainty in the 
magnitude of warming, leads to widely diverging 
outcomes when the ensemble of projected climate 
changes is run through hydrologic models. The range 
of streamflow projections for the mid-21st century 
encompasses both potential future increases and 
decreases in all Colorado basins; overall, however, more 
of the individual projections are on the decreasing side. 
Water-related outcomes driven largely by temperature 
are more certain regarding their future direction, such 
as a shift to earlier snowmelt and earlier peak runoff, 
and increasing water use by crops and other vegetation. 

Table 5-3 summarizes potential water-related impacts 
from climate change in different areas and sectors, and 
also lists selected recent studies that have assessed the 
corresponding vulnerabilities for portions or all of 
Colorado. Many of these impacts have been experienced 
in the past primarily during drought years; in a warmer 
future climate, they would tend to occur more often, 
even in average precipitation years. It is also important 
to note that many of these changes are cross-cutting 
and may exacerbate each other. For example, future 
increases in insect infestations and wildfire would tend 
to reduce stream shading in riparian areas, further 
increasing stream temperatures. 
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Element Projected changes and potential impacts Studies that have assessed this 
vulnerability for Colorado

Overall surface 
water supply

Most projections of future hydrology for Colorado’s river 
basins show decreasing annual runoff and less overall 
water supply, but some projections show increasing 
runoff. Warming temperatures could continue the 
recent trend towards earlier peak runoff and lower late-
summer flows. 

CWCB (2012); Reclamation 
(2012);  Woodbury et al. (2012)

Water infrastructure 
operations

Changes in the snowpack and in streamflow timing 
could affect reservoir operations, including flood 
control and storage. Changes in the timing and 
magnitude of runoff could affect the functioning of 
diversion, storage, and conveyance structures. 

CWCB (2012); Reclamation 
(2012)

Crop water 
demand, outdoor 
urban watering

Warming temperatures could increase the loss of water 
from plants and soil, lengthen growing seasons, and 
increase overall water demand.

CWCB (2012); Reclamation 
(2012)

Legal water 
systems

Earlier and/or lower runoff could complicate the 
administration of water rights and interstate water 
compacts, and could affect which rights holders receive 
water.

CWCB (2012)

Water quality
Warmer water temperatures could cause many 
indicators of water quality to decline. Lower streamflows  
could lead to increasing concentrations of pollutants.

EPA (2013)

Groundwater 
resources

Groundwater usage for agriculture could increase with 
warmer temperatures. Changes in precipitation could 
affect groundwater recharge rates. 

Energy demand 
and operating costs

Warmer temperatures could place higher demands on 
hydropower facilities for peaking power in summer. 
Warmer lake and stream temperatures, and earlier 
runoff, could affect water use for cooling power plants 
and in other industries. 

Macknick et al. (2012)

Forest disturbances 
in headwaters 
regions

Warmer temperatures could increase the frequency and 
severity of wildfire, and make trees more vulnerable 
to insect infestation. Both have implications for water 
quality and watershed health. 

Riparian habitats 
and fisheries

Warmer stream temperatures could have direct and 
indirect effects on aquatic ecosystems, including the 
spread of non-native species and diseases to higher 
elevations. Changes in streamflow timing could also 
affect riparian ecosystems. 

Rieman and Isaak (2010)

Water- and snow-
based recreation

Earlier streamflow timing could affect rafting and fishing. 
Changes in reservoir storage could affect recreation 
on-site and downstream. Declining snowpacks could 
impact winter mountain recreation and tourism. 

Reclamation (2012); Battaglin 
et al. (2011); Lazar and Williams 
(2008)

TABLE 5-3. Summary of projected changes and potential impacts to water resources for Colorado

Table 5-3. Potential water-related impacts from climate change in different areas and sectors. The right-hand column lists 
recent studies that have qualitatively or quantitatively assessed the corresponding vulnerabilities for some or all of Colorado.
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Key points

• Colorado water entities have been at the forefront 
of incorporating climate change into long-term 
planning, and their experience can inform future 
efforts by others. 

• Observed records of climate and hydrology are 
still fundamental to assessing future climate risk, 
but should be supplemented with information 
from climate model projections and paleoclimate 
records.

• Planning approaches that explore multiple futures, 
rather than assuming a single future trajectory, are 
more compatible with climate projections and may 
improve preparedness for a changing future climate.

• The uncertainty in projections of precipitation and 
streamflow for Colorado should not be construed as 
a “no change” scenario, but rather as a broadening 
of the range of possible futures, some of which 
would present serious challenges to the state’s 
water systems.

Great Sand Dunes National Park and the Sangre de 
Cristo Mountains. Photo: Wikimedia Commons, http://
nl.wikipedia.org/wiki/Great_Sand_Dunes_National_Park_and_
Preserve#mediaviewer/Bestand:Great_Sand_Dunes_NP_1.JPG.

6 
Incorporating Climate 
Change Information into 
Vulnerability Assessment 
and Planning
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The uncertainty in the projections of future climate 
and hydrology calls for additional approaches to 
using hydroclimate information in planning. Section 
6-1 lays out a framework for thinking about climate 
vulnerability and risk, the types of information needed 
to assess vulnerability, and the uncertainties in that 
information. Section 6-2 introduces approaches to 
using climate change information to assess future 
vulnerabilities and in develop integrated resource 
plans. Section 6-3 provides final thoughts on moving 
forward given the uncertainties about future climate 
change.

We should note that while the focus of this section is 
on water resources management, the main conceptual 
elements and methods described here are applicable 
to other areas of resource management and planning, 
including public land management, wildlife and 
fisheries management, urban planning, and natural 
hazards mitigation. Much of the key work in climate 
vulnerability, planning, and adaptation has occurred 
in these other fields.

