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How and Why Upper Colorado River Basin Land, Water,
and Fire Managers Choose to Use Drought Tools (or Not)

By Amanda E. Cravens

Executive Summary

On the Western Slope of Colorado, variable climate and precipitation conditions are typical. Periods of drought—which
may be defined by lack of water, high temperatures, low soil moisture, or other indicators—cause a range of impacts across sec-
tors, including water, land, and fire management.

U.S. Congress created the National Integrated Drought Information System Act of 2006 (NIDIS; Public Law 109-430)
within the National Oceanic and Atmospheric Administration (NOAA) with an interagency mandate “to coordinate and integrate
drought research, building upon existing Federal, Tribal, State, and local partnerships in support of creating a national drought
early warning information system (NIDIS, 2016)”.

The Upper Colorado River Basin (UCRB) was one of the first pilot areas in which NIDIS implemented a drought early
warning system (DEWS) in 2009. NIDIS presently supports eight regional DEWS; as of 2016, the UCRB DEWS has been
incorporated into an expanded Intermountain West (IMW) DEWS. The selection of the UCRB for an initial DEWS reflects the
regional importance of drought information for managing water supply for agriculture and other uses, and the need for effective
decision support related to drought. Additionally, new drought information products were developed specifically for the UCRB
DEWS, and a number of others have been created since 2009, adding to the preexisting toolkit for drought decision making.

The various elements of the UCRB drought early warning system can be expected to be more or less suitable for the needs
of different decision makers. As a result, the UCRB makes an ideal case study to examine the use of scientific information prod-
ucts and tools in which the broad decision context (managing drought) is defined, but information needs of current and prospec-
tive users vary. Thus decision makers will make varied choices about which of the available tools to use or not use, depending
on the particular management and institutional context in which they work. The author aimed to identify factors that affect the
choices of decision makers about whether and how to use particular information sources, products, and tools. The investigation
focused on the following research questions:

e What decisions do managers make related to drought in the Upper Colorado region and particularly the Western Slope of
Colorado? About which impacts of drought are they most concerned?

e What indicators and information products do decision makers rely on to manage for the impacts of drought in this
region?

e How do decision makers find out about and choose between available drought information sources, products, and tools?

e What gaps (if any) do they perceive in currently available drought information and tools?

In both its definition of drought information and decision support tools and in its sampling design, the author deliberately
took a broad approach. The author intentionally defined information sources, products, and tools broadly. The goal was to docu-
ment as many sources of information as possible that respondents reported using to assist in preparing for, responding to, or
managing the impacts of drought. A range of information products and tools were identified, ranging from monitoring datasets
(for example, SNOTEL network), to modeling tools (for example, USGS StreamStats), to web portals or dashboards (for exam-
ple, Western Water Assessment [ WWA] Dashboard). Other kinds of information sources also appear, ranging from manager
reliance on other people to use of scientific research to mental models based on experiential knowledge (Section 4). In this study,
the author collectively considers these information sources, products, and tools as decision support. The project investigated
how and why information sources and tools for understanding weather, climate, precipitation, and drought impacts are used by
managers on the Colorado Western Slope.
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Studies of decision support tools or information sources often concentrate on the known users of a given tool(s). Such an
approach can yield useful information; it provides rich insight into the experiences of users and can suggest design modifications
to make existing tools more effective. Yet it is not an effective approach to capture the perspectives and needs of prospective tool
users or to investigate the factors that affect whether or not someone chooses to use tools in the first place. Essentially, sampling
based on known tool users is a case of sampling on the dependent variable (tool use) (Geddes, 1990). In the case of the UCRB
DEWS, the known tool users represent known participants in the DEWS network, but the challenge was to identify those who
might benefit who were not currently participating. To overcome this challenge, in this study the author instead used a geograph-
ically based sampling strategy (Section 2.2) in which a range of natural resource managers from preidentified Federal man-
agement units and selected State agencies on the Western Slope were considered prospective users of tools. Prospective users
were then asked to describe in an open-ended fashion what information and tools they do or do not use and why. This approach
allowed for respondents to report both use and nonuse of tools, and thus the ability to identify factors that influence information
and tool use choices by managers.

The report is presented in seven main sections. The Introduction sets the context, considering the need for drought infor-
mation and the goals of drought early warning systems. It then describes drought in the UCRB region. Section 2 describes the
design and methods of the study.

Section 3 addresses the question of who manages for drought impacts in the UCRB. The intentionally broad sampling
strategy of the study resulted in conversations with a wide range of State and Federal managers, who work under a variety of
regulatory frameworks and manage a variety of natural resources. As a result, they are concerned about a wide range of drought
impacts and use a corresponding wide range of indicators to understand the state of their resources of concern. This section
captures the range of variability, while grouping together decision makers who share similar concerns and make use of similar
indicators. The range of decision contexts and indicators emphasizes that views of drought held by managers are shaped by the
way drought conditions affect the resources for which they are responsible. Understanding the information needs of a manager
requires first understanding the decision space in which the manager operates, as this decision space determines the indicators of
concern and the timeframe of information needed.

Section 4 turns to the tools and information sources on which decision makers rely. It links the indicators described in the
previous section to specific sources of data and information, describing the agencies, websites, and people on which managers
depend to understand and manage for drought. A key theme that emerges in this section is redundancy: the same underlying
datasets are often accessed in different ways by different individuals.

Section 5 reports results of how managers find out about available tools or information sources and how they evaluate
usability of tools. One key difference that emerges is the strong horizontal network among water management agencies juxta-
posed with the tendency for information to move vertically within the land management agencies. Almost all participants in the
study agreed on the basic factors that affect tool usability: something that is easy to use and relevant to their management chal-
lenges, though their specific decision contexts determined what those challenges might be. Section 6 then addresses perceived
gaps in drought information and tools; the most-often-mentioned gap in drought information was soil moisture information for
the right scale and locations to meet particular needs of managers.

Section 7 presents key findings and implications. First, based on analysis of their drought impacts and indicators of interest
(Section 3), the information sources on which they rely (Section 4), and the information networks and communities of practice
to which they belong (Section 5), respondents were inductively classified into five “profiles” or types of drought managers:
water supply managers, rangeland managers, ecological managers, fire managers, and those who are not actually managing for
drought, despite having responsibilities related to water. These profiles provide an answer to the remark by Redmond (2002,
p-1,147) that droughts are like rainbows, with everyone experiencing their own version. In the UCRB, drought impacts appear
to come in distinct flavors that can be viewed as analogous to the colors of the rainbow, even if each individual might experi-
ence a slightly different shade of green or brown. They suggest that drought information providers should consider the distinct
information needs of their audience(s) in designing information products and tools. Second, drought indicators and sources in
the UCRB form an information ecosystem with overlap. This redundancy appears beneficial, as managers may access the same
dataset through different websites or portals. Third, respondents emphasized information sources and tools are used when they
are salient and credible, suggesting that information providers need to consider salience as well as technical credibility in tool
design. Finally, water managers described a robust interagency community of practice that kept them informed about new infor-
mation sources while land and fire managers relied primarily on intra-agency relationships to stay informed. These differences
in how respondents reported finding out about tools and information sources suggest different outreach strategies are needed for
information providers who want to reach these groups of managers.
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1 Introduction

1.1 Role of Drought Early Warning Systems (DEWS) in Drought Preparedness

Drought is a pervasive, widespread natural hazard that causes significant damages, but it can be challenging to define
(Wilhite and Vanyarkho, 2000). The existence of drought depends both on a hydrological or meteorological hazard—generally
defined as deviation from a baseline condition of “normal” water availability—and on the inability of those exposed to withstand
such a hazard (Agnew and Warren 1996; Wilhite, Svoboda, and Hayes, 2007). At the most basic level, drought can be defined as
“insufficient water to meet needs” for a given purpose or in a given region (Redmond 2002, p. 1,144). Drought has been called
the “creeping” natural hazard; its stopping and starting points may be difficult or even impossible to identify except in retrospect
(Wilhite and Vanyarkho, 2000).

Further complicating the question of definitions is the fact that individuals, communities, and economic sectors experience
drought through its wide variety of impacts, including direct and indirect economic, environmental and social impacts. Drought
“produces a complex web of impacts that not only ripple through many sectors of the economy but may be experienced well
outside the affected region, extending even to the global scale” (Wilhite and Vanyarkho, 2000, p. 247). In the heavily human-
modified watersheds and riverscapes of 21st century North America, meteorological, hydrological, environmental, and social
causes and impacts of drought are tightly interrelated and often feed into one another (Van Loon and others, 2016).

Another way to approach the challenge of defining drought is through the monitoring of specific indicators. A particular
threshold level of a particular indicator variable for a particular period of time can be used to define what is normal, what repre-
sents drought onset, and what represents drought recovery (Steinemann, Iacobellis, and Cayan, 2015). As a result, drought moni-
toring and the availability of accurate, timely information about the status of indicator variables is a key element of an effective
strategy for preparing for and responding to drought; knowing the value of an indicator variable helps mark drought onset and
recovery as well as guide response during the drought itself. Yet given the diverse impacts that drought can manifest, there are
no “one size fits all” indicators that apply in every situation. Thus an effective drought early warning system (DEWS) incorpo-
rates a range of monitoring approaches and indicators that provide information pertaining to the relevant impacts of drought in
the region in which it is being implemented (Wilhite, Sivakumar, and Wood, 2000; Heim, 2002; World Meteorological Organi-
zation (WMO) and Global Water Partnership (GWP), 2016). Redmond (2002, p. 1147) summarized the need for multiple ways
of monitoring and depicting drought: “Drought is a many-headed creature, and its full description requires an equally diverse
menagerie of indices and indicators.”

In the United States, the National Oceanic and Atmospheric Administration (NOAA) National Integrated Drought Infor-
mation System (NIDIS; http://www.drought.gov) program facilitates, convenes, and funds regional DEWS, each of which is
comprised of a range of partner organizations. Authorized by Congress in 2006, the NIDIS mandate is “interagency coordination
and integrated drought research that builds upon existing federal, tribal, state, and local partnerships to create a national drought
early warning system (DEWS).” NIDIS is working toward the eventual goal of a national DEWS by supporting a network of
regional DEWS (fig. 1). Each regional DEWS provides climate and drought information and is made up of “relevant partners
and community members across its region, including universities, the private sector, and Federal, Tribal, State, and local entities.
Stakeholders participate in the NIDIS consultation process, and they support NIDIS priorities by leveraging existing resources,
programs, and partnerships” (NIDIS 2017, p. 3).

The NIDIS 2017-2018 Strategic Plan for the Intermountain West (IMW) DEWS describes the evolution of drought early
warning in the Nation and the importance of the Upper Colorado River Basin, which is the geographical focus of this report
(Section 1.2 and 2.1):

“NIDIS launched the Upper Colorado River Basin (UCRB) DEWS in 2009; the UCRB was the first pilot DEWS in
the nation. Following a series of stakeholder engagement meetings, interviews, and an in-depth gaps assessment in
2009-2010, the Colorado Climate Center (CCC) at Colorado State University became a key partner in implement-
ing the UCRB DEWS. In response to the feedback during this scoping process, and in an effort to avoid, or at least
mitigate the impacts associated with the drought of 2002, the CCC, NIDIS, and other State and local partners began
a proactive monitoring process which evolved into the UCRB weekly drought assessments. These assessments, now
posted weekly on the CCC website and delivered regularly by webinar, not only provide Upper Basin stakeholders
with timely information on drought and climate information and forecasts, but also foster a dialogue that helps shape
the region’s weekly recommendations to the U.S. Drought Monitor.

The importance and popularity of these regular monitoring and forecasting activities was further magnified during
the 2012 drought. Since that time, the UCRB weekly drought assessments have become a model for consistent and
easily digestible dissemination of drought and climate information in the region.
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Figure 1. National Integrated Drought Information System (NIDIS) regional drought early warning systems (DEWS).

In 2016, the Upper Colorado River Basin (UCRB) DEWS and the Four Corners Tribal Lands DEWS were
combined to form the Intermountain West IMW) DEWS. The IMW DEWS boundary expanded to include Arizona,
Colorado, Utah, Wyoming, and western New Mexico. (NIDIS 2017, p. 4)”

From 2009 to present, then, the UCRB has been central to the NIDIS mandate to facilitate drought early warning. Their main
partners in this effort, the Colorado Climate Center, were a key impetus behind the present study.

The vision for the expanded IMW DEWS combining the former UCRB DEWS and the Four Corners Tribal Lands DEWS
is reflected in the IMW DEWS 2017-2018 Strategic Plan, developed in late 2016 and early 2017 (NIDIS 2017). The research
described in this report, which focuses on the portion of the UCRB in Colorado (Section 2.1), builds on previous efforts to
evaluate the UCRB DEWS (for example, McNie, 2014) and was designed to provide insights to support the implementation of
the expanded IMW DEWS.

1.2 Drought in the Upper Colorado River Basin

As drought is defined as deviation from baseline or “normal” conditions, an understanding of drought in any given location
requires first understanding baseline climate and precipitation patterns. Colorado is an arid state, averaging 17 inches of precipi-
tation annually statewide with significant variation across the state (McKee and others, 2000). The dry San Luis Valley aver-
ages 7 inches annually while certain high elevation locations in the mountains receive as many as 50 inches annually. All of the
surface water in Colorado comes from precipitation, as there are no rivers that flow into the state. At the same time, the state is a
headwater source for several major river basins. While precipitation in many parts of the world shows strong seasonal patterns,
Colorado is distinct for the spatially complex seasonality of precipitation between locations geographically close together.

This study focused on the Western Slope of Colorado (see Section 2.1), which is the portion of the state located west of the
Continental Divide and within the Upper Colorado River Basin. Water that falls east of the Continental Divide eventually flows
into the Atlantic Ocean while water that falls west of it flows down the Colorado River and eventually to the Pacific Ocean.
Figure 2 shows average annual precipitation by state water division for the Western Slope.
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The Western Slope (fig. 2) is the source of 70 percent of the surface water in the state (State of Colorado, 2016). How-
ever, much of this water is allocated for use outside the area, either downstream to other states through the Colorado River
Compact or through transmountain diversions to meet needs east of the Continental Divide, where both municipal and agri-
cultural demands are more intense. This results in two kinds of drought exposure for the water users who live on the Western
Slope: direct exposure to diminished precipitation and indirect exposure due to drought outside the region that produces greater
demands for Western Slope water. At the same time, the impacts of drought on the Western Slope may extend geographically far
beyond western Colorado, given the water supply linkages to eastern Colorado and downstream states.