6-1. Thinking about climate 
vulnerability and information 
uncertainty

While vulnerability has many definitions, here we 
use climate vulnerability to mean the propensity of 
a system to experience undesirable outcomes from a 
climate hazard, such as drought. Climate vulnerability 
is a function of the sensitivity of the system to that 
hazard and the adaptive capacity of the system to 
buffer the hazard. For example, most surface-based 
water-supply systems are vulnerable to drought, but 
the degree of vulnerability to the same drought event 
will vary among systems depending on the seniority 
of water rights, reservoir storage, ability to reduce 
non-essential demand, and other factors which either 
modify sensitivity or provide adaptive capacity. Risk 
refers to the probability or likelihood that a specific 
system impact will occur over a specified period of 
time (e.g. one year),  given the expected climate and 
the characteristics of that system. It is closely related to 
vulnerability, but also takes into account the frequency 
and severity of the climate hazard (IPCC 2007).  

Colorado’s water managers and water users have over 
a century of experience adapting to the state’s large 
seasonal, interannual, and decadal variability in climate 
and hydrology. A complex system of water storage and 
conveyance infrastructure has worked in tandem with 
institutional arrangements to store water, distribute 
supplies, buffer droughts, and allocate shortages when 
necessary. 

Traditional water planning methods are based on the 
assumption that future climate and hydrology will 
have characteristics (average and variability) similar 
to the climate and hydrology previously observed. 
Paleoclimate studies, however, show there is a broader 
range of natural variability than was experienced in the 
past century (Section 2-7). Climate model projections 
indicate that the future may see systematic shifts in 
hydrologic conditions (Section 5-3). By the mid-21st 
century, climate change may push aspects of both 
water supply and water use outside of  the bounds of 
past variability and experience. 

While the traditional methods will remain useful, 
especially for short-term planning, many water 
management entities have recognized the need 
to look beyond the observed record. The State of 
Colorado, federal agencies, and local water entities 
have already begun to incorporate climate change 
into vulnerability assessment and integrated resource 
planning, laying the groundwork for adaptation to the 
future conditions. The Boulder Climate Change Study 
(Smith et al. 2009), the Joint Front Range Climate 
Change Vulnerability Study (Woodbury et al. 2012), 
the Colorado River Water Availability Study (CWCB 
2012), and the Colorado River Basin Water Supply and 
Demand Study (Reclamation 2012) have quantified 
specific climate change impacts on water resources in 
Colorado, such as shortages in water deliveries.

Colorado has recently experienced “unprecedented” 
events that illustrate that the observed record does 
not fully encompass potential climate risk. The 2002 
drought caused the record-lowest water-year runoff in 
many basins. The Front Range floods in September 2013 
saw record rainfall and peak flood discharge in many 
locations. While these events have not been attributed 
to anthropogenic climate change, they are indicative of 
the societal challenges posed by hydrologic conditions 
outside the bounds of previous experience. 
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Over the past century, as noted in Section 2-1, the 
climate vulnerability for water resources in Colorado 
has been driven by exposure to natural climate 
variability on monthly, annual, and decadal time 
scales. The greatest vulnerabilities for water systems 
tend to be found at the tail ends of the distributions 
of hydroclimatic variables, most often at  dry extremes 
such as the severe drought conditions in 2002, but also 
at wet extremes such as the unusual rainfall and severe 
flooding on the Front Range in September 2013. 

The projections of future climate of Colorado indicate 
that climate vulnerabilities and risks for water resources 
are likely to change, and potentially increase in many 
cases. Natural climate variability and its associated 
vulnerabilities and risks will remain important in 
the future. We can think of the projected future 

anthropogenic changes, such as a trend in annual 
precipitation, as being superimposed on ongoing 
natural variability. (Anthropogenic climate change 
may also alter the modes and characteristics of natural 
variability, though such changes are not consistently 
seen in the projections.) 

So the climate we actually experience in the future, 
and our vulnerability to that climate, will reflect 
a combination of natural climate variability and 
anthropogenic climate change. Considering future 
climate in this way encourages the use of multiple 
sources of climate information to inform vulnerability 
assessment and planning (Table 6-1). Observed 
records of climate and hydrology are still critical to 
understanding future vulnerability and risk. Combining 
those records with climate model projections and 

Paleoclimate records      
(Section 2-7)

Observed Records              
(Section 2)  

Climate model projections 
(Sections 3 & 5)

Key information 
regarding climate 
vulnerability 

Natural hydroclimate 
variability and extreme 
events at annual to 
century time scales

Natural hydroclimate 
variability and extreme 
events at daily to multi-
decadal timescales

Future anthropogenic 
change in key hydroclimate 
variables

Time span of 
information

400–2,000 years ago up to 
present

30–120 years ago up to 
present

25–85 years ahead from 
present

Benefits Shows broader range of 
natural variability than 
seen in the observed 
records (e.g., severe 
droughts); places 
observed variability in 
longer context; provides 
many sequences of wet/
dry years

Provides baseline 
information about climate 
risk; relates the other 
sources of information to 
our experience of system 
impacts; readily available, 
trusted, and well-vetted 

Best source of information 
about future anthropogenic 
climate changes

Limitations Uncertainty in the proxy 
information; limited to 
annual resolution; not 
available for all basins and 
locations in Colorado

Does not capture the full 
range of natural variability; 
does not indicate future 
anthropogenic change; likely 
to underestimate future 
stress on systems

Large uncertainties in 
future changes, requiring 
consideration of multiple 
projections; complex 
datasets that are more 
difficult to obtain, analyze 
and interpret

Principal uses 
in vulnerability 
assessment and 
long-term planning

Augment the range of 
natural variability from 
observed records and/
or climate models; derive 
additional sequences of 
wet/dry years

Provide a baseline of natural 
variability to perturb with 
future changes from climate 
models; calibrate the system 
responses

Extract projected future 
changes to perturb 
observed or paleo 
variability; examine 
projected variability for 
changes in extremes

Table 6-1. Sources of climate information for vulnerability assessment and planning and their key characteristics.

TABLE 6-1. Sources of climate information for vulnerability assessment and planning
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paleoclimate records creates a broader range of future 
climate scenarios and associated stresses that are still 
physically plausible. These climate scenarios can then 
be used to more specifically assess vulnerabilities, 
using methods discussed in the next section.

It is important to recognize that while these three 
information types can superficially appear to be 
comparable—all may be presented in the same unit, e.g., 
acre-feet—they have very different levels of uncertainty, 
especially the climate model projections. Observed 
records of climate and hydrology are not perfect 
representations of the “true” historical hydroclimate, 
though they’re generally very close. Uncertainty in 
observed records comes first from measurement 
error and other influences on measurement described 
in Section 2-2. If the climate data are spatially 
interpolated, the accuracy of the interpolation becomes 
an additional source of uncertainty. In the case of 
naturalized streamflow records, the historical records 
or estimates of diversions and depletions used to adjust 
the gaged flows may be incomplete or in error. 

Paleoclimate records are like observed records in 
that they are attempts to capture that true historical 
hydroclimate. Because the history sampled by 
paleoclimate records is much longer than for observed 
records, they tend to record a wider range of variability, 
and more occurrences of a given type of rare event. But 
since paleoclimate records are based on indirect proxy 
measurements, they have much larger uncertainties 
than observed records. The uncertainty can be partly 
quantified by examining the fit between a paleoclimate 
proxy and the target observed record during their 
period of overlap, but this does not capture other 
uncertainties related to choices made in modeling the 
relationship between the two. 

For both observed climate records and paleoclimate 
records, there are well-established methods to generate 
probabilistic statements of risk that quantify the 
likelihood of a specified event or system outcome in the 
past. If one were to assume that these historic risks will 
not change in the future, then these same likelihoods 
could be used to describe future occurrences. While 
this assumption may still be useful for short-term 
planning, long-term planning (~25-year horizon and 
longer) under a changing climate can benefit from 
additional information.

We turn, then, to climate projections to provide further 
guidance about potential future conditions. We look 
especially for systematic changes that might bring us 
into conditions unrepresented by the other two types of 
records. But looking forward into the future, of course, 
comes with much larger uncertainties than looking 
back. The wide range of potential future conditions 
shown in an ensemble of climate projections (Section 
5-1) reflects the interaction of multiple uncertainties, 
detailed in Sidebar 3-1. When subsequent impacts 
modeling is performed using the climate projections, 
such as hydrologic modeling to project future 
streamflows, additional uncertainties related to those 
modeling assumptions become incorporated into the 
results (Section 5-3). 

The range of projected changes for a given hydroclimate 
variable (e.g., Figure 5-13) is most appropriately 
used as general guide to expected tendencies, not 
as a probability distribution that provides precise 
quantification of future risk. The latter would require 
that the individual model projections are equally likely 
to occur, which we don’t know to be true. But neither 
can we clearly identify which of the projections might 
be more likely, which would allow us to weight the 
projections (see Section 3-4). The ensemble of model 
projections is like a roomful of individual experts who 
are generally knowledgeable but whose perspectives 
and predictions differ, and we don’t know which ones 
to trust more than the others. So it is safest to consider 
the range of guidance, and whether it lies mainly to 
one side of the spectrum or the other. We also need 
to keep in mind that the range of model projections 
may not capture all of the uncertainty in future climate; 
outcomes outside of the range of the projections are 
also possible. 

Past efforts to apply climate model projections in 
water resources planning have often caused frustration 
because of a mismatch between the inherent qualities 
of the information and the desired quantitative use. 
Some experienced practitioners have concluded that 
the uncertainties in climate projections are too large 
for the information to be directly applied in water 
resources planning (e.g., Stakhiv 2011). But we believe 
much frustration can be avoided if projections are 
approached with a fundamentally different mindset 
than other types of climate and hydrology information. 
Projections are best used to facilitate exploration of 
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physically plausible climate futures and their associated 
vulnerabilities and risk. In the next section we describe 
some ways to conduct that exploration.

6-2. Approaches to vulnerability 
assessment and planning 

In a recent white paper for the Water Utility Climate 
Alliance (WUCA), Means et al. (2010) laid out four 
major steps for water utilities seeking to adapt to climate 
change: (1) Understand - understand climate science 
and climate model projections; (2) Assess - assess water 
system vulnerabilities to potential climate changes; (3) 
Plan - incorporate climate change into water utility 
planning, and (4) Implement - implement adaptation 
strategies. This section summarizes the approaches to 
steps 2 and 3, focusing on those that have been carried 
out in Colorado, and briefly reflects on step 4. 

Advances in incorporating climate change into 
planning and management have been led nationwide 
by the larger municipal water utilities—ten of which, 
including Denver Water, collaborate in WUCA—
and the federal water management agencies. But the 
practices that have been developed are accessible to 
smaller utilities as well as other entities that manage 
water-related resources. These advances have also been 
informed by parallel developments in related natural 
resource fields, such as ecosystem management. New 
basin-scale climate change datasets for Colorado have 
been made available, and computing resources are 
becoming more affordable. The approaches described 
below span a range of potential complexity and cost; 
more sophisticated and expensive approaches are not 
always better. More detailed discussion of these and 
other approaches can be found in Means et al. (2010), 
Vogel and Smith (2010), Vogel et al. (2011), and 
Barsugli et al. (2012). 

Vulnerability Assessment

Typically, a prerequisite for integrating climate change 
information into adaptation planning is conducting a 
vulnerability assessment to identify the resources and 
outcomes that are most sensitive to change under a 
range of potential future climates. 