Figure 2. Annual precipitation in the Colorado portion of the Upper Colorado River Basin. The map depicts the four
Colorado water divisions located west of the Continental Divide, an area termed the Western Slope. Water Divisions are
used by the Colorado Division of Water Resources (DWR) for water right administration and management. (By Wilson
Sinclair and Tammy Fancher, USGS)
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Besides the geographical extent of water demands, Western Slope precipitation is used to meet a range of water demands
across the agricultural, municipal, recreational, environmental, and energy sectors; drought conditions in the region can have
a correspondingly wide range of impacts (McKee and others, 2000; Ryan and Doeskan, 2013; Colorado Water Conservation
Board, 2013; McNeeley, 2014). Agriculture remains the primary water demand in Colorado, using 89 percent of the water
consumed in the state (State of Colorado, 2015, section 5-3). The major cities in Colorado are east of the Divide; Western Slope
water contributes to municipal supplies for many of them. Recreational uses of water include ski resorts (both snowpack for
skiing and water for early season snowmaking), whitewater rafting or kayaking, and boating or fishing on lakes and reservoirs.
Land management agencies rely on water for maintaining species and habitats as well as supplying buildings and other infra-
structure on these public lands. Increased wildfire risk due to drought is also a significant concern. Colorado water is also used
for hydropower generation, which can be impacted by low reservoir levels or streamflow during drought.

Droughts have been a frequent and regular occurrence in Colorado over the period for which reliable weather and cli-
mate data is available (McKee, Doesken and Kleist, 1999). Figure 3 depicts the fraction of the state in drought based on a
48-month Standard Precipitation Index (SPI) analysis since 1890. Past droughts have shaped current management experiences
and response strategies (McNeeley, Beeton, and Ojima, 2016); for instance, the short but intense droughts of 19761977 and
1980-1981 led to the initial Drought Response Plan for Colorado in 1981 (McKee and others, 2000). This initial plan was subse-
quently revised in 1986, 1990, 2001, 2007, 2010, and 2013 (Colorado Water Conservation Board, 2013).

Figure 3. Fraction of Colorado in multiyear drought, based on the 48-month Standardized Precipitation Index (SPI),
1890-2012. (Figure courtesy of the Colorado Climate Center and is not to U.S. Geological Survey publishing standards.)

Increasingly, however, the States and agencies that manage the Colorado River Basin have recognized the uncertainty of
future water supply and the potential for more frequent or more severe droughts in the future. The “Colorado River Basin Water
Supply and Demand Study” used a scenario planning approach to analyze future supply in the Basin under a range of assump-
tions about future climate conditions. The study ultimately concluded that “the Colorado River Basin faces a range of potential
future imbalances between supply and demand” (Reclamation, 2012, p. 26) caused both by potential changes in supply due to
changing weather and precipitation patterns as well as growth in demand. A synthesis of climate science and trends produced by
Western Water Assessment (WWA) for the Colorado Water Conservation Board summarized the impact of future climate vari-
ability on state water resources:

“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. How-
ever, some drought indicators have worsened due to the warmer temperatures. As greenhouse gases and other human
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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 stream-
flow, particularly in the southern half of the state*** 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.
(Lukas and others, 2014, p. 1-4)”

In the face of potentially greater imbalances between supply and demand in a changing climate, the exposure and sensitivity of
the Western Slope to drought also has the potential to become correspondingly greater, making the need for drought early warn-
ing information and networks even more significant.

1.3 Research Objectives

The UCRB was one of first pilot areas, beginning in 2009, for implementation of a regional NIDIS DEWS. The selec-
tion of the UCRB for an initial DEWS reflects the regional importance of drought information for managing water supply for
agriculture and other uses, and the need for effective decision support related to drought. Additionally, new drought information
products were developed specifically for the UCRB DEWS, and a number of others have been created since 2009, adding to the
preexisting toolkit for drought decision making.

The various elements of the UCRB DEWS can be expected to be more or less suitable for different needs of decision mak-
ers. As a result, the UCRB makes an ideal case study to examine the use of scientific information products and tools in which
the broad decision context (managing drought) is defined, but information needs of current and prospective users vary. Thus
decision makers will make varied choices about which of the available tools to use or not use, depending on the particular man-
agement and institutional context in which they work. This research aimed to understand the factors that influence the choices
of decision makers about whether and how to use particular information sources, products, and tools. The following research
questions were investigated:

e What decisions do managers make related to drought in the Upper Colorado region and particularly on the Western Slope
of Colorado? About which impacts of drought are they most concerned?

e What indicators and information products do decision makers rely on to manage for the impacts of drought in this
region?

e How do decision makers find out about and choose between available drought information sources, products, and tools?

e What gaps (if any) do they perceive in currently available drought information and tools?

Two additional elements of the project which are reported separately (in forthcoming products) explored (1) how scientists pro-
ducing decision support tools currently interface with decision makers, including how their outreach efforts do or do not match
the information channels preferred by managers and (2) how tool users and providers understand the purpose of a drought early
warning system.

The study intentionally defined information sources, products, and tools broadly. The goal was to document as many
sources of information as possible that respondents reported using to assist in preparing for, responding to, or managing the
impacts of drought. A range of information products and tools were identified, ranging from monitoring datasets (for example,
SNOTEL network), to modeling tools (for example, USGS StreamStats), to web portals or dashboards (for example, Western
Water Assessment Intermountain West Climate Dashboard). Other kinds of information sources also appeared in the study, rang-
ing from reliance by managers on other people to use of scientific research to mental models based on experiential knowledge
(Section 4).

This study collectively considers these information sources, products, and tools as decision support. Traditionally, decision
support has been defined as computerized systems that provide aid to solving unstructured problems (Geoffrion, 1983). How-
ever, in its examination of decision support to aid climate change adaptation, the National Research Council pointed out that
there is a second, broader way to define decision support:

“Decision support is often narrowly understood as an activity that provides data, tools and other types of informa-
tion products that make scientific information more accessible to decision makers***Yet there is a broader view of
decision support which is increasingly being adopted***In this view, decision support consists of a set of processes
intended to create the conditions for the production of decision-relevant information and for its appropriate use.
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Ongoing communication between the producers and users of information is at the center of these processes, and infor-
mation products are one result but not the exclusive one***We adopt this broader understanding of decision support to
include both products and processes [National Research Council, 2009, p. 34].”

Given the convening and facilitating mandate of NIDIS, this broader view of decision support as both products and pro-
cesses makes sense when examining drought early warning systems. Thus, following the NRC definition, when the rest of the
report discusses “decision support,” it means the diverse class of decision support objects and processes used to make drought
decisions in the UCRB. The research investigated how and why information sources and tools for understanding weather, cli-
mate, precipitation, and drought impacts are used by managers on the Western Slope of Colorado.

In order to meet this objective, the author necessarily used a broad sampling design (Section 2.2). Most previous studies of
decision support tools and processes (for example, Beall King and Thornton, 2016; Cravens, 2016; Morisette and others, 2017)
concentrate on the known users or audience of a given tool or process. Such an approach can yield useful information; it gives
rich insight into the experiences of users and can suggest design modifications to make existing decision support work better.
Yet, it is not an effective approach to capture the perspectives and needs of prospective users or to investigate the factors that
influence whether or not someone chooses to use tools in the first place. Essentially, sampling based on known tool users or
process participants is a case of sampling on the dependent variable (tool use) (Geddes, 1990). In the case of the UCRB DEWS,
the known tool users represent known participants in the DEWS network, but the challenge was how to identify those who
might benefit who were not currently participating. To overcome this challenge, this project instead used a geographically based
sampling strategy (Section 2.2) in which a range of natural resource managers from preidentified Federal management units
and selected State agencies on the Western Slope were considered prospective users of tools and prospective participants in the
DEWS network. The prospective users were then asked to describe in an open-ended way what information and tools they do or
do not use and why. This approach allowed for respondents to report both use and nonuse of tools and thus the ability to identify
factors that influence information and tool use choices of managers.

2 Methods

This study relies primarily on qualitative data collected using open ended, ethnographic discussions with one (or occasion-
ally more than one) respondent. This qualitative approach was supplemented by review of relevant literature and attendance as
a participant-observer during the Colorado Climate Center UCRB and IMW DEWS regular update webinars during the study
period (May 2016 to July 2017).

A qualitative, ethnographic approach was chosen for two reasons. First, it allowed for nuanced exploration of user experi-
ence with decision support in the region and enabled the discovery of unanticipated factors influencing choices to use or not use
tools. For instance, one Bureau of Land Management (BLM) manager reported that she considers herself part of the “Southern
Rockies” but does not really think of herself as part of the “Upper Colorado River” region, given her terrestrial focus. This kind
of comment about perceptions is subtle and unlikely to emerge through a survey approach. Second, McNie (2014) completed a
NIDIS-funded survey of UCRB users (supplemented by a limited set of interviews) that provided information about whether or
not specific types of drought information were being used and whether or not that information was considered useful or cred-
ible. Using qualitative methods in this study thus provided an opportunity to consider what had changed in the past three years
as well as gain greater insight into experiences of users and prospective users. The qualitative format is ideally suited to this task
due to the focus on understanding the experiences of subjects (Crabtree and Miller, 1999).

The following subsections provide greater detail about the research design and methods. Section 2.1 describes the study
area, Section 2.2 describes the sampling strategy, Section 2.3 describes the data collection, and Section 2.4 describes the
data analysis.

21 Study Area

As described in Section 1, the UCRB was one of the first pilot areas, beginning in 2009, for implementation of a regional
DEWS under NIDIS. Thus the core study area was defined to focus on the Upper Colorado River Basin. Specifically, the
research focused on Colorado Water Divisions 4, 5, and 7 (fig. 4). This area represents the portion of the Upper Colorado River
Basin within Colorado minus the Yampa-White River Basin (Colorado Water Division 6). The Yampa-White River Basin
was excluded from the study area as the Department of the Interior (DOI) North Central Climate Adaptation Science Center
(NCCASC; formerly North Central Climate Science Center), one of the sponsors of the research, had recently funded another
project in the Yampa-White River Basin focusing on Federal and State managers with responsibility for drought (North Central
Climate Science Center, 2015). The author and project sponsors felt there was a high potential for stakeholder fatigue if this
research also targeted that same pool of participants.
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Figure 4. Colorado Water Divisions and Federal land management units on the Colorado Western Slope, used as the
sampling frame for the study. (By Wilson Sinclair and Tammy Fancher, USGS).
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2.2 Study Sample

A main objective of the research was to investigate the experience of both known tool users and prospective tool users, as
described in Section 1.3. To meet this objective, the study used a broad geographically-based sampling strategy in which a range
of natural resource managers from preidentified Federal management units and selected State agencies on the Western Slope
(fig. 4) were assumed to be prospective users of drought information and then asked to describe what information and tools they
do or do not use and why. This approach thus avoided the challenge of identifying current users of tools and allowed investiga-
tion into to why or why not someone chooses to use the information source(s) they use.

Within the three Colorado Water Divisions defined as the study area, the sampling strategy sought to identify as many pro-
spective tool users as possible. This was done in the following ways.

 Federal management units: Each Federal land management unit within the study area (fig. 4) was identified using The
National Map of the United States (Dollison, 2010). A combination of conversations with the contacts of the author in
agency headquarters offices and web searching was used to identify individuals in relevant positions within each of these
management units. Depending on the unit, the identified individual might be either an appropriate technical specialist
(for example, Hydrologist, Rangeland Management Specialist) and (or) an administrator (for example, Resource Man-
agement Chief, Field Office Manager). In some cases, an invitation originally sent to an administrator was delegated to a
technical specialist; the invitation language encouraged recipients to suggest someone else if they felt they were not the
right person to participate.

» Water conservancies and conservation districts: Each water conservancy and conservation district within the study area
was identified using the Colorado Water Congress list of Water Conservancy and Conservation Districts (Colorado Water
Congress, 2017). A contact for each conservancy and conservation district was identified using either web searching,
phone calls to listed contact information, or the Bureau of Reclamation Roster of Water User Organizations (Reclama-
tion, 2015).

» Relevant State agencies were identified through consultation with NIDIS and the Colorado Climate Center. Of the State
agencies with land and water management responsibilities that might be impacted by drought, only the Colorado Divi-
sion of Water Resources was included in the final study sample. Other State agencies whose scope was deemed less
relevant the research objectives (for example, Colorado State Forest Service, which manages primarily private lands)
were excluded.

* Snowball sampling: Respondents were asked to identify potential additional respondents. While the study was not a true
snowball sample in which conversations were conducted until saturation was reached (Morgan, 2008), these suggestions
were used to ensure no significant gaps existed. For instance, many technical specialists employed by the U.S. Forest
Service discussed the importance of their interactions with the fire management staff in their offices. As a result, fire
managers from each Colorado Water Division in the study region were added to the sample.

Despite the attempt to develop as comprehensive a sample of information users as possible, two factors influenced the group of
participants in the final sample. First, given the geographical size of the study area, the scope of the study had to be limited to
Federal agencies, water conservancies, and State water agencies. These agencies were deemed the most relevant to drought man-
agement, but many other State agencies and county or municipal level agencies could have been included. Second, while invita-
tions were sent broadly, there is the possibility of selection bias influencing who chose to respond affirmatively to the invitations;
it is possible that those who play a peripheral role in drought management might have been less likely to respond. Respondents
included in the study represent a range of job titles, however, as do those who declined to participate or who did not respond to
the invitation to participate. Additionally, individuals within an agency often use information in diverse ways depending on their
location; this study design was not able to capture all these nuances of geography.

2.3 Qualitative Data Collection

Sixty-one prospective users were invited to participate in the study. Thirty-one of these ultimately agreed to participate. Of
the 30 individuals who did not participate, 8 declined participation (5, because they were too busy and 3, because they did not
feel their job role was relevant to the study aims), 17 did not respond after 3 email invitations, and 5 responded with interest but
did not schedule a discussion before the end of the study period. While the response rate might seem low, the intentionally broad
nature of the sampling strategy made it likely that individuals would be contacted whose actual job roles were not relevant to the
study design or who did not see the relevance of the project to their work.
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Discussions were primarily conducted over the phone from September 2016 to February 2017, though six conversations
with respondents in the San Juan Basin and on the Front Range were held in person. All conversations were conducted by the
study author. The majority were one-on-one conversations, though a few included additional staff from the same organization.