The most time-intensive type of vulnerability 
assessment is a scenario analysis that uses downscaled 

climate projections for the basin(s) of interest 
(Barsugli et al. 2012). This type of analysis begins 
with the selection of downscaled climate projections 
to represent the range of climate futures provided by 
the models, and running the selected projections in 
hydrology models and then management models to 
investigate system vulnerabilities to each scenario. The 
downscaled future climate projections may be input 
directly in the impacts models, or the future change in 
temperature and precipitation can be extracted from 
each climate model and used to perturb the observed 
climate, which is then used as input in the impacts 
models. Compared to five years ago, large ensembles of 
hydrology projections for Colorado basins and gages 
based on both downscaled CMIP3 and CMIP5 climate 
projections are now available. 

In the Boulder Climate Change Study (Smith et al. 
2009), the Colorado River Water Availability Study 
(CWCB 2012), and the Colorado River Basin Water 
Supply and Demand Study (Reclamation 2012), 
specific system outcomes (e.g., reservoir levels, water 
deliveries) were modeled for each of the selected 
climate projections. For the Joint Front Range Study 
(Woodbury et al. 2012) this last step of using the 
modeled hydrology in management models was left to 
each of the collaborating utilities to perform separately. 

A simpler vulnerability assessment approach is a 
sensitivity analysis, in which prescribed changes 
consistent with the spread of climate projections (such 
as temperature increases of 2°F and 5°F and changes 
in annual precipitation of +10%, 0%, and -10%) are 
applied to the observed climate record, and then the 
perturbed observations are run through hydrology 
and management models. A sensitivity analysis does 
not require the time- and resource-intensive handling 
of downscaled climate model output. One limitation 
of this approach is that it assumes there is no future 
change in the characteristics of climate and hydrologic 
variability. Sensitivity analyses of this type have been 
performed by the city of Boulder (Smith et al. 2009), 
by Denver Water (see Sidebar 6-1), and Salt Lake City 
Public Utilities (Bardsley et al. 2013). The Joint Front 
Range study (Woodbury et al. 2012) also included 
sensitivity analysis as a precursor to scenario analysis 
using downscaled projections. If a sensitivity analysis 
is performed with multiple increments of temperature 
and precipitation change, the responses to the different 
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scenarios can be summarized as a “response surface” 
for that water system. Then, when new climate 
projections become available, the estimated range of 
system impacts can be more easily updated based on 
the existing response surface (Brown and Wilby 2012; 
Vano and Lettenmaier 2014). For the multi-resource 
Gunnison Basin Climate Change Vulnerability 
Assessment, a simplified form of sensitivity analysis 
was employed, in which a broad ensemble of CMIP3 
climate model projections was first distilled into 
two climate scenarios of seasonal temperature and 
precipitation change, called “moderate” and “more 
extreme.” These two scenarios were then used to 
drive an expert-driven and qualitative vulnerability 
assessment for specific resources of interest, including 
ecosystems, species, and land uses (Neely et al. 2011). 

A contrasting approach to vulnerability assessment 
is the bottom-up or threshold approach, in which 
resource managers start with their knowledge of 
their system and use their planning tools to identify 
what changes in climate would be most threatening 
to specific elements of their operations or long-range 
plans. By examining the outputs of climate models 
and other information, managers can then assess 
how often system critical vulnerabilities are triggered. 
The threshold approach can complement one of the 
other approaches. Colorado Springs Utilities is using 
a similar threshold approach in its ongoing Integrated 
Water Resource Plan (IWRP) effort. New time-series of 
hydrology are being generated based on perturbations 
of temperature and precipitation. Those found to 
correspond to increased system vulnerabilities will be 
compared with both climate model-derived hydrology 
and paleohydrology (see Section 2-7), in order to assess 
the risk associated with undesirable system outcomes.

Planning Approaches

The next step is incorporating the results from 
vulnerability assessment into short- and long-term 
planning processes. The uncertainties associated with 
climate change and other future conditions make 
multiple-outcome planning methods desirable. The  
methods briefly described below can be adjusted to 
meet the needs of different entities. See Means et al. 
(2010) for a more thorough discussion of multiple-
outcome methods in the context of water utility 
planning.

A widely used approach is scenario planning, which 
involves identifying a set of critical uncertainties 
(e.g., climate, demographics, economics, regulation, 
technology) and developing a handful of plausible 
narrative scenarios that describe how each factor might 
evolve over time. Strategies or portfolios of strategies 
are developed to meet the needs of each future 
scenario. A near-term strategy that is appropriate for 
most or all of the scenarios is identified (“no regrets” 
or “low regrets”). The forthcoming State Water Supply 
Initiative (SWSI) by CWCB will use a scenario-
planning approach, the results of which will inform 
the Colorado Water Plan. Denver Water has also 
used scenario planning for its most recent Integrated 
Resource Plan (see Sidebar 6-1). 

Robust decision-making draws from scenario planning 
but involves dozens or even hundreds of scenarios and 
is more computationally intensive. Strategies are judged 
by how well they perform over the large ensemble of 
possible future conditions, and are adjusted until they 
perform well across the ensemble. Other approaches 
to multiple-outcome planning, like decision analysis, 
use probabilities or apply a combination of scenarios 
and probabilities. One drawback of this approach is 
that probabilities need to be assigned to the climate 
futures, and those probabilities are difficult to straight-
forwardly derive from the climate projections. 

Colorado Springs Utilities, after they complete their 
comprehensive risk assessment using the approach 
described above, plans to develop narrative storylines 
around those climate and hydrology scenarios for 
which risk was found to be greatest. In some ways, this 
reverses the typical scenario-planning approach. They 
will then use an algorithm designed to optimize for 
multiple objectives to identify the most robust policy 
and management solutions, as part of a robust decision-
making process (Basdekas 2014). The solutions will 
then be further stress-tested against a range of futures 
not used in the selection process.

While the science continues to advance, the 
information about future climate will always have 
uncertainties, leading to a range of possible futures. 
Natural variability will still be felt across multiple time 
scales. Decision pathways that are robust for a range 
of conditions are more likely to be successful than a 
pathway that is optimized for a single future condition 
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(Lempert and Collins 2007). 

Lessons learned from the Joint Front Range 
Study

The Joint Front Range Climate Change Vulnerability 
Study (Woodbury et al. 2012) involved eight water 
utilities and providers, along with technical experts 
from several organizations. The following lessons are 
distilled from the study report and from participants 
in the study: 

• A simple sensitivity analysis may inform planning as 
much as conducting a sophisticated climate-model-
intensive vulnerability assessment, depending on 
the capacity and needs of the organization.

• New information is always being produced, whether 
from climate science or other domains. This can 
feed a tendency to remain within the analysis step 
(“analysis paralysis”) and not move onto planning. 

• Moving forward with the planning step provides the 
opportunity for learning about a system’s near- and 
long-term sensitivities to, and tradeoffs between, 
management and policy options under different 
climate conditions, in the context of other water-
supply risk factors.

• Collaborative efforts involving multiple water 
entities enable the sharing of resources, attract 
technical experts to support the collaboration, and 
provide the same set of information so internal 
analyses completed by the individual entities can be 
compared across participants. 

Implementation and Adaptive Management 

Ultimately, vulnerability assessment and planning as 
described above should facilitate the implemetation 
of actions that are adaptive to the climate and other 
future conditions, reducing the risk of undesirable 
system outcomes. It is beyond the scope of this report 
to attempt to identify  specific management actions 
related to water resources that may be more adaptive 
to the future climate. This is an emerging area of 
research and practice, and to date there have been 
few implemented on-the-ground actions, whether in 
water resources or other sectors, undertaken explicitly 
to promote adaptation to future climate (Means et al. 

2010, Bierbaum et al. 2013).  And the effectiveness 
of implemented actions may not be clear for years or 
decades as systems respond to the changing climate. 

In part because of the lag in observing the effects of 
management actions, as well as the uncertain path of 
the future climate, an  iterative or adaptive approach 
to management is being adopted in the water sector 
and natural resources management (National Research 
Council 2010). While there have been many different 
formulations of adaptive management, the general 
approach follows the steps  2 through 4 from Means 
et al. (2010) listed earlier (assess, plan, implement) plus 
two others: explicitly monitor and evaluate implemented 
actions; and periodically revise the management strategy 
based on lessons learned (Bierbaum et al. 2013). In the 
water sector, a particular form of adaptive management 
called Integrated Water Resources Management 
(IWRM; Kindler 2000) has been described, and several 
water entities in Colorado have carried out planning 
according to its principles.

6-3. Moving forward under climate 
uncertainty

As described earlier, the scientific uncertainties 
surrounding the trajectory of future climate in 
Colorado are unlikely to be reduced significantly in the 
near future. Moving forward with the uncertain and 
imperfect projections of future climate at hand will be 
more fruitful than waiting for “better” projections. We 
do have high confidence in continued warming, and 
the warming alone will have impacts on hydrology 
and water resources, especially the likely continuation 
of the ongoing shift to earlier timing of snowmelt and 
runoff.  The more uncertain projections of annual 
precipitation and streamflow for Colorado—which in 
many cases show little or no average change—should 
not be construed as a “no change” scenario, but rather 
as a broadening of the range of possible water futures, 
some of which present serious challenges to the state’s 
water systems. Because most systems have greater 
vulnerability to decreased runoff, planners may want 
to emphasize the dry side of the profile of future risk as 
revealed by the climate projections. 

Managers of water supplies and water-dependent 
resources can work proactively to increase their 
knowledge of how their system may be vulnerable to 
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SIDEBAR 6-1. Assessment and planning for climate adaptation 
at Denver Water

Denver Water has conducted both simple and sophisticated climate vulnerability assessments, and has 
incorporated climate change in its Integrated Resource Plan (IRP). In a simple assessment in 2009, researchers 
used a hydrology model to explore how much annual precipitation would have to increase in the upper 
Colorado River (near the Cameo gage) and the upper South Platte River basins to offset 2°F and 5°F warming 
across both basins. For 2°F warming, annual precipitation would have to increase by 5% in both basins. To 
offset 5°F warming, precipitation on the upper Colorado would need to increase 8% and on the upper South 
Platte by 11%. So while a significant increase in annual precipitation would be needed to hydrologically break 
even under the two warming scenarios, such an increase does fall within the range of projected conditions 
for the two basins. However, a 5°F warming is a more frequent model-projected outcome than an 8% or 11% 
increase in precipitation (see Section 5-1).

A second simple assessment, completed in 2010, examined the impacts of 5°F warming to Denver Water’s 
water system. The results indicated that supply could decrease by 20% and demand increase by 7% from 
warming alone. This shows how sensitive water utilities in Colorado are to a warmer climate. This analysis was 
then applied in Denver Water’s most recent IRP.

Denver Water completed its first IRP in 1996 and updated it in 2002. The most recent IRP process began in 2008 
and looks out to 2050. It follows a scenario planning methodology, which departed from the more traditional 
planning methods used in past IRPs. Scenario planning allows Denver Water to consider multiple water 
system challenges equally in its long-term planning, with the intention of better preparing the organization 
for changing and uncertain future conditions. 

Climate change is one of five scenarios being examined in the IRP. Other challenges being considered are 
demographic and water use changes, and economic and regulatory changes. For comparison purposes, 
a scenario based on the traditional planning approach is also being developed. The simple 5°F sensitivity 
assessment described above is being used in the climate change scenario. Being new to scenario planning, 
Denver Water is keeping the scenarios simple to focus on process development and understanding, with the 
intention of adding complexity in future iterations.