Prior to the conversations, participants were provided with information about the study by email and asked if they agreed
to participate. At the beginning of each conversation, permission was requested to audio record. In all cases, permission was
granted. All conversations were later fully transcribed to prepare for coding.

Thirty-one ethnographic conversations were carried out for this study with 33 individuals (due to additional staff join-
ing a few conversations). Based on their agency and job title, respondent conversations were classified as land (13), water (9),
fire (5), wildlife (1), or other (3) managers as well as Federal (22), State (2), or local (7). (Note these totals count conversations
with more than individual from the same organization as one conversation; the same convention is used in the remainder of the
report.) Participants were also classified according to the Colorado Water Division in which the majority of their work takes
place, though the mismatch between Colorado Water Division and land management boundaries makes this a sometimes imper-
fect classification. The distribution of participant conversations between the three Colorado Water Divisions in the study area
was as follows: Division 4 (10), Division 5 (4), Division 7 (8), multiple water divisions (5), and Eastern Slope managers who
rely on Western Slope water (4).

Discussions were open ended and were guided by the following key topics of interest linked to the study objectives:

(1) respondent role in drought management and drought impacts of interest; (2) indicators, information, and tools the respondent
and their organization makes use of to understand and assess drought impacts of interest; (3) the means by which participants
find out about new tools or developments in drought management or science; and (4) gaps respondents perceive in drought
information (if any).

2.4 Qualitative Data Analysis

Audio recordings of the ethnographic conversations were transcribed by a professional transcription service. Transcripts
of all conversations were coded by the author using NVIVO 10 Pro software. Two complementary coding methods were used.
First, a preliminary thematic coding scheme was developed based on the study objectives and literature review (Guest, Mac-
Queen, and Namey, 2011). Key themes in the preliminary analysis included: (a) management contexts, (b) drought impacts,

(c) information sources, (d) drought indicators, () finding out about new tools, (f) usability criteria, and (g) gaps in drought
information.

Each conversation was coded using this scheme. In order to account for findings not anticipated by the original research
questions, a series of emergent codes were also developed following the principles of grounded theory (Corbin and Strauss,
2008). After preliminary coding of each transcript was complete, the resulting codes were consolidated to eliminate analogous
or duplicate concepts and to reorganize similar ideas into overarching themes. The results of this consolidation is reflected in the
final codebook included in appendix 1.

The consolidated themes and coding scheme were also used as the basis to create a typology of users. A table was created
noting the presence or absence of the main themes for each conversation. This analysis grid was used to identify common char-
acteristics between respondents and thus classify the respondents into five “user profiles,” described in Section 3.3. (A refined
version of the table used for the user profile analysis appears as table 3 in Section 3.2.)

User profiles or personas are a technique used by software developers to understand a typical user within a target audience
for a product (U.S. Department of Health and Human Service, n.d.). A description of a user profile is not meant to be a descrip-
tion of an actual individual, but rather to capture salient characteristics of a pool of users; a collection of three to five profiles
might then capture the major differences in audience use for a given tool. In this case, the five inductively-generated user profiles
described in Section 3.3 capture important differences between groups of respondents in the study. Broadly, the five groups dif-
fer in the types of drought impacts and indicators in which they are interested, which then impact the information they use and
where and how they find out about drought tools, though there are certain impacts and indicators that are relevant to multiple
of the five “types” of drought information users. This technique of generating user profiles from ethnographic or interview data
can be thought of as a qualitative analysis analogous in concept to cluster analysis in statistical analysis, although the groupings
reported in table 3 and summarized in Section 3.3 should not be treated as statistical data.

The presentation of results in this report generally follows the consolidated coding scheme. Within each section, nuances
and variation between users are described.
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3 Managing for Drought in the Upper Colorado River Basin

Section 3 addresses the question of who manages for drought in the UCRB. It investigates the decisions that respondents
make (or support others in making) in the study region and explores which particular impacts of drought they are most con-
cerned about. The intentionally broad sampling strategy of the study resulted in conversations with an array of State and Federal
managers, who work under a variety of regulatory frameworks and manage a variety of natural resources (Section 3.1). As a
result, they are concerned about a wide range of drought impacts and use a corresponding wide range of indicators to understand
the status of their resources of concern (Section 3.2).

3.1 Resource Management Decisions Impacted by Drought in the UCRB

Respondents described a wide range of decisions impacted by drought in the study region. The main decision contexts
are described in Sections 3.1.1 to 3.1.7, along with relevant variations in which participants were most concerned about those
impacts. Participants also described the time scales of their decisions, which range from daily choices through long term plan-
ning aimed 10 or more years into the future.

3.1.1  Water Supply Operations

Perhaps the quintessential drought decision is managing water supply for irrigation and municipal supply. Given the snow-
melt-driven nature of the study region (Section 1.2), water supply operations decisions happen on an annual cycle that begins
with the spring runoff season. Respondents responsible for water operations—who included staff of conservancies or conserva-
tion districts and Reclamation—described two general varieties of operations decisions, depending on the amount of reservoir
storage available in a given system. Systems with significant storage capacity rely on carryover storage levels in late winter or
early spring as a key indicator; operators of these systems aim to keep as much new runoff in the system as possible while not
exceeding storage capacity. They then release water throughout the drier summer months as needed to meet user demand. Opera-
tors with less storage capacity, on the other hand, follow a simpler “fill and spill” strategy as they have no way to store additional
runoff even in above-average flow years. As a result, demand by their water users tends to exhaust supply each year, and thus
they rarely have the ability to maintain any amount of water between water years.' Both types of operators rely heavily on winter
and spring snowfall levels, estimates of snow-water equivalent (SWE) in the snowpack, and forecasts of runoff peak and timing
to understand the projected and actual amount of water available.

For both kinds of operators, the needs of other water users must be balanced against the demands of their primary irrigation
or municipal users, though the exact rules governing the balance vary depending on the particular water project being man-
aged and the nature of the water rights they hold. Instream flow rights or the presence of endangered fish species may require
releases at certain times or in certain volumes to ensure species protection goals; high-volume peak flow releases are especially
important to the endangered native species that are the targets of the Upper Colorado River Endangered Fish Recovery Program
(Public Law 106-392). When possible or sometimes when required by Federal Energy Regulatory Commission (FERC) operat-
ing licenses, operators may try to time releases at levels and times (for example, Memorial Day weekend) that are useful to the
recreational boating and fishing community or may try to manage reservoir levels for marina operations. Other water projects
with hydropower generation capacity may have rules or norms about timing water release to optimize power generation. In the
case of Reclamation dams, the power generated by releases is marketed by the Western Area Power Administration (WAPA; part
of the Department of Energy). Though the specifics vary by Reclamation project, the Reclamation and WAPA generally coordi-
nate release schedules to meet power generation goals, although Reclamation retains formal authority to determine releases.

3.1.2 Ecological Health and Resiliency

Four of the thirteen respondents who work for land management agencies (including the National Park Service [NPS], U.S.
Forest Service [USFS], and the U.S. Fish and Wildlife Service [USFWS]) described drought-related decision making focused
on maintaining overall ecological health and resilience. Rangeland management decisions made by a second set of respon-
dents from USFS, BLM, and Natural Resources Conservation Service (NRCS) are described in section 3.1.3; the key differ-
ence between these two groups is the time scales on which they make decisions. Five more land management respondents also
described impacts that drought can have on ecosystems, though they classified their own responsibilities as outside the definition
of “managing for drought” (Section 3.1.7).

' A water year is “the 12-month period October 1, for any given year through September 30, of the following year. The water year is designated by the
calendar year in which it ends and which includes 9 of the 12 months. Thus, the year ending September 30, 1999 is called the “1999” water year.”
See https://water.usgs.gov/nwc/explain_data.html.
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An NPS administrator summarized his understanding of drought: “at the highest, very broad programmatic level, drought
would directly affect ecosystem resiliency, for which we’re definitely responsible. Of course, there is cascading effects, either for
rare, sensitive species, or rare, sensitive ecosystems like riparian areas, and then the species that depend on all of those things.”
Respondents described a range of plant and animal species, habitats, and ecological processes that can be affected by drought in
the areas they manage. One NPS administrator pointed out that a recent assessment in her park identified “over 100 resources”
that could be harmed by the future arid climatic conditions expected in her area. These respondents tended to take a longer-term
view of drought, as their work often involved decisions about multiyear restoration projects, National Environmental Policy Act
(NEPA) analysis for longer-term projects, or longer-term resource planning (Section 3.1.5). Another NPS administrator pointed
out that “wintertime drought” (that is, lack of snow) can harm species like pika (Ochotona princeps) as much as lack of summer
water, in contrast to other types of managers who may focus primarily on spring and summer water availability. Some of these
ecologically-focused participants heard “climate change” when asked about drought; others explicitly clarified that year-to-year
fluctuations in water availability or temperature do not matter so much as long-term trends. A USFS technical specialist, for
instance, stated,

“I think that as land managers, we’re a little less sensitive to drought and probably a little less tied to the immediate
impacts of drought compared to, for instance, the water management agencies. That’s their life. They’re so intimately
connected to the water supply that having very up-to-date information on drought is very important. I think that the
work that we do is less sensitive to drought. It just becomes another part of the cycle. I think that we probably spend as
much time thinking about climate change, about long term changes to temperature and precipitation pattern as we do
to drought.”

Additionally, a few respondents suggested that data about how year-to-year fluctuations in water and temperature affect ecosys-
tem health can be scarce and that as a result their units have focused less on year-to-year impacts (Section 6).

Respondents were concerned about the effect of drought on ecological processes. Drought can make fires more frequent
or severe, lead to changes in invasive species populations like cheat grass, change conditions to make native species unable to
successfully compete, degrade water quality, dry up seeps and springs, and speed up geological processes like erosion. A more
unexpected example was mentioned by a technical specialist at Black Canyon of the Gunnison National Park, who described
how lower water levels during drought prevent scouring of the canyon bottom, leading to undesirable vegetation growth.

Participants discussed how drought and associated consequences (including changes to the fire regime and invasive species
populations) can impact a range of terrestrial and aquatic flora and fauna. Changes to fire patterns can affect certain species more
than others; the old growth pifion-juniper forests in the San Juan Basin were mentioned as an example of a vulnerable system.
An NPS technical specialist described the vulnerability of plants and animals that depend on groundwater-fed seeps and springs.
Scarce water may limit water available for fish, or influence release schedules that privilege the needs of irrigation over fish
biology, although the presence of endangered fish species in much of the basin has led to operating agreements on many river
sections that coordinate releases between water operators and State and Federal partners through the Upper Colorado River
Endangered Fish Recovery Program. In other areas, however, water rights predate the land management units; one USFS techni-
cal specialist in Colorado Water Division 7 described how drought can leave fisheries vulnerable if streams are dewatered to
fulfill other water obligations.

These respondents relied on a range of indicators to manage for ecological health, but notably relied on local scale monitor-
ing and experiential knowledge of the systems in which they work to a greater degree than those making other types of deci-
sions. This may reflect the relative scarcity of available ecological indicators. The impacts of drought on ecosystems are rela-
tively poorly understood, compared to impacts of drought on agriculture or water supply (Crausbay and others, 2017), but these
responses of the land managers emphasize the many ways drought can influence individual species, ecological processes, and
the overall health of an ecosystem.

3.1.3 Rangeland Management

For another set of land managers (BLM, USFS, and the one NRCS participant) within the sample, drought is salient on
shorter time scales within a water year. These were respondents in rangeland management and related roles (for example,
Hydrologist or Ecologist), tasked with making decisions about if and when to curtail permittee grazing in response to drought
conditions and where and how to manage weeds. They described the need to balance fulfillment of user expectations with
maintaining the “long-term ecological health” of vegetation and the overall system. A BLM administrator described how annual
decision making interacts with long term management goals:

“Alot of the time, in the permittees’ eyes, it’s a year-to-year thing. Now, in our eyes, it is something we [also] look at
long-term. Basically, we try and look at it—if we’re seeing these conditions over so many years, say five years or three
years, then we know we have to make some pretty drastic changes out on the landscape. Otherwise, we’re going to
lose some of the plants*** species composition will change and that type of thing.”
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These six participants focused on vegetation health and productivity as their primary indicators of concern. They also
monitored indicators that influence vegetation condition, including temperature, spring runoff, snow-water equivalent (SWE),
summer streamflow, monsoon timing, and soil moisture. Similar to managers concerned with other aspects of ecological health,
these respondents relied heavily on local monitoring and experiential knowledge or observation to gage vegetation condition,
forage quality, and soil moisture.

Two respondents reported using formal threshold levels that are defined in a drought plan to assess when drought condi-
tions are severe enough to restrict permittee grazing. Other respondents rely on a combination of indicators to make that decision
but did not use a formal drought plan or threshold level. The U.S. Drought Monitor was mentioned as particularly important,
though it serves less to inform managers to understand the conditions than to communicate and justify decisions to permittees
(Section 4.1).

3.1.4 Fire Management

Fire management decisions were made primarily by fire managers (for example, Fuel Specialist, Fire and Aviation Staff
Officer; Fire Management Planning and Analysis staff for a national forest or zones within it), though nonfire technical special-
ists (for example, Rangeland Management Specialist) and administrators also mentioned how drought impacts fire ignition risk
and prescribed burns. Fire management decisions affected by drought as described by respondents fall into three main catego-
ries: managing prescribed burns and fuel loads, understanding and managing wildfire risk, and suppressing wildfires that do
start. Drought conditions affect each of these decision categories, but on different time scales.

Prescribed burns are the primary tool available to manage fuel loads with high potential to create dangerous wildfires,
though mechanical thinning or tree removal methods may also be used (for example, along a road). Respondents described
how a prescribed burn plan sets thresholds for key indicators like relative humidity, air temperature, and wind speed; if condi-
tions exceed these thresholds, the burn will not take place as there is considered to be too high a likelihood of losing control
of the fire. Most prescribed burning takes place in cooler, wetter months, avoiding the warm, dry and often dangerous summer
conditions.