In the future, Denver Water intends to test the strategy that was developed to meet the climate scenario 
against additional climate changes (as analyzed in the Joint Front Range Study; Woodbury et al. 2012) and 
adjust the strategy until it works across the range of climates that it is tested against. This approach would 
represent a simplified version of robust decision-making, described in Section 6-2.

use of multiple-outcome planning approaches that 
more readily integrate the uncertain climate change 
information, more knowledge will be gained about 
their effectiveness and efficiency. Continuing dialogue 
and collaboration among climate scientists, water 
resource managers and planners, and other decision-
makers will ensure that climate data is applied to 
planning processes in a way that is both consistent with 
the underlying science and produces useful outcomes.

a changing climate by performing sensitivity analyses 
and threshold assessments as described above. 
Gaining a better understanding of specific climate 
vulnerabilities at the local or basin level would make 
the climate information available now more useful, 
as well as prepare for incorporating forthcoming 
information.   

Since future climate change presents significant 
risks to water resources, the integration of climate 
change into water resource planning is increasingly 
seen as necessary to make responsible and informed 
decisions. As water entities continue to explore the 
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SIDEBAR 6-2. Revisiting the unresolved issues from the 2008 
Report

In the 2008 Report we noted that the then-current state of the science was unable to provide sufficient 
information to decision makers and stakeholders on a number of crucial scientific issues regarding Colorado’s 
water resources. Four overlapping areas with unresolved issues were identified: climate models, research 
specific to Colorado, drought, and reconciling hydrologic projections. Here we annotate our remarks from 
2008 (in blue) with comments about progress in these areas. Research continues in most of these areas.

[2008] Modeling issues. To produce model projections at the scale desired by decisionmakers, regional and 
local processes and their role in Colorado’s climate must be better modeled. Precipitation projections and 
related phenomena are key uncertainties. Enhanced climate modeling efforts to include finer spatial resolution 
are needed that better represent Colorado’s mountainous terrain and precipitation processes.

[Now] The last five years have seen improvements in the resolution of global climate models, but capturing 
the details of Colorado’s topography and the climate processes dependent on topography is still beyond 
the capabilities of GCMs. Analyses of regional climate model (RCM) output (e.g., NARCCAP) have provided 
additional insights into how Colorado’s topography interacts with the broad projected changes in temperature 
and precipitation (Rangwala et al. 2012). A high-resolution modeling program to better understand precipitation 
processes in the Colorado mountains has enhanced understanding of local topographic effects (Rasmussen 
et al. 2011, Rasmussen et al. 2014). However, these efforts have not reduced the large uncertainties in future 
projections of precipitation and related climate variables for Colorado, which result mainly from differences in 
the GCMs in portraying continental-scale circulation changes such as the position of the jet stream and storm 
tracks. 

[2008] Colorado-specific research. Further research is needed focused on the state of Colorado and its river 
basins, and specifically on regions where there is little or no work, such as the basins of the Arkansas, Rio 
Grande, and the North and South Platte Rivers.

[Now] Since 2008 the most obvious gain in Colorado-specific research has been the increase in the availability 
of future hydrologic projections across Colorado’s river basins, as detailed in Section 5-3. There have also 
been new Colorado-focused studies based on observations and/or modeling on snowpack (Clow 2010) and 
dust-on-snow (Painter et al. 2010, Deems et al. 2013). 

[2008] Understanding the causes of drought. Issues include runoff efficiency, effects of increased temperatures, 
and uncertainty in precipitation projections. The attribution of the 2000s drought is an area of ongoing 
research.

[Now] The ‘Reconciling Projections of Future Colorado River Stream Flow’ study described in Section 5-3 led 
to greater understanding of the influences on runoff efficiency and the effects of increased temperatures on 
aspects of the hydrologic cycle. 

[2008] Hydrologic projections for the Colorado River. There is a large range among projections of river flows 
(Section 5). A key uncertainty is how efficient future runoff will be in the Colorado as well as other basins. A 
study is underway to reconcile the differences among these projections, and to better resolve projections for 
future flows. These uncertainties arise both from climate models and hydrologic models.

[Now] The ‘Reconciling Projections of Future Colorado River Stream Flow’ study examined, diagnosed, and at 
least partly reconciled the differences between different hydrologic models’ translation of climate inputs into 
runoff. It is clearer now what portion of the range of the projections of runoff is due to the hydrologic models’ 
differences, and what is driven by differences among the climate models and other factors. 
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been developed (Wolter and Allured 2007). These new 
divisions are based on groups of observing stations that 
vary in a similar manner for year to year, and are thought 
to reflect similar regional climate processes.

Climate variability

Climate variability refers to variations in the mean state 
and other statistics (such as standard deviations, statistics 
of extremes, etc.) of the climate on all temporal and 
spatial scales beyond that of individual weather events. 
Variability may be due to natural internal processes 
within the climate system (internal variability), or to 
variations in natural or anthropogenic external forcing 
(external variability). 

Downscaling

Downscaling is a method that derives local- to regional-
scale (10 to 100 km) information from larger-scale models 
or data analyses. There are two general approaches: 
dynamical downscaling and statistical downscaling. The 
dynamical methods typically uses the output of regional 
climate models which are driven by global models at the 
boundary of the regional model’s domain. The statistical 
methods are based on statistical relationships that 
link the large-scale atmospheric variables with local/
regional climate variables. In all cases, the quality of the 
downscaled product depends heavily on the quality of 
the driving model.

El Niño-Southern Oscillation (ENSO)

The term El Niño was initially used to describe a warm-
water current that periodically flows along the coast 
of Ecuador and Perú, disrupting the local fishery. This 
oceanic event is associated with a fluctuation of a global-
scale tropical and subtropical surface pressure pattern 
called the Southern Oscillation. This atmosphere-ocean 
phenomenon, with characteristic time scales of two to 
about seven years, is collectively known as the El Niño-
Southern Oscillation (ENSO). During an ENSO event, 
the prevailing trade winds weaken, reducing upwelling 
and altering ocean currents such that the sea surface 
temperatures warm, further weakening the trade winds. 
This event has a great impact on the wind, sea surface 
temperature and precipitation patterns in the tropical 
Pacific. It has climatic effects on the western U.S. by 
influencing the position of the jet stream and storm 
tracks. The cold phase of ENSO is called La Niña.

Glossary

Aerosols

Airborne solid or liquid particles, with a typical 
size between 0.01 and 10 microns (thousandth of 
a millimeter), that remain in the atmosphere for 
hours to years. Aerosols may be of either natural 
or anthropogenic origin. Aerosols may influence 
directly through scattering and absorbing radiation, or 
indirectly through acting as cloud condensation nuclei 
or modifying the properties of clouds.

Annual average temperature

The average of all daily high and low temperatures over 
the course of a calendar year.

Anthropogenic

Resulting from or produced by human actions.

Attribution

Climate varies continually on all time scales. Detection 
of climate change is the process of demonstrating that 
climate has changed in some defined statistical sense, 
without providing a reason for that change. Attribution 
is the process of establishing the most likely causes 
for the detected change with some defined level of 
confidence.

Climate

Climate is first defined as the average weather, or more 
rigorously, as the statistical description in terms of the 
mean and variability of relevant quantities over a period 
of time ranging from months to thousands or millions 
of years. The typical period for averaging these variables 
is 30 years. The most relevant variables are temperature, 
precipitation, humidity, atmospheric pressure and 
wind. Climate in a wider sense is the state, including a 
statistical description, of the climate system. 

Climate Divisions

Colorado has five NOAA National Climatic Data Center 
(NCDC) official climate divisions, which group climate 
data into regions by river basins, but these divisions are 
not necessarily representative of the complex regional 
climates in the state. A new set of climate divisions has 
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simulate the atmosphere, ocean, sea-ice, and the land-
surface energy and water balance, and the interactions 
among these components. ESMs include additional 
model components that simulate the sources and sinks 
of carbon dioxide, methane and other atmospheric 
trace gases along with the detailed evolution of these 
chemicals in the atmosphere.  

Greenhouse effect

Greenhouse gases in the lower atmosphere effectively 
absorb and re-emit longwave (infrared) radiation 
emitted by the Earth’s surface, the atmosphere itself, 
and by clouds. The re-emitted radiation (i.e., heat) is 
emitted to all sides, including downward to the Earth’s 
surface. Thus, greenhouse gases trap heat within the 
surface-atmosphere system, causing the earth’s surface 
and lower atmosphere to be about 57°F warmer than 
without the action of the greenhouse gases. This is 
called the (natural) greenhouse effect. An increase in the 
concentration of greenhouse gases leads to the greater 
absorption and re-emission of infrared radiation, and 
so more heat is trapped. This radiative forcing leads 
to an enhancement of the greenhouse effect and even 
warmer temperatures at the earth’s surface and in the 
lower atmosphere.

Greenhouse gases

Greenhouse gases are those gaseous constituents of 
the atmosphere, both natural and anthropogenic, 
that absorb and emit radiation at specific wavelengths 
within the spectrum of longwave (infrared) radiation 
emitted by the Earth’s surface, the atmosphere itself, and 
by clouds. This property causes the greenhouse effect. 
Water vapor (H2O), carbon dioxide (CO2), nitrous 
oxide (N2O), methane (CH4), and ozone (O3) are the 
primary greenhouse gases in the Earth’s atmosphere. 
Moreover, there are a number of entirely human-
made greenhouse gases in the atmosphere, such as the 
halocarbons (HFCs and PFCs) and other chlorine- and 
bromine-containing substances.

Hydrologic drought

Hydrologic drought refers  to the condition of below-
normal streamflow, lake and reservoir, and groundwater 
levels.

Emissions scenario

A plausible representation of the future emissions of 
substances that affect the radiative properties of the 
atmosphere (e.g., greenhouse gases, aerosols), based 
on a coherent set of assumptions about driving forces, 
such as demographic and socioeconomic development, 
and technological change, and their key relationships. 
Concentration scenarios, derived from emission 
scenarios, are then used as input to a climate model to 
drive climate projections. 

Evapotranspiration

The combined process of water loss (evaporation) from 
the soil surface and water loss (transpiration) from 
vegetation. Often abbreviated as ET.

Extreme

An event that is rare at a particular place and time of year, 
such as a heat wave, cold wave, or heavy precipitation 
event. Definitions of rare vary, but an extreme weather 
event would normally be rarer than the 10th or 90th 
percentile of the observed range for that type of event. 
By definition, the characteristics of what is called 
extreme weather may vary from place to place. Single 
extreme events cannot be simply and directly attributed 
to anthropogenic climate change, as there is always a 
finite chance the event in question might have occurred 
naturally. 

Forcing

The climate system can be driven, or “forced” by factors 
within and external to the system. Processes within 
the system include those related to the atmosphere, ice 
sheets, the oceans, the land surface, and the biosphere. 
Volcanic eruptions, solar variations and anthropogenic 
changes in the composition of the atmosphere and land 
use change are external forcings.

Global Climate Model 

Global climate models (often abbreviated GCMs) are 
complex computer-based representations of the Earth’s 
climate based on fundamental scientific principles. 
Two types of climate models are commonly used for 
long-term projections, atmosphere-ocean general 
circulation models (AOGCMs), and the newer and more 
comprehensive Earth System Models (ESMs). AOGCMs 
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NAM precipitation region is centered over northern 
Mexico, and the regime extends northward into 
Arizona, New Mexico, and Colorado. 

Pacific Decadal Oscillation

The Pacific Decadal Oscillation (PDO) is a pattern of 
ocean variability in the North Pacific that is similar to 
ENSO in some respects, but has a much longer cycle (20–
50 year). Specifically, it is defined as the standardized 
difference between sea surface temperatures (SSTs) in 
the north-central Pacific and Gulf of Alaska.