Two fire-specific indicators that are used to predict the behavior of prescribed burns as well as wildfires are dead fuel mois-
ture and the Keetch-Byram Drought Index. Both of these indicators capture how hot and dry conditions in the recent past have
affected moisture levels in the soil and (or) vegetation. The dead fuel moisture measures “the amount of water in a fuel (vegeta-
tion) available to a fire, and is expressed as a percent of the dry weight of that specific fuel” (NOAA, n.d.) While dead fuel mois-
ture measurements are available for a range of fuel classifications, the fire managers in this study emphasized the 1,000-hour
fuel measurement (for example, the amount of moisture in 3- to 8—inch thick fuels) as most relevant to the Western Slope terrain.
Respondents also emphasized the importance of the Keetch-Byram index, which measures fire potential. The index is expressed
as the amount of precipitation necessary to return the soil to full field capacity; field capacity refers to soil water content when
soil is wet and holding water against gravity (World Meteorological Organization (WMO) and Global Water Partnership (GWP),
2016; Lopez and Barclay, 2017).

Respondents described making use of the same suite of indicators to continually and iteratively monitor and assess wildfire
risk, and thus make decisions about allocating equipment and staff as well as communicate that risk to the public and—if severe
enough—implement bans on fires, close roads (for example, in a national forest), or otherwise seek to minimize the risk of
human ignition. They emphasized that drought does not directly cause wildfires (since any given fire needs an ignition source),
but that drought significantly increases fire risk by drying out fuels brought on by hot, dry weather. Fire risk exists at both a sea-
sonal and an extremely short-term timescale. On the one hand, fire managers described making use of seasonal projections and
aggregated snow and precipitation data to understand general trends for what a fire season might look like. On the other hand,
they described how the fire risk can change in a few days if a large rainfall soaks vegetation; indicators used during fire season
focus on understanding the impact of dry fuels and warm or dry air. This subseasonal perspective gives fire managers a uniquely
short-term perspective on drought, as one USFS technical specialist pointed out: “Well, two weeks of drying will quickly put us
in a fire situation or fire risk along the lower foothills of Colorado and east of the divide. Within a couple weeks, we could easily
see large fires, given an unseasonably warm and dry condition.” The sometimes fast-changing fuel-to-moisture ratio is a key
indicator for fire managers.

When a fire does start, the same short-term indicators are used on a daily or more frequent basis to monitor changing fire
risk that can impact public and firefighter safety. Changes in weather drive changes in the behavior of a fire, which can increase
its size or severity, send it in the direction of valuable resources, or increase the danger to firefighters. Drought conditions also
influence the risk of other fires starting, which can influence decisions about sending crews out of their local district to help on
other fires.
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3.1.5 Planning

Participants reported that drought is a consideration in long-term water supply, drought preparedness, land management
(e.g., National Forest or National Park), NEPA assessments, land use, and climate adaptation planning. Longer-term decisions
about infrastructure or project investments rely on understanding of current year-to-year trends as well as future projections for
climate and precipitation. Six technical specialists from BLM, USFS, NPS, and USFWS described how their various levels of
planning processes seek to identify resources vulnerable to drought and develop high-level strategies to respond. Once in place,
those strategies then guide the development of specific projects.

Four of these respondents and three who had not mentioned planning earlier specifically discussed their concern about
droughts of the future in a changing climate and efforts to respond or adapt; they were concerned about effects of climate change
that include but extend beyond those of drought. For instance, an NPS administrator mentioned how climate projections sug-
gest the park will receive more frequent heavy precipitation events in the future, which might lead to harmful erosion. A county
government employee discussed how land use planning work is minimally affected by short-term drought as the county does not
manage water resources directly but is very concerned about long-term climate variability. Two respondents so strongly equated
drought and climate change that they heard questions about drought impacts as questions about climate change; they focused all
their responses on long-term climate variability and did not mention the cyclical, shorter-term drought challenges described by
other participants.

3.1.6  Other Drought Impacts

Respondents across agencies and job roles described a range of other contexts in which drought influenced their activities
and budgets. These included instances where drought conditions required a deviation from normal operations in terms of infra-
structure, personnel management, or visitor management.

Infrastructure can be affected by drought. An employee at Rocky Mountain National Park described how snow conditions
determine the road opening date for Trail Ridge Road. A USFS fire manager described how fire risk (Section 3.1.4) can become
a public safety issue in small mountain communities with limited roads in and out; prescribed burning or fuel treatment projects
may be prioritized by public safety concerns. A USFS technical specialist mentioned a discussion in his forest about culvert
sizing in anticipation of greater future climate variability (including both wet and dry periods). An NPS administrator discussed
how the park relies on park water rights to supply water for the park, but the park is not the senior water rights holder and thus
can find itself facing water supply shortages in drought years.

Respondents described how drought affects staffing decisions, particularly regarding temporary or seasonal staff. Fire man-
agers emphasized that fire suppression and management relies heavily on temporary staff; one USFS fire manager explained,
“I’m [constantly] evaluating what our staffing levels should be based on current and future trends in weather. Fire behavior
is directly tied to percentile weather conditions, so we’re keeping a close eye on that daily and that drives what resources we
put where and when, and what we’re willing to let go from our forest to go help other units.” A state water agency employee
reported allocating additional overtime for staff during drought conditions and shifting staff from the office into the field sooner
during dry springs than wet ones.

Drought conditions can alter visitor numbers or impact recreation activities available to visitors in some land management
units. A BLM administrator described how drought can determine the length and (if severe enough) even the existence of the
river recreation season, which determines how many permits her office would issue. Water supply managers also make decisions
that influence river recreation; a water operator described how his office works with whitewater boating advocates to publicize
releases and release water at boatable levels or on weekends. Sometimes the link goes the other way, with water or snow levels
affecting recreational patterns. A county government employee discussed the detrimental effect of snow drought on his commu-
nity, which relies heavily on ski tourism.

The impacts of drought on natural resources can have secondary effects on visitors and recreation as well. When fuel condi-
tions make fire risk a concern, agencies may have to manage recreational use to decrease the chance of human-caused ignition. A
USFS technical specialist explained how drought conditions generally determine when the forest decides to implement fire bans;
similarly, a NPS administrator described increasing needs to enforce policies against illegal campfires that have caused costly
wildfires. Another NPS administrator described the increased vulnerability of high visitation areas in the park during drought,
including seeps, springs, and riparian areas that appeal most to visitors in the arid region but also are ecologically sensitive.
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3.1.7 Participants Who Do Not Manage for Drought As Such

As described in Section 2, the respondents in the study were deliberately selected using a broad sampling strategy that
sought to identify a range of prospective users of drought information and tools. As a result of this approach, seven respondents
described management responsibilities or decision contexts that might on face value seem to be influenced by drought, but were
actually described by the respondent as minimally impacted by drought. Participants described three reasons for this.

First, some respondents had water management-related responsibilities that do not significantly change during drought con-
ditions. Two State water agency employees described their role in water rights administration. While their roles might become
more challenging during a drought due to increased conflict between water users, their day-to-day responsibilities and decision
making do not change if less water is available. During a drought, they simply enforce the rules with whatever water is present
in the system. Two WAPA employees described working closely with Reclamation staff who manage water operations at the
dams for which WAPA markets the hydropower. Drought conditions may require adjustments in rates or contracts on the power
marketing side if there is not sufficient water available to meet long-term contractual operations, but WAPA is not itself respon-
sible for managing water supply in response to drought. A county government employee was responsible for land use planning,
but his department had no jurisdiction over water supply. They must work closely with the relevant water supply operators.

Second, managing for drought requires a certain baseline understanding of the resources in a unit and the impact that
decreased water availability has on them. One NPS technical specialist discussed his inability to manage for drought due to the
lack of baseline data available:

“ [We are] just not far enough along that we’ve even considered implications of drought yet. We are trying to map,
determine the resources we’ve got, do the testing we want to do. We’re just not there yet, as far as engaging in any
kind of drought planning process***We know it’s going to be affected by drought, or possibly long-term changes in
the climate, but we’re just not there yet because we don’t know what we have.”

The role of the technical specialist at present is focused on monitoring and research to develop the prerequisite understanding of
the impact of drought on resources in his management unit. The lack of data in the management unit meant the job looked quite
different from other respondents with the same job title in the region.

Third, a subset of land managers from multiple NPS units described how the geographical or institutional context of
their management units influence their (lack of) role in relation to drought. While they might recognize ecological impacts of
drought in their units, they did not necessarily have control over decisions that would alter these impacts. An NPS administrator
explained,

“We don’t really have water-based recreation or water-based uses. [Water] availability in a calendar year, any fluctua-
tions in that doesn’t really affect anything that we do *** I know that we have [ephemeral] pools that form***whether
they are there or not there’s really nothing I do on a management level that is impacted by that or that I can influence.”

Two NPS technical specialists described how they manage as best they can, given the constraints of existing water rights and
decisions made by Reclamation. Essentially, both described situations where they react to the Reclamation water operations
decisions and use information to stay informed about what Reclamation might decide to do, but do not have enough control over
water management in their units to feel they were actually “managing for drought” themselves.

3.2 Drought Indicators and Indices

In order to make the decisions described in Section 3.1, managers and decision makers rely on a range of indicators. After
discussing the decisions they make and how drought impacts those decisions, respondents were asked which drought indica-
tors they consider the most relevant for their management needs. This section details their responses, describing how indicators
varied by user profile type.

The definition of “indicator” used here is more inclusive than is typical in the drought monitoring literature. As techni-
cally defined in the World Meteorological Organization (WMO) and Global Water Partnership’s (GWP) “Handbook of Drought
Indicators and Indices,” an indicator is a “variable or parameter used to describe drought conditions. Examples include precipi-
tation, temperature, streamflow, groundwater and reservoir levels, soil moisture and snowpack [WMO and GWP 2016, p. 3].”
The Handbook of Drought Indicators and Indices also defines two related concepts: an impact is “an observable loss or change
at a specific time because of drought” while an index is a “computed numerical representation of drought severity, assessed
using climatic or hydrometeorological inputs including [other indicators] [WMO and GWP 2016, p. 3].” In the drought monitor-
ing literature, indicators and indices are both rigorous measures that correlate with drought onset and (or) recovery and enable
historical and statistical analysis (Steinemann, Iacobellis, and Cayan 2015; Heim 2002). In this study, the goal was to capture
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how respondents understand indicators. As a result, this section reports everything that participants reported they consider to be
an indicator, including measures like “increases in invasive species” that would be more properly classified as a drought impact
according to the definitions in the literature. The difference in the expert and respondent definitions reflects (a) the relative
paucity of statistically robust indicators for certain kinds of drought impacts, particularly related to ecological drought and (b)
possible differences between scientist and manager understandings of what an indicator is.

Given the objectives of the research, indicators are also distinguished from the information products, sources, and tools
used by managers (Section 4). While sometimes the name of the dataset or decision support tool used to get information about
a given indicator can be used as shorthand to refer to an indicator, technically the indicator is the variable being measured and
the information source is where someone is getting values for that variable. For instance, streamflow is an indicator. USGS
streamgages are one common information source that provides values for streamflow, but streamflow data may also be available
from Tribal or State monitoring programs or can be a component in calculated indices.

Indicators described by respondents were grouped into overarching categories based on the kind of decision they were
being used to make. Table 1 provides an aggregate view by category of the drought indicators described by land, water, and fire
managers in the study. Table 1 suggests a few observations about drought indicators as understood by study respondents. First,
as noted above, many of the entries appearing in table 1 that respondents described as indicators, particularly in the ecological
indicators category, do not meet the technical definition of an indicator as understood by the drought monitoring community.
Second, indicators have different meanings to different users, and thus the classification of some indicators relied on the context
in which users in this study mentioned particular indicators. For instance, wildfire risk at longer time scales was discussed in the
context of overall ecosystem health (and thus was categorized as an ecological indicator) while risk of ignition on shorter times-
cales was a primary concern of fire managers (and thus it was categorized as a fire indicator). Groundwater appears on the list as
both an ecological indicator (the context in which it was mentioned by three out of the four respondents who discussed it) and as
a water supply indicator (the context in which the fourth respondent mentioned it). Water quality was discussed primarily in the
context of ecosystem health and thus is categorized as an ecological indicator, though users managing water supply may also be
concerned about water quality. Third, climate change and variability were mentioned as general topics by many respondents, but
specific indicators of climate change were not discussed. This is likely the result of the structure of the ethnographic conversa-
tions and possibly user uncertainty about how to assess the impact of climate change on the systems they manage (Section 6.2).

Table 2 addresses the link between decision context and indicator. It summarizes the main decisions described by respon-
dents that were described in detail in Section 3.1.1 through 3.1.7, linking them to the key indicators used to make each type of
decision. Table 2 suggests that numerous, fairly standardized sets of indicators are used for making water supply and fire man-
agement decisions. Indicators for ecosystem health and rangeland management, on the other hand, are less standardized.

Table 3 is organized by respondent, providing a more detailed view of individual experiences by linking decision context
and timing with key indicators and information sources that each respondent reported relying on. The information in each of
the columns of table 3 is expanded on elsewhere in the report text, as noted in the table footnotes. As described in Section 2.4,
table 3 formed the basis for the inductive grouping of users into five types or “profiles” of drought users (Section 3.3) based on
decision context, indicator and information use, and information network.
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Table 1. Drought indicators reported by respondents.

[This table presents an aggregated list of indicators described by study respondents organized by general indicator category. Within the sublist for each category,
indicators are sorted alphabetically. Indicators marked with ** appear in more than one category because different respondents mentioned it in different contexts]

List of indicators mentioned by respondents Notes
Aggregate indices: Composite indices of drought that combine multiple indicator categories
Internal drought index Drought index developed by the organization of the respondent.
Palmer Drought Index
U.S. Drought Monitor Also described more specifically as U.S. Drought Monitor drought class.

Climate change: Indicators that describe trends associated with changing climate conditions
Category described but no specific indicators mentioned
Ecological indicators: Indicators that describe ecological status

Condition of riparian habitat

Erosion

Groundwater storage

Groundwater** Groundwater levels were specifically mentioned in one case.

Habitat availability

Increases in invasive species Specifically mentioned: beetle activity, weed populations, cheat grass.

Minimum flow for endangered fish species

Pasture recovery from previous year

Species presence or absence

Springs drying up

Timing and level of flows for endangered fish

Total production canopy cover

Uncharacteristic mortality For example, insects or trees.

Vegetation condition Also described as vegetation health.

Vegetation die-off

Vegetation production

Vegetation and (or) sediment dynamics

Water available in ponds

Watershed health

Water quality

Water temperature

Wildfire risk Also described as wildfire danger.
Economic indicators: Indicators that describe markets or prices for goods or services

Agricultural product prices

Fire indicators: Indicators that describe wildfire risk and fire behavior

1,000-hour fuel moisture Also described more generally as live and dead fuel moisture content.
Fire severity
Fuel availability
Fuel loading
Fuels profile
Ignition risk Includes both human and lightning.
Live and dead fuel moisture content
Predicted fire behavior
Predicted fire severity
Risk of prescribed burn getting out of control

Human use indicators: Indicators that describe human demand for water
Basinwide Colorado River conditions Also described as drought, water demand, and conditions in lower basin states.
Water conservation
Water rights
Water user demand Within manager’s area.
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Table 1. Droughtindicators reported by respondents.—Continued

[This table presents an aggregated list of indicators described by study respondents organized by general indicator category. Within the sublist for each category,
indicators are sorted alphabetically. Indicators marked with ** appear in more than one category because different respondents mentioned it in different contexts]

List of indicators mentioned by respondents Notes
Precipitation and snow indicators: Indicators that describe snow, rainfall, and runoff patterns

Forecast streamflow volume for April to July
Groundwater levels**

Monsoon events**

Monsoon timing**

Percent normal precipitation and snowpack
Percent of average precipitation
Precipitation timing and frequency

Rainfall

Runoff

Runoff volume

Snow depth

Snow water equivalent (SWE)

Snowpack, total

Streamflow

Precipitation from summer storms.
Also described as monsoon onset.

Some respondents were specifically interested in fall and spring.
Also mentioned specifically as summer monsoon rainfall.
Also described as melt timing. Some respondents specified runoff peak and (or) timing.

Also described as winter snow cover.
Also described as snow volume as of May 1.

Some respondents specifically mentioned spring, some April to July, some late summer
streamflow.

Rangeland indicators: Indicators that describe vegetation suitability for grazing

Forage nutrient production
Forage quantity

Especially protein production.
Also described as available forage.

Soil moisture: Indicators that describe or relate to soil moisture

Effect on fire behavior

Effect on live fuel moistures

Effect on prescribed burn behavior
Moisture in soil available to vegetation
Percent average soil moisture

(Soil) Response to summer monsoons

Especially in spring as vegetation comes out of dormancy.

Water supply indicators: Indicators that describe water available for human use

Annual volume of water through turbines for
hydropower generation

Carryover (reservoir) storage

Groundwater levels**

If junior water rights are fulfilled

Lake Powell water level

Public lands water rights
Reservoir inflows
Reservoir levels

Return flows

If the lake drops too low, hydropower generation becomes less efficient and eventually
impossible.

Weather and climate indicators: Indicators that describe meteorological patterns

Deviations from normal

El Nino and La Nina

Monsoonal pattern**

Percentile weather conditions

Relative humidity

Solar input

Sun and solar heating

Temperature

Thunderstorms

Weather compared to historical conditions on
a given day

Weather patterns and storms

Wind

Especially in late spring.




Table 2. Key indicators used in drought decision making.

[Abbreviations: BLM—Bureau of Land Management; Reclamation—Bureau of Reclamation; SWE—snow-water equivalent; USFS—U.S. Forest Service; USFWS—U.S. Fish and Wildlife Service]

Decision Report
. . Decision Who makes decision Key indicators used section
timeframe ibi
describing
Monthly or shorter ~Maintaining public and Fire management staff Air temperature, relative humidity, 1,000-hour fuel, Keetch-Byram Index, 3.1.6
firefighter safety while human and lightning ignition risks, and sun exposure leading to solar
suppressing wildfires heating.
Monthly or shorter ~ Administering grazing BLM and USFS rangeland management, Vegetation health and productivity. 3.1.3
up to within a permits as drought hydrology and ecology staff
water year conditions change
Monthly or shorter ~ Understanding and Fire management staff Seasonal: percent normal precipitation and snowpack, snow depth, SWE, 3.1.5
up to within a responding to changing runoff timing, summer streamflow, summer rainfall, monsoon onset,
water year fire risk (for example, and percent average soil moisture. Monthly or shorter: air temperature,
allocating staff and relative humidity, 1,000-hour fuel, Keetch-Byram Index, human and
equipment resources) lightening ignition risks, and sun exposure leading to solar heating.
Within a water year Annual water supply Water project operator, Reclamation Reservoir levels, carryover reservoir storage, snowpack level in early 3.1.1
operation and release (with input from USFWS, consump- spring, SWE, runoff timing, and water demand.
schedule tive water users, whitewater boating
community)
Within a water year Managing prescribed Fire management staff, land management Relative humidity, air temperature, wind speed, predicted fire behavior, 3.14
burns unit staff 1,000-hour fuel moisture, and Keetch-Byram Index. These indicators are
often compared to thresholds laid out in prescribed burn plan.
Within a water year  Staffing levels and person- USFS and BLM fire managers, land Range of indicators dependent on context. 3.1.6
nel time allocation management unit technical specialists
managing field technicians or
temporary staff, State water agency
staff managing temporary or field staff
Within a water year Visitor and recreational Land management unit staff Range of indicators dependent on context. 3.1.6

management (for
example, issuing river
permits)
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Table 2. Key indicators used in drought decision making.—Continued

[Abbreviations: BLM—Bureau of Land Management; Reclamation—Bureau of Reclamation; SWE—snow-water equivalent; USFS—U.S. Forest Service; USFWS—U.S. Fish and Wildlife Service]

Decision Report
. . Decision Who makes decision Key indicators used section
timeframe ibi
describing
Within a water year Managing infrastructure Land management unit staff Range of indicators dependent on context. 3.1.6
up to Longer (for example, trans-
term portation, park water
supply, and so forth)
Within a water year Timing and location of Reclamation (WAPA staff market power) Water supply (including annual volume of water through turbines, reservoir 3.1.1
up to longer term hydropower generation levels, Lake Powell level, reservoir inflow, and carryover storage) and
from Reclamation dams snow and precipitation (including snowpack and streamflow forecasts).
Greater than 5 NEPA assessment for Land management unit staff Projections based on a range of ecological indicators, and local monitoring. 3.1.2
years projects
Greater than 5 Issuing grazing permits BLM and USFS rangeland management, Long term vegetation health, and climate projections. 3.1.5
years hydrology and ecology staff
Longer term Water supply planning Water project operators, Reclamation Projections of changing precipitation in a changing climate. 3.1.5
Longer term Drought preparedness Water project operators, Reclamation, Projections of climate change and associated impacts on resources. 3.1.5
and formal drought BLM and USFS rangeland manage-
planning ment staff
Longer term Land management Land management unit staff Projections of climate change and associated impacts on land unit 3.1.5
planning (for example, resources.
National Forest or
National Park Plan)
Longer term Land use planning County government staff Population growth, and projections of climate change and associated 3.1.5
impacts.
Longer term Climate adaptation plan-  Land management unit staff, water Projections of climate change and associated impacts. 3.1.5

ning

project operators, Reclamation

'A water year is “the 12-month period October 1, for any given year through September 30, of the following year. The water year is designated by the calendar year in which it ends and which includes 9 of
the 12 months. Thus, the year ending September 30, 1999 is called the “1999” water year.” See https://water.usgs.gov/nwc/explain_data.html. For definitions of other timeframes, see Section 3 Codebook in

the appendix.
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Table 3. Decision context and timing, key indicators, and key information sources by respondent.

[Each column is described in more detail elsewhere in the text, as noted in the table footnotes. The profile types into which each respondent was inductively classified are described are described in Section
3.3. Abbreviations: BLM—Bureau of Land Management; CO—Colorado; CBRFC—Colorado Basin River Forecast Center; DOI—Department of the Interior; NCCASC—North Central Climate Adaptation
Science Center; NIDIS—National Integrated Drought Information System; NOAA—National Oceanic and Atmospheric Administration; NPS—National Park Service; NRCS—Natural Resources Conserva-
tion Service; NWS—National Weather Service; RAWS—remote automatic weather stations; Reclamation—Bureau of Reclamation; RMCC—Rocky Mountain Area Coordination Center; SWE—snow-water
equivalent; USFS—U.S. Forest Service; USGS—U.S. Geological Survey; USFWS—U.S. Fish and Wildlife Service; WAPA—Western Area Power Administration]

Timeframe of

Conversation  Respondent General decision Decision Key indicators Key information sources, . . How finds out about
. . - i information
number description’ context(s)? timing? mentioned® products and tools mentioned* used" new tools’®
Profile type 1: Ecological
1 NPS Planning, ecological One to five Ecological (groundwater, Ecological (unit resource Long term State or regional office
administrator health, climate years, erosion, species presence or  management plans, internal agency ~ projections,
change longer term absence), climate change or  technical specialists), fire (internal one to five
variability agency technical specialist), year outlook
climate change (internal agency
technical specialist)
8 NPS Ecological health, Within a Snow and precipitation Weather and climate (local weather ~ Long term State or regional office,
administrator fire management, water year, (runoff peak, runoff stations), snow and precipitation projections, DOI office
recreation longer term timing, winter snow cover, (snow pillows, snow course seasonal,
summer monsoon rainfall), measurements) esp. spring
ecological (vegetation
condition, habitat
availability, increases in
invasives), water supply
(park water rights)
7 USFS technical Ecological health, Longer term,  Ecological (groundwater, Ecological (internal agency technical Long term State or regional office,
specialist infrastructure, greater than  condition of riparian specialists, plans and guidance projections, USES library
climate change, 5 years habitat, water quality), documents, own monitoring), Seasonal
fire management, climate change or climate change (impacts of esp. spring
personnel, variability, snow and climate on elevation bands and
planning precipitation (snowpack, aspects, internal agency technical
melt timing) specialist), snow and precipitation
(own monitoring, USGS gages,
NRCS summaries, SNOTEL)

10 USFWS Ecological health, Longer term,  Ecological (timing and Snow and precipitation (CBRFC, Forecasts, Water manager
technical planning within a level of flows for CCC updates, USGS gages, real time, network, media,
specialist water year endangered fish), snow and Reclamation), aggregate indices seasonal upper basin State

precipitation (winter snow (U.S. Drought Monitor), water esp. spring, agencies
cover, runoff peak, runoff supply (Reclamation and State long term
timing, spring and summer water models), climate change projections

streamflow)

(Reclamation and State water
models)

44
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Table 3. Decision context and timing, key indicators, and key information sources by respondent—Continued

[Each column is described in more detail elsewhere in the text, as noted in the table footnotes. The profile types into which each respondent was inductively classified are described are described in Section
3.3. Abbreviations: BLM—Bureau of Land Management; CO—Colorado; CBRFC—Colorado Basin River Forecast Center; DOI—Department of the Interior; NCCASC—North Central Climate Adaptation
Science Center; NIDIS—National Integrated Drought Information System; NOAA—National Oceanic and Atmospheric Administration; NPS—National Park Service; NRCS—Natural Resources Conserva-
tion Service; NWS—National Weather Service; RAWS—remote automatic weather stations; Reclamation—Bureau of Reclamation; RMCC—Rocky Mountain Area Coordination Center; SWE—snow-water
equivalent; USFS—U.S. Forest Service; USGS—U.S. Geological Survey; USFWS—U.S. Fish and Wildlife Service; WAPA—Western Area Power Administration]

Timeframe of

Conversation  Respondent General decision Decision Key indicators Key information sources, . . How finds out about
. . - i information
number description’ context(s)? timing? mentioned? products and tools mentioned* used" new tools®
Profile type 2: Fire

23 USEFS fire Fire management Within a Weather and climate Weather and climate (RAWS stations, Forecasts, RMCC, local NWS
technical water year, (temperature, relative local sampling at prescribed burn real time, office
specialist monthly or humidity), fire (predicted or fire site, NWS forecasts up seasonal

shorter fire severity, risk of to 10 days, NOAA 30 & 90-day esp. spring

prescribed burn getting out outlooks), aggregate indices and fall (for
of control, 1,000-hour fuel (Palmer Drought Index), fire prescribed
moisture) (Keetch-Byram), snow and burning)

precipitation (SNOTEL, update

from interagency fire coordination

center, BLM employee-produced

climate and precipitation summary),

soil moisture (Keetch-Byram, local

sampling at prescribed burn site)

27 USEFS Fire Fire management, Within a Weather and climate Weather and climate (RAWS Real time, RMCC, incident
technical personnel water year, (percentile weather stations), fire (Keetch-Byram, seasonal esp. meteorologists
specialist monthly or conditions), fire (predicted local fuels monitoring), snow and spring and from NWS, RAWS

shorter fire behavior, live and dead precipitation (SNOTEL, NRCS, summer technicians,
fuel moisture content), State of CO SWE, local rain colleagues within
snow and precipitation gages), soil moisture (Keetch- the forest
(percent normal Byram, local monitoring),
precipitation and snowpack,  aggregate indices (U.S. Drought
snow depth, SWE, summer Monitor)
streamflow, summer
rainfall), soil moisture
(effect on prescribed burn
behavior)

28 USES fire Fire management Within a Fire (fire severity, fuel Snow and precipitation (SNOTEL, Forecasts, NOAA, NWS, Climate
technical water year, availability, live and dead NRCS, Western Regional Climate real time, Prediction Center
specialist monthly or fuel moisture content), Center, Climate Prediction Center, seasonal esp.

shorter snow and precipitation Advanced Hydrologic Prediction spring and
(snowpack, monsoon Services from NWS), weather and summer

onset), soil moisture (effect
on live fuel moistures)

climate (RAWS stations), fire (local
sampling of fuel moistures, RMCC
webpage), aggregate indices (U.S.
Drought Monitor)
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Table 3. Decision context and timing, key indicators, and key information sources by respondent—Continued

[Each column is described in more detail elsewhere in the text, as noted in the table footnotes. The profile types into which each respondent was inductively classified are described are described in Section
3.3. Abbreviations: BLM—Bureau of Land Management; CO—Colorado; CBRFC—Colorado Basin River Forecast Center; DOI—Department of the Interior; NCCASC—North Central Climate Adaptation
Science Center; NIDIS—National Integrated Drought Information System; NOAA—National Oceanic and Atmospheric Administration; NPS—National Park Service; NRCS—Natural Resources Conserva-
tion Service; NWS—National Weather Service; RAWS—remote automatic weather stations; Reclamation—Bureau of Reclamation; RMCC—Rocky Mountain Area Coordination Center; SWE—snow-water
equivalent; USFS—U.S. Forest Service; USGS—U.S. Geological Survey; USFWS—U.S. Fish and Wildlife Service; WAPA—Western Area Power Administration]

Timeframe of

Conversation  Respondent General decision Decision Key indicators Key information sources, . - How finds out about
L L . i information
number description’ context(s)? timing? mentioned? products and tools mentioned* used" new tools®
Profile type 2: Fire—Continued
29 USES fire Fire management, Monthly or Weather and climate (weather Weather and climate (RAWS Forecasts, RMCC, NWS, NOAA
technical infrastructure, shorter compared to historical stations), fire (fire model FS Pro), real time,
specialist personnel conditions on a given snow and precipitation (NRCS, seasonal esp.
day, temperature, relative NOAA 30 & 90-day outlooks), spring and
humidity, sun and solar soil moisture (Keetch-Byram), summer
heating), fire (fuels profile, Aggregate Indices (Palmer
fuel loading, 1,000-hour Drought Index, U.S. Drought
fuel moisture), snow and Monitor)
precipitation (snowpack,
runoff timing), soil
moisture (effect on fire
behavior)
30 Fire Interagency Fire management Monthly or Weather and climate Snow and precipitation (NRCS, Forecasts, Professional
Coordination shorter (temperature, relative NOAA), soil moisture (Climate real time, association, “don’t

Center
employee

humidity, wind,
thunderstorms), snow and
precipitation (snowpack,
percent of average
precipitation, precipitation
timing and frequency,
SWE), fire (1,000-hour
fuel moisture, ignition risks
both human and lightning),
soil moisture (moisture in
soil available to vegetation
esp. in spring as vegetation
comes out of dormancy,
percent average soil
moisture)

Prediction Center), fire (fire

models) spring

seasonal esp.

always hear about
some of latest
research”
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Table 3. Decision context and timing, key indicators, and key information sources by respondent—Continued

[Each column is described in more detail elsewhere in the text, as noted in the table footnotes. The profile types into which each respondent was inductively classified are described are described in Section
3.3. Abbreviations: BLM—Bureau of Land Management; CO—Colorado; CBRFC—Colorado Basin River Forecast Center; DOI—Department of the Interior; NCCASC—North Central Climate Adaptation
Science Center; NIDIS—National Integrated Drought Information System; NOAA—National Oceanic and Atmospheric Administration; NPS—National Park Service; NRCS—Natural Resources Conserva-
tion Service; NWS—National Weather Service; RAWS—remote automatic weather stations; Reclamation—Bureau of Reclamation; RMCC—Rocky Mountain Area Coordination Center; SWE—snow-water
equivalent; USFS—U.S. Forest Service; USGS—U.S. Geological Survey; USFWS—U.S. Fish and Wildlife Service; WAPA—Western Area Power Administration]

Timeframe of

vegetation condition,
vegetation die-off),

snow and precipitation
(streamflow, water
available in ponds), weather
and climate (deviations
from normal)

once certain drought threshold is
reached)

Conversation ~ Respondent General decision Decision Key indicators Key information sources, . . How finds out about
. . - i information
number description’ context(s)? timing? mentioned? products and tools mentioned* used" new tools®
Profile type 3: Rangeland
2 BLM Agriculture or Greater than ~ Snow and precipitation (snow Snow and precipitation (NRCS), Seasonal Supervisor, self-
administrator rangeland, 5 years, depth, runoff timing, SWE),  Aggregate Indices (U.S. Drought especially exploration
ecological health, within a soil moisture, weather Monitor) spring
infrastructure, water year and climate indicators
planning, (temperature, monsoonal
recreation pattern)
13 BLM technical ~ Agriculture or Within a Defined in drought plan: Weather and climate (local weather ~ Seasonal Colorado Climate
specialist rangeland, water year snow and precipitation stations), snow and precipitation esp. spring Center, NIDIS
ecological health, (for example, streamflow), (local rain gages, SNOTEL, (timing network
planning ecological (for example, NIDIS drought early warning threshold
vegetation condition), (DEWS) website), ecological dates defined
aggregate indices (U.S. (local monitoring of vegetation in drought
Drought Monitor, Palmer condition), aggregate indices (U.S. plan)
Drought Index), soil Drought Monitor, Palmer Drought
moisture Index), soil moisture (Veg DRI
Report)
15 BLM technical ~ Agriculture or Monthly or Aggregate indices (U.S. Aggregate indices (U.S. Drought Real time Colleagues in local
specialist rangeland, shorter, Drought Monitor drought Monitor), weather and climate field office, State
ecological health, longer term class), ecological (local weather stations), rangeland or regional office,
planning (vegetation production, (own monitoring of forage plants nonfederal partners

in region, Colorado
Water Trust
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Table 3. Decision context and timing, key indicators, and key information sources by respondent—Continued

[Each column is described in more detail elsewhere in the text, as noted in the table footnotes. The profile types into which each respondent was inductively classified are described are described in Section
3.3. Abbreviations: BLM—Bureau of Land Management; CO—Colorado; CBRFC—Colorado Basin River Forecast Center; DOI—Department of the Interior; NCCASC—North Central Climate Adaptation
Science Center; NIDIS—National Integrated Drought Information System; NOAA—National Oceanic and Atmospheric Administration; NPS—National Park Service; NRCS—Natural Resources Conserva-
tion Service; NWS—National Weather Service; RAWS—remote automatic weather stations; Reclamation—Bureau of Reclamation; RMCC—Rocky Mountain Area Coordination Center; SWE—snow-water
equivalent; USFS—U.S. Forest Service; USGS—U.S. Geological Survey; USFWS—U.S. Fish and Wildlife Service; WAPA—Western Area Power Administration]

Timeframe of

Conversation ~ Respondent General decision Decision Key indicators Key information sources, . . How finds out about
. . - i information
number description’ context(s)? timing? mentioned? products and tools mentioned* used" new tools®
Profile type 3: Rangeland—Continued
19 NRCS technical Agriculture or Within a Ecological (habitat availabil- Ecological (own monitoring esp. in Forecasts, Colleagues in other
specialist rangeland, water year, ity, vegetation condition, riparian areas, experiential knowl- seasonal esp. Federal agency
ecological health one to five total production canopy edge), snow and precipitation spring offices in local area,
years cover), rangeland (forage (NRCS, USGS, local rain gages, County extension,
quantity, forage nutrient experiential knowledge), water State office
production esp. protein), supply (NRCS reservoir forecasts),
snow and Precipitation soil moisture (local monitoring in
(snowpack, runoff, stream- conjunction with snowgages, BLM
flow), economic (agricul- employee-produced climate and
tural products prices) precipitation summary)
17 USFS technical ~Agriculture or Longer term, Snow and precipitation Ecological (own monitoring) range-  Forecasts, Colleagues in local
specialist rangeland, within a (runofY), ecological land (experiential knowledge of seasonal esp.  field office, State
ecological health water year (vegetation condition, staff and grazing permitees), snow spring and or regional office,
pasture recovery from and precipitation (BLM employee- summer, real professional
previous year, springs produced climate and precipitation time association
drying up), aggregate summary, experiential knowl-
indices (U.S. Drought edge of staff, local rain and snow
Monitor), weather and gages), weather and climate (BLM
climate employee-produced climate and
precipitation summary, fire staff in
USFS office, local weather stations),
soil moisture (own qualitative
monitoring)
24 USFS technical ~Agriculture or Within a Snow and precipitation Weather and climate (RMCC updates, Real time, Western Water
specialist rangeland, water year, (runoff, monsoon timing), RAWS stations, long term weather seasonal esp.  Assessment, other
ecological health, rangeland (forage quantity),  stations they maintain), snow and winter and email lists, State or
personnel, fire ecological (uncharacteristic ~ precipitation (NRCS, CBRFC, up- spring regional office

management

mortality, for example, of
insects or trees), fire (live
and dead fuel moisture
content)

dates from local water conservation
district, USGS streamgages), aggre-
gate indices (Colorado Climate Cen-
ter updates, U.S. Drought Monitor),
rangeland (local forage availabil-

ity monitoring), ecological (local
stream temperature monitoring), fire
(local fuel moisture sampling)
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Table 3. Decision context and timing, key indicators, and key information sources by respondent—Continued

[Each column is described in more detail elsewhere in the text, as noted in the table footnotes. The profile types into which each respondent was inductively classified are described are described in Section
3.3. Abbreviations: BLM—Bureau of Land Management; CO—Colorado; CBRFC—Colorado Basin River Forecast Center; DOI—Department of the Interior; NCCASC—North Central Climate Adaptation
Science Center; NIDIS—National Integrated Drought Information System; NOAA—National Oceanic and Atmospheric Administration; NPS—National Park Service; NRCS—Natural Resources Conserva-
tion Service; NWS—National Weather Service; RAWS—remote automatic weather stations; Reclamation—Bureau of Reclamation; RMCC—Rocky Mountain Area Coordination Center; SWE—snow-water
equivalent; USFS—U.S. Forest Service; USGS—U.S. Geological Survey; USFWS—U.S. Fish and Wildlife Service; WAPA—Western Area Power Administration]

Timeframe of

Conversation  Respondent General decision Decision Key indicators Key information sources, . . How finds out about
. . - i information
number description’ context(s)? timing? mentioned? products and tools mentioned* used" new tools®
Profile type 4: Water Supply
11 Reclamation Water supply Longer term,  Snow and precipitation Weather and climate (NWS, NOAA), Forecasts, CBRFC, NWS
administrator within a (runoft peak, runoff snow and precipitation (CRBRC, Seasonal
water year timing), weather and NRCS, experiential knowledge), esp. Spring,

climate (temperature, El climate change or variability Long term
Nino and La Nina), climate (“Colorado River Basin Study”), projections
change or variability, water supply (water models, dust
human use (water user on snow research)
demand)

3 Water Water supply, Within a Water supply (reservoir levels, Snow and precipitation (CBRFC, Seasonal esp.  Consultants, basin
conservancy recreation, water year, carryover storage), Snow NRCS, SNOTEL, own monitoring, spring, roundtable,
employee ecological health monthly or and precipitation (total Center for Snow & Avalanche forecasts Colorado Water

shorter snowpack, SWE), weather Studies reports), soil moisture Congress
and climate (temperature), (own monitoring), aggregate
human use (water user indices (Colorado Climate Center
demand) webinars), water supply (models
depicting how snowpack will
runoff)

5 Water Water supply, Longer term  Climate change or variability, Snow and precipitation (NRCS, Seasonal, Basin round table,
conservancy climate change (up to 40 water supply (carryover USGS streamgages, State of CO forecasts, Colorado Water
employee years) storage, groundwater levels, gages, Reclamation, CBRFC, real time, Congress, other

return flows), human use SNOTEL, NOAA, experiential long term State and interstate
(water user demand locally, knowledge about snowpack), projections water meetings for

basin wide Colorado River
conditions), snow and
precipitation (streamflow,
winter snowpack, timing
esp. fall and spring),
weather and climate
(temperature), ecological
(water quality, wildfire risk,
watershed health),

aggregate indices (Colorado
Climate Center updates), water
supply (CO River District risk
assessment scenario planning, dust
on snow research, State Water
Plan, experiential knowledge about
how runoff translates into reservoir
levels)

example, Colorado
River water users
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Table 3. Decision context and timing, key indicators, and key information sources by respondent—Continued

[Each column is described in more detail elsewhere in the text, as noted in the table footnotes. The profile types into which each respondent was inductively classified are described are described in Section
3.3. Abbreviations: BLM—Bureau of Land Management; CO—Colorado; CBRFC—Colorado Basin River Forecast Center; DOI—Department of the Interior; NCCASC—North Central Climate Adaptation
Science Center; NIDIS—National Integrated Drought Information System; NOAA—National Oceanic and Atmospheric Administration; NPS—National Park Service; NRCS—Natural Resources Conserva-
tion Service; NWS—National Weather Service; RAWS—remote automatic weather stations; Reclamation—Bureau of Reclamation; RMCC—Rocky Mountain Area Coordination Center; SWE—snow-water
equivalent; USFS—U.S. Forest Service; USGS—U.S. Geological Survey; USFWS—U.S. Fish and Wildlife Service; WAPA—Western Area Power Administration]

Timeframe of

Conversation  Respondent General decision Decision Key indicators Key information sources, . - How finds out about
L L - i information
number description’ context(s)? timing? mentioned? products and tools mentioned* used" new tools®
Profile type 4: Water Supply—Continued
6 Water Water supply, Longer term  Climate change or variability, Water supply (State Water Plan, dust Long term Colleagues in local
conservancy climate change (up to 20 snow and precipitation on snow research, research on how projections NF, Colorado Water
employee years), (runoff), ecological permafrost affects runoff, research Congress, basin
Greater (wildfire risk), human use on how beetle kill affects runoff, roundtables, State
than 5 (water user demand) research on how forest fires affect water agencies,
runoff ), snow and precipitation water commissioner
(local water commissioner update),
climate change (“Colorado River
Basin Study”)

14 Water Water supply, Within a Water supply (if junior Snow and precipitation (CBRFC, Forecasts, Colorado Climate
conservancy climate change, water year water rights are met, SNOTEL, anecdotal data from seasonal esp. Center, CBRFC
employee recreation, reservoir inflows, reservoir users, Western Water Assessment spring and

agricultural levels, drought in lower dashboard), weather and climate summer

basin states), snow and
precipitation (streamflow,
snowpack)

(weather stations they sponsor),
water supply (Reclamation
reservoir operating schedules,
reservoir inflow forecast, State
of CO decision support system
(DSY)), aggregate indices (U.S.
Drought Monitor, Colorado
Climate Center webinars)
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Table 3. Decision context and timing, key indicators, and key information sources by respondent—Continued

[Each column is described in more detail elsewhere in the text, as noted in the table footnotes. The profile types into which each respondent was inductively classified are described are described in Section
3.3. Abbreviations: BLM—Bureau of Land Management; CO—Colorado; CBRFC—Colorado Basin River Forecast Center; DOI—Department of the Interior; NCCASC—North Central Climate Adaptation
Science Center; NIDIS—National Integrated Drought Information System; NOAA—National Oceanic and Atmospheric Administration; NPS—National Park Service; NRCS—Natural Resources Conserva-
tion Service; NWS—National Weather Service; RAWS—remote automatic weather stations; Reclamation—Bureau of Reclamation; RMCC—Rocky Mountain Area Coordination Center; SWE—snow-water
equivalent; USFS—U.S. Forest Service; USGS—U.S. Geological Survey; USFWS—U.S. Fish and Wildlife Service; WAPA—Western Area Power Administration]

Timeframe of

Conversation  Respondent General decision Decision Key indicators Key information sources, . - How finds out about
L . - i information
number description’ context(s)? timing? mentioned? products and tools mentioned* used" new tools®
Profile type 4: Water Supply—Continued
22 Water utility Water supply Longer term,  Water supply (carryover Snow and precipitation (CBRFC, Forecasts, State of CO Water
employee within a storage), snow and NRCS, own forecasting, SNOTEL, real time, Availability Task
water year precipitation (snowpack, USGS streamgages, State of CO seasonal esp. Force, Colorado
streamflow, SWE), gages, Western Water Assessment spring Climate Center,
aggregate indices (U.S. dashboard), water supply (State CBRFC, Western
Drought Monitor, internal of CO surface water supply index Water Assessment
drought index), human use (SWSI), water commissioners
(water user demand, water on storage levels, internal water
demand and conditions in operations model), aggregate
lower basin states), weather indices (U.S. Drought Monitor,
and climate (temperature, internal drought index, Colorado
weather patterns and storms ~ Climate Center updates),
esp. late spring), ecological Weather and Climate (NOAA
(water temperature) global forecast system (GFS)
model, NOAA EIl Nino forecast,
Climate Prediction Center, 5280
meteorology blog), human use
(Browning newsletter)
25 Water utility Water supply Longer term,  Water supply (reservoir Snow and precipitation (CBRFC Forecasts, Drought coordinator
employee within a levels), human use (water and NRCS streamflow forecasts, real time, within the
water year user demand), snow and CBREFC runoff forecast, SNOTEL, seasonal esp. organization

precipitation (predicted
streamflow volume for
April to July), weather and
climate (temperature)

Climate Prediction Center seasonal
outlooks, USGS streamgages,
State of CO gages), water supply
(internal water models), human
use (internal models), weather

and climate (Western Water
Assessment dashboard)

spring and
summer
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Table 3. Decision context and timing, key indicators, and key information sources by respondent—Continued

[Each column is described in more detail elsewhere in the text, as noted in the table footnotes. The profile types into which each respondent was inductively classified are described are described in Section
3.3. Abbreviations: BLM—Bureau of Land Management; CO—Colorado; CBRFC—Colorado Basin River Forecast Center; DOI—Department of the Interior; NCCASC—North Central Climate Adaptation
Science Center; NIDIS—National Integrated Drought Information System; NOAA—National Oceanic and Atmospheric Administration; NPS—National Park Service; NRCS—Natural Resources Conserva-
tion Service; NWS—National Weather Service; RAWS—remote automatic weather stations; Reclamation—Bureau of Reclamation; RMCC—Rocky Mountain Area Coordination Center; SWE—snow-water
equivalent; USFS—U.S. Forest Service; USGS—U.S. Geological Survey; USFWS—U.S. Fish and Wildlife Service; WAPA—Western Area Power Administration]

Timeframe of

Conversation  Respondent General decision Decision Key indicators Key information sources, . . How finds out about
. . - i information
number description’ context(s)? timing? mentioned? products and tools mentioned* used" new tools®
Profile type 5: Not Managing for Drought As Such
9 BLM technical Ecological health, Within a Snow and precipitation Snow and precipitation (own Seasonal, one  Regional or State
specialist not managing for water year, (rainfall, monsoon events, monitoring inc. groundwater to five year office, Western
drought longer term SWE), soil moisture, climate ~ wells, rain gages, snow tubes), outlook, Water Assessment,
change or variability, eco- soil moisture (own qualitative long term Colorado Climate
logical (groundwater levels) ~ monitoring) projections Center
18 County Planning, fire Longer term  Climate change, human use Water supply (State Water Plan, Seasonal, State water agencies,
government management, (water user demand, water State of Colorado DSS), snow long term water utilities, local
employee recreation, conservation), ecological and precipitation (SNOTEL), projections water commissioner,
infrastructure, (wildfire risk), snow and Aggregate Indices (U.S. Drought professional
climate change, precipitation (snowpack, Monitor), Human Use (projected association
not managing for runoff) buildout model)
drought
20 NPS technical ~ Ecological health, =~ Within a Ecological (groundwater Ecological indicators (own moni- Forecasts, Colleagues in other
specialist not managing for water year, storage, springs drying toring), snow and precipitation seasonal esp. Federal agency
drought longer term up, erosion and vegetation (CBRFC runoft forecasts, error spring offices in local
dynamics), snow and of CBRFC from actual, USGS area, State water
precipitation (snowpack, streamgages, SNOTEL, local rain agencies and their
snow volume as of May gages), water supply (Reclama- meetings, local
1, runoff volume, runoff tion reservoir levels), weather and water conservancy,
timing, rainfall), weather climate (sponsored local weather Reclamation staff
and climate (temperature, stations, other local weather sta-
solar input), soil moisture tions), soil moisture (sponsored
(response to summer local weather stations), aggregate
monsoons) indices (Colorado Climate Center
updates)
26 NPS technical ~ Ecological health, = Longerterm  Ecological (invasive species ~ Snow and precipitation (Reclamation Colleagues within the
specialist fire management, including beetle activity, determines relevant water forest, colleagues in

not managing for
drought

weed populations, cheat
grass), climate change or
variability

operations), ecological (local
monitoring), climate change
(scenario planning, NCCASC)

other Federal agency
offices in local

area, nonfederal
partners in region,
Professional
associations

0€
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Table 3. Decision context and timing, key indicators, and key information sources by respondent—Continued

[Each column is described in more detail elsewhere in the text, as noted in the table footnotes. The profile types into which each respondent was inductively classified are described are described in Section
3.3. Abbreviations: BLM—Bureau of Land Management; CO—Colorado; CBRFC—Colorado Basin River Forecast Center; DOI—Department of the Interior; NCCASC—North Central Climate Adaptation
Science Center; NIDIS—National Integrated Drought Information System; NOAA—National Oceanic and Atmospheric Administration; NPS—National Park Service; NRCS—Natural Resources Conserva-
tion Service; NWS—National Weather Service; RAWS—remote automatic weather stations; Reclamation—Bureau of Reclamation; RMCC—Rocky Mountain Area Coordination Center; SWE—snow-water
equivalent; USFS—U.S. Forest Service; USGS—U.S. Geological Survey; USFWS—U.S. Fish and Wildlife Service; WAPA—Western Area Power Administration]

Conversation  Respondent General decision Decision Key indicators Key information sources, Ti':fls:::t';:f How finds out about
number description’ context(s)? timing? mentioned® products and tools mentioned* used" new tools’®

Profile type 5: Not Managing for Drought As Such—Continued

4 State water Water supply, not Monthly or Snow and precipitation Snow and precipitation (USGS Forecasts, real ~ Not discussed
agency managing for shorter (streamflow, snowpack), streamgages, Reclamation gages, time
employee drought human use (water rights) Tribal gages, NRCS, Reclamation,

CBRFC), water supply
(experiential knowledge about real
time water availability to water

rights holders)

12 State water Personnel, water Within a Water supply, snow and Snow and precipitation (CBRFC, Forecasts, Reclamation, water
agency supply, ecological ~ water year, precipitation, ecological NRCS), aggregate indices (U.S. daily, conservancies, other
employee health (endangered  monthly or (minimum flow for Drought Monitor, Colorado seasonal CO water agencies,

species), not shorter endangered fish species) Climate Center updates), water larger water
managing for supply (internal water model) municipalities
drought

21 USFS technical Ecological health, Longer term  Ecological (vegetation Weather and climate (NRCS Water Historical Colleagues within
specialist fire management, condition, wildfire risk), and Climate Update), snow and records, same forest, State

climate change, weather and climate precipitation (NRCS Water and real time, and regional office,
not managing for (temperature, relative Climate Update, basin outlook long term USFS research
drought humidity), snow and reports, USGS streamgages, State projections station, exploring
precipitation (rainfall, of CO streamgages, SNOTEL), in course of own
snowpack, streamflow) aggregate indices (U.S. Drought research for specific
Monitor, Colorado Climate Center projects
updates)
31 WAPA Water supply Within a Water supply (annual volume  Water supply (Reclamation 24-month Seasonal, Reclamation, State
administrator (marketing water year, of water through turbines, study, internal models), snow and forecasts, water agency staff
hydropower) longer term reservoir levels, Lake precipitation (SNOTEL) real time
(up to 40 Powell level), snow and
years) precipitation (snowpack)
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Table 3. Decision context and timing, key indicators, and key information sources by respondent—Continued

[Each column is described in more detail elsewhere in the text, as noted in the table footnotes. The profile types into which each respondent was inductively classified are described are described in Section
3.3. Abbreviations: BLM—Bureau of Land Management; CO—Colorado; CBRFC—Colorado Basin River Forecast Center; DOI—Department of the Interior; NCCASC—North Central Climate Adaptation
Science Center; NIDIS—National Integrated Drought Information System; NOAA—National Oceanic and Atmospheric Administration; NPS—National Park Service; NRCS—Natural Resources Conserva-
tion Service; NWS—National Weather Service; RAWS—remote automatic weather stations; Reclamation—Bureau of Reclamation; RMCC—Rocky Mountain Area Coordination Center; SWE—snow-water
equivalent; USFS—U.S. Forest Service; USGS—U.S. Geological Survey; USFWS—U.S. Fish and Wildlife Service; WAPA—Western Area Power Administration]

Conversation  Respondent General decision Decision Key indicators Key information sources, Ti':fls:::t';:f How finds out about
number description’ context(s)? timing? mentioned® products and tools mentioned* used" new tools’®

Profile type 5: Not Managing for Drought As Such—Continued

16 WAPA technical Water supply Within a Snow and precipitation Snow and precipitation (SNOTEL, Forecasts, real Reclamation, CBRFC
specialist (marketing water year, (streamflow forecast, NOAA 90-day forecast), water time
hydropower) one to five snowpack), water supply supply (Reclamation operations
years (reservoir levels, reservoir model), aggregate indices (U.S.
inflow, carryover storage), Drought Monitor)
aggregate indices (U.S.
Drought Monitor)

'Respondents are described in Section 2.2.

Decision contexts and drought impacts of concern are described in Section 3.1 and summarized in table 2.
*Indicators relied on are described in Section 3.2 and summarized in table 1.

“Information sources, products, and tools used are described in Section 4.2 and table 4.

*How respondents find out about new tools is described in Section 5.1.
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3 Managing for Drought in the Upper Colorado River Basin 33

3.3 Inductively-Derived “Profiles” of Drought Managers

Based on the analysis of their drought impacts and indicators of interest (Section 3), the information sources on which they
rely (Section 4), and the information networks and communities of practice to which they belong (Section 5), respondents were
grouped into five profiles that describe types of drought managers. As described in Section 2.4, this qualitative data analysis
technique may be considered conceptually analogous to a statistical cluster analysis, though the data in this study were not statisti-
cal. The results of this analysis suggest five distinct profiles with a degree of internal coherence in terms of the decision contexts
in which they operate, the information on which they rely, and the information networks to which they belong. The profile type
for each individual respondent appears in table 3. Descriptions of the five types are given here. These profiles provide an answer
to the remark made by Redmond (2002, p. 1147) that droughts are like rainbows, with everyone experiencing their own version.
In the UCRB, drought impacts appear to come in flavors that can be viewed as the colors of the rainbow, even if each individual
might experience a slightly different shade of green or brown.

» Ecological managers are a subset of land managers concerned about the impact of drought on species and overall eco-
system health; the four participants classified in this category worked for NPS, USFS, and USFWS (though the USFWS
employee worked closely with the Reclamation and as a result more closely resembled water managers in the way she used
information). They made use of a wide range of indicators to assess ecological and species health, including groundwater,
seeps and springs, habitat availability, invasive species, water availability for fish or other species, and flows for scouring
vegetation or other geological processes. Four other respondents ultimately classified as “Not managing for drought” were
also concerned about these impacts and made use of similar indicators, though a range of institutional constraints kept them
from defining their roles as actively managing for drought (Section 3.1.7). They generally made decisions at longer time
scales, either projects at the 1 to 10 year timescale that often require NEPA analysis, or longer-term resource planning look-
ing more than 10 years ahead. Ecological managers are distinct in their heavy reliance on local monitoring, resource man-
agement plans or internal guidance documents, and other people within the agency as sources of information about drought
and its impacts. This may be the result of the lack of current information products and tools available for understanding the
ecological impacts of drought and (or) it may reflect the heterogeneous nature of the impact drought has on ecosystems,
which can make developing more widely-applicable tools challenging.

» Fire managers are interested in the effect of drought on wildfire risk and fire behavior during prescribed burns and sup-
pression operations. Their key indicators of interest include temperature, relative humidity, and live and dead fuel mois-
tures, particularly the dead fuel moisture in 1,000-hour fuels. They rely on short-term weather and climate, short-term and
seasonal precipitation, and short-term and seasonal fuel moisture information; key unique sources they described making
use of include Remote Automatic Weather Stations (RAWS), fire models, and the Keetch-Byram Index. They also make use
of extensive local monitoring and sampling at prescribed burn and wildfire sites to understand fuel moistures.

* Rangeland managers are a second subset of land managers who manage for vegetation condition and forage production
within USFS, BLM, and NRCS. They rely on key indicators of vegetation health and productivity, streamflow, and soil
moisture. They must balance short-term productivity desires of permittees with the need to maintain the long-term eco-
logical health of the resources they manage. They reported relying on a combination of local monitoring and experiential
knowledge (particularly focused on soil moisture), soil moisture information, aggregate indices, and snow and precipita-
tion information. Rangeland managers were the only other group of users to describe making use of certain tools important
to fire managers (for example, RAWS stations, RMCC updates). This may indicate a mutual interest in short-term soil
moisture and (or) a close institutional tie (for example, within BLM offices; in a few cases even the same individual has job
responsibilities that include both rangeland management and prescribed burns).

* Water supply managers are responsible for managing or supporting water supply operations, though they may play a
range of roles in projects. Their key indicators include reservoir levels, carryover reservoir storage, the snowpack level in
early spring, SWE, runoff timing, and human demand for water. They use a wide range of snow and precipitation, weather
and climate, and water supply information and tools, as well as 28 information sources only mentioned by users in this cat-
egory. They reported that they generally do not use soil moisture information, except so much as it is used as an input into
runoff forecast models. Four mentioned soil moisture as a gap, noting that better soil moisture information could help with
better prediction of net runoff.

* Managers who do not manage for drought as such: As described in Section 3.1.7, users in the study described three rea-
sons they do not consider themselves to be managing for drought: (a) they have water management responsibilities that do
not significantly change during drought conditions; (b) managing for drought requires a certain baseline understanding of
resources and the impact that decreased water availability has on them, which some land management units do not currently
have; or (c) managers do not have sufficient institutional control over water to make decisions that would influence how
drought affects the resources they manage. In other words, managing for drought generally requires some understanding of
or control of the link between drought exposure and response that these managers do not necessarily have.



34 How and Why Upper Colorado River Basin Land, Water, and Fire Managers Choose to Use Drought Tools (or Not)

4 Drought Information Sources and Tools

Section 4 turns to the tools and information sources on which decision makers rely. Section 4.1 presents a conceptual
framework to consider what use of information actually means. Section 4.2 links the indicators described in the previous section
to specific sources of information, describing the agencies, information sources, tools, and people on which managers reported
they depend to understand and manage for drought. Section 4.3 describes which managers reported using or not using three
common categories of information: precipitation, soil moisture, and the U.S. Drought Monitor. A key theme that emerges in this
section is redundancy; the same underlying dataset is often accessed in different ways or used for different purposes by different
individuals, depending on the decisions they are making and the impacts or indicators of drought with which they are primarily
concerned.

41 A Note About Use of Drought Information

In order to meet the broad aims of this study within the time constraints of the ethnographic conversations, respondents
were asked questions about their use of drought information. Section 4.2 and 4.3 report findings about how respondents use
information sources, products and tools in a generalized fashion without going into detail about differences of what use might
mean in one context compared to another. While this is a useful shorthand that allows comparison across types of managers and
decision contexts, it must be pointed out that it is also somewhat of a simplification.

In the report on “Using Science as Evidence in Public Policy,” the National Research Council notes, “Many researchers
underscore the conceptual confusion about [information] use and conclude that different definitions of use are needed and appro-
priate for different purposes (National Research Council, 2012, p. 37).” They point out that the usefulness of scientific informa-
tion is determined by “whether it is informative about a very specific choice (NRC, 2012, p. 37).” In other words, use is not
homogeneous; it means different things depending on context. The approach for this study approach uncovered significant detail
about drought information sources, products, and tools respondents relied on, but most conversations did not include enough
detail about how respondents used each type of information to differentiate between the multiple types of information use identi-
fied in the literature.

According to the studies reviewed by the NRC, however, the challenge of matching respondent descriptions of use to
theoretical frameworks and typologies is not a surprising one. The NRC considers typologies that seck to categorize different
ways decision makers use scientific evidence to be useful models, but cautions that in practice, a decision maker often cannot
distinguish between the multiple categories of use delineated in a typology: “although typologies are heuristically valuable, they
are not easily applied empirically. Boundaries are blurred, and access to users’ cognitive processes is unattainable. In fact, it is
unlikely that users themselves can make sharp distinctions in explaining how they use knowledge (NRC, 2012, p. 38).” Despite
these conceptual limitations, a well-known typology of information use is presented here with corresponding examples from the
study participants in order to emphasize the complexity of what using information means in practice.

According to the typology developed by Weiss and others (Weiss 1979; Weiss, Murphy-Graham, and Birkeland, 2005;
NRC 2012), information use can take three distinct forms:

o Instrumental use is science or information that is “directly applied to decision making to address particular problems
(NRC, 2012, p. 38)” (Sometimes a variant of instrumental use is broken out as imposed use, described as situations
where information use is mandated or required.) The ways study participant use indicators to make specific decisions
(described in Section 3) primarily represented examples of instrumental use. In a few cases respondents described
imposed use of information, for instance the mandated use of formal triggers based on specific indicators in drought
plans.

e Conceptual use is science or information that provides context, “influenc[ing] or inform[ing] how policy makers and
practitioners think about issues, problems or potential solutions (NRC, 2012, p. 38).” Study respondents often described
staying informed about indicators that they did not directly use to make decisions, indicating that UCRB DEWS tools
frequently played conceptual or contextual roles. Even managers who described not having decision making authority
to manage for drought (Section 3.1.7) described making use of precipitation and weather information to remain current
about conditions in a general way. For instance, a county employee participating in the study described his conceptual
use of information: “the 30,000-foot level is where we actually take our water and drought information. It’s not an
integral part of our planning on a day-to-day basis. We would more just utilize it and share it amongst ourselves and
just have it as background knowledge for, let’s say, when a developer comes in or if somebody has a question about
drought-resistant landscaping and why we require it, or whatever else, we’d be able to share that information with
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them. It’s not necessarily a specific thing that would be built into our day-to-day practice.” Participants also frequently
described using the U.S. Drought Monitor conceptually. For example, a State water agency employee stated, “Well, we
look at the drought monitor, and—you know, that’s just for an overall picture. Just because it’s interesting. It’s interest-
ing to see where other States are within the Colorado River Basin, but again, we are not at this time administering the
River Compact. We haven’t had a need for it, so it’s just more out of curiosity, I suppose.”

o Tactical use is science or information is used tactically to justify, “support, or challenge an idea or program (NRC, 2012,
p. 38).” Study participants described instances where drought information is used strategically to communicate and
educate water users, board members, and (or) grazing permittees about current conditions, thereby making decisions
based on scientific data more legitimate or politically feasible. Respondents mentioned using drought tools and fore-
casts to justify restrictions (such as shortage sharing on a Reclamation project or grazing permit modifications by the
BLM) related to drought.

Throughout the rest of this section, results are reported for information use in aggregate. But this framework provides a reminder
that there are nuances to how managers use information in practice.

4.2 Drought Information Sources on Which Managers Rely

Respondents described using a vast array of information sources, products, and tools to assist in preparing for, understand-
ing the impacts of, and responding to drought. This section describes the information sources they discussed (including cases
when the same underlying dataset was accessed through different websites or portals) and notes variation in tool use between
different types of managers.

Information sources discussed by study participants were categorized into broad categories. Table 4 links these categories
and specific information sources to the indicators described in Section 3. For the most part, the broad categories of informa-
tion sources reported correspond to the broad categories of indicators identified in Section 3.2, though few specific tools were
mentioned as sources of information for ecological or rangeland indicators. Instead, respondents reported they tend to rely on
local monitoring and experiential or observational knowledge to assess ecological and rangeland indicators. This reliance likely
reflects the relative paucity of available indicators for ecological impacts of drought (Section 3.2). It should also be noted that
table 4 reports the experience of respondents in this study. Choices about information use are individual and thus a lack of a
certain type of user using a certain source should not be interpreted to mean that source is not used by any of that type of user
throughout the study region, simply that no user of that type within the sample reported using it.

4.3 Using or Not Using Common
Information Categories

In the ethnographic conversations (with the excep-
tion of one conversation where this question was omitted
due to time constraints; n=30 in chart below), participants
were also specifically asked whether they use or do not
use three specific categories of commonly-used informa-
tion: (a) precipitation information, including SNOTEL
or snowpack data and real-time streamflow data, (b) soil
moisture information, and (c) the U.S. Drought Monitor.
In contrast to table 4, figure 5 emphasizes that various
types of managers rely on quite similar basic information,
especially precipitation information. Soil moisture infor-
mation is less commonly used, with 14 of the 30 man-
agers who answered this question reporting they use it.
Note, however, a few water managers described indirect
use of soil moisture when they noted that it is included in
runoff forecasts. These individuals are not counted in this
count of managers reporting the direct use of soil moisture
monitoring or datasets.

Figure 5. Summarized use of drought information by user profile.
N=30. Conversations with multiple staff from the same organization
are treated as one respondent for this analysis.
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Taken together, table 4 and figure 5 suggest that different types of managers tend to access information through different
channels, even if the underlying datasets or overarching types of information they rely on might be the same. For instance, water
managers more frequently reported accessing information through the Colorado Basin River Forecast Center (CBRFC) website
(as did one land manager who works closely with Reclamation to manage aquatic species). The CBRFC also provides runoff
forecasts, which could explain the tendency of water managers to rely on it.

Section 5 describes how respondents reported discovering tools and the way information about drought data, information
products, and tools flows within and across agencies. The same network characteristics that influence how participants find out
about tools initially may also influence which websites they are more likely to turn to in order to obtain data. While redundant
tools might seem inefficient, the variations in who uses which website suggests that repurposing the same datasets across agency
websites and aggregate portals (for example, the WWA Intermountain West Climate Dashboard) may be a useful way to reach
managers across agency affiliations and communities of practice.



Table 4. Drought information sources used by different user types.

[Abbreviations: BLM—Bureau of Land Management; CBRFC—Colorado Basin River Forecast Center; CO—Colorado; NCCASC—North Central Climate Adaptation Science Center; NOAA—National Oce-
anic and Atmospheric Administration; NRCS—Natural Resources Conservation Service; NWS—National Weather Service; RAWS—remote automatic weather stations; Reclamation—Bureau of Reclamation;
RMCC—Rocky Mountain Area Coordination Center; SWE—snow-water equivalent; USFS—U.S. Forest Service]

Type(s) of users reported using it?

Information Information items
. . Notes i . Not
type mentioned Ecological?  Fire?  Rangeland? Water? .
managing?
Aggregate indicies: composite indicies of drought that combine one or more of the other categories

Product U.S. Drought Monitor X X X X X
Product Colorado Climate Center Updates Some respondents specified the webinars or web updates. X X X
Product Palmer Drought Index X X
Source Internal drought index Drought index developed by the organization of the respondent. X

Climate change or variability: tools or information sources that describe long term trends associated with changing climatic conditions and/or assess the impacts of these changes

Product Colorado River Basin Study X

Agency Reclamation water models X

Source State water models X

Source scenario planning X
Agency NCCASC X
Person Agency technical specialist X

Research  Impacts of climate on elevation X

bands and aspects

Ecological: tools or information sources that describe ecological health or response to drought

Source Local monitoring Also described as monitoring by a management unit,. One respondent X X X
specifically mentioned stream temperature monitoring, another
mentioned vegetation condition, another mentioned riparian habitats.

Source Experiential knowledge X
Source Unit resource management plans X
Person Agency technical specialist Ecologist and hydrologist were specifically mentioned. X

Fire: tools or information sources describe wildfire risk and (or) predict wildfire behavior

Person Agency technical specialist X

Portal RMCC webpage X

Product Keetch-Byram Index X

Product RMCC updates X X
Source Fire models FS Pro was specifically mentioned. X

Source Local fuel moisture sampling X X
Source Local fuels monitoring X
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Table 4. Drought information sources used by different user types.—Continued

[Abbreviations: BLM—Bureau of Land Management; CBRFC—Colorado Basin River Forecast Center; CO—Colorado; NCCASC—North Central Climate Adaptation Science Center; NOAA—National Oce-
anic and Atmospheric Administration; NRCS—Natural Resources Conservation Service; NWS—National Weather Service; RAWS—remote automatic weather stations; Reclamation—Bureau of Reclamation;
RMCC—Rocky Mountain Area Coordination Center; SWE—snow-water equivalent; USFS—U.S. Forest Service]

1

Type(s) of users reported using it?

Information Information items

. Notes
type' mentioned Ecological?  Fire?  Rangeland? Water? NOt.
managing?
Human use: tools or information sources describing human demand for water
Product Browning newsletter X
Source Internal models One respondent specifically mentioned a projected land development X X
buildout model.
Precipitation and snow: tools or information sources that describe snow, rainfall, and runoff patterns
Agency Reclamation One respondent specified that Reclamation determines relevant water X X X
operations.

Agency CBRFC X X X X
Agency Climate Prediction Center X X
Agency NOAA X X
Agency NRCS X X X X X
Agency Western Regional Climate Center X
Portals Upper Colorado drought early X

warning website
Portals Western Water Assessment dash- X

board
Product Advanced Hydrologic Prediction X

Services from NWS
Product Basin outlook reports X
Product BLM employee-produced climate This is sent by email to users in Gunnison area. X X

and precipitation summary
Product CBRFC runoff forecast One respondent mentioned calculating error of CBRFC from actual. X X
Product Center for Snow & Avalanche X

Studies reports
Product Climate Prediction Center seasonal X

outlooks
Product Local water commissioner update X
Product NOAA 30 & 90-day outlooks X X
Product NRCS Water and Climate Update X

Product SNOTEL X X X X X
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Table 4. Drought information sources used by different user types.—Continued

[Abbreviations: BLM—Bureau of Land Management; CBRFC—Colorado Basin River Forecast Center; CO—Colorado; NCCASC—North Central Climate Adaptation Science Center; NOAA—National Oce-
anic and Atmospheric Administration; NRCS—Natural Resources Conservation Service; NWS—National Weather Service; RAWS—remote automatic weather stations; Reclamation—Bureau of Reclamation;
RMCC—Rocky Mountain Area Coordination Center; SWE—snow-water equivalent; USFS—U.S. Forest Service]

Type(s) of users reported using it?

Information Information items
. . Notes i . Not
type mentioned Ecological?  Fire?  Rangeland? Water? .
managing?

Precipitation and snow: tools or information sources that describe snow, rainfall, and runoff patterns—Continued

Product Streamflow forecast, NRCS X
Product Streamflow forecast, CBRFC X
Product SWE (State of CO) Other users mentioned SWE as an indicator; this was the only specific X

mention of where SWE data is obtained.
Product Update from RMCC X X
Product Update from local water conserva- X

tion district

Source Experiential knowledge Also described more specifically as experiential knowledge of staff X X X
or anecdotal data from users. Respondents specifically mentioned
experiential knowledge about snowpack.

Source Local rain gages X X X
Source Local snow gages X X X
Source NRCS summaries X
Source Own forecasting X
Source Own monitoring One respondent specifically mentioned groundwater wells for X X X
monitoring.
Source Snow course measurements X
Source Snow pillows X
Source Streamgages, Reclamation X
Source Streamgages, State of CO X X
Source Streamgages, Tribal X
Source Streamgages, USGS X X X X
Rangeland: Tools or information sources that describe vegetation condition in context of grazing management

Source Experiential knowledge of staff X

and grazing permitees
Source Local