Paleoclimate

Climate during periods prior to the development of 
measuring instruments, for which only proxy climate 
records such as tree rings, ice cores, and lake sediments 
are available. In Colorado, paleoclimate refers to the 
period ending in the mid- or late 1800s.

Palmer Drought Severity Index

An index formulated by Palmer (1965) that compares 
the soil moisture balance in an area during a specified 
period with the normal amount expected during that 
same period. The PDSI is based on a procedure of 
hydrologic or water balance account by which excesses 
or deficiencies in moisture are determined in relation 
to average climatic values. The calculation of the index 
is based on monthly temperature and precipitation 
to represent potential and actual evapotranspiration, 
infiltration of water into a given soil zone, and runoff. 

Percentile

A measure indicating the value below which a given 
percentage of findings occur, out of a group of findings. 
For example, the 10th percentile is the value below 
which only 10% of a group of findings occur (and so 
90% of the findings are greater than that value). 

PRISM

Parameter-elevation Regressions on Independent 
Slopes Model.

Projection

A simulation of the response of the climate system to 
emission or concentration scenarios of greenhouse 

IPCC

The Intergovernmental Panel on Climate Change 
(IPCC) was established in 1988 by World 
Meteorological Organization (WMO) and United 
Nations Environmental Programme (UNEP) to 
provide assessments of the state of knowledge on 
climate change based on peer-reviewed and published 
scientific/technical literature on regular time intervals. 
The IPCC Fifth Assessment Report (AR5) was released 
in 2013 and 2014.

Mean

The arithmetic average of a series of values. The mean 
of the series (5, 6, 8, 12, 19) would be 50 divided by 5, 
or 10. 

Median

The middle value of a series of values. The median of 
the series (5, 6, 8, 12, 19) would be 8. Like the mean, the 
median captures the “central tendency” of the range, 
but is less influenced than the mean by outlying values, 
such as 19 in the example above.  The median is also the 
same as the 50th percentile of a series of values.

Megadrought

A megadrought is a sustained and widespread drought 
that lasts at least decade or more.

Model bias

The systematic error of a climate model assessed by 
comparing the temperature and precipitation (and 
other variables) at the model grid with a gridded 
observational dataset over a given period.

Model grid

The spatial scale represented in a climate model.

North American Monsoon

The North American Monsoon (NAM), is experienced 
as a pronounced increase in rainfall from July to mid-
September over large areas of the southwestern United 
States and northwestern Mexico. Geographically, the 
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gases and aerosols, or radiative forcing scenarios; 
usually refers to simulations by climate models. Climate 
projections are distinguished from climate predictions 
in order to emphasize that climate projections depend 
upon the emissions (or  radiative forcing) scenario 
used, which are based on assumptions concerning, 
for example, future socioeconomic and technological 
developments that may or may not be realized and are 
therefore subject to substantial uncertainty.

Regional climate models (RCMs)

These models are similar to global climate models but 
run at finer scales over smaller spatial domains. They 
use the coarser global climate model output to drive the 
conditions at the boundaries of their domain and then 
simulate wind, temperature, clouds, evapotranspiration, 
and other variables on the finer grid with their domain.

Representative Concentration Pathways (RCPs)

See Emissions scenarios.

SNOTEL

SNOwpack TELemetry. A West-wide system for 
obtaining snow water equivalent, precipitation, air 
temperature, and other hydrologic measurements from 
remote data sites via radio transmission.

Snow-water equivalent (SWE)

The amount of water contained within the snowpack. 
It can be thought of as the depth of water that would 
theoretically result if you melted the entire snowpack 
instantaneously.

Streamflow

Water flow within a river channel, typically expressed 
in cubic feet per second for instantaneous streamflow, 
or in acre-feet for annual streamflow. Synonymous with 
discharge.

Water Year

The 12-month period from October 1 through 
September 30. The water year is designated by the 
calendar year in which it ends and which includes 9 
of the 12 months. Thus, the 12-month period ending 
September 30, 2014, is the 2014 water year.
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NOAA    
National Oceanic and Atmospheric Administration

NRCS    
Natural Resource Conservation Service

NWS    
National Weather Service

PDSI    
Palmer Drought Severity Index

PRISM    
Parameter-elevation Regressions on Independent 
Slopes Model

RCM    
Regional Climate Model

RCP   
Representative Concentration Pathway

SAP    
Synthesis and Assessment Product (from USGCRP)

SNOTEL    
Snowpack Telemetry

SRES    
Special Report on Emissions Scenarios

SWE    
Snow Water Equivalent

USGCRP   
U.S. Global Change Research Program

VIC   
Variable Infiltration Capacity [hydrology model]

WEAP   
Water Evaluation And Planning system [hydrology 
model]

WGI    
Working Group I of the IPCC

WWA    
Western Water Assessment

Acronym List

AOGCM   
Atmospheric-Oceanic General Circulation Model

AR4    
Fourth Assessment Report of the IPCC (2007)

AR5   
Fifth Assessment Report of the IPCC (2013-14)

BCSD   
Bias-Correction Spatial Disaggregation [downscaling 
method]

CMIP3    
Coupled Model Intercomparison Program – Phase 3

CMIP5   
Coupled Model Intercomparison Program – Phase 5

COOP    
National Weather Service Cooperative Observer 
Network

ENSO    
El Niño-Southern Oscillation

GCM    
Global Climate Model (also: General Circulation 
Model)

GHG    
Greenhouse Gas

IPCC    
Intergovernmental Panel on Climate Change

NARCCAP   
North American Regional Climate Change 
Assessment Project

NCA   
National Climate Assessment

NCAR    
National Center for Atmospheric Research

NCDC    
National Climatic Data Center
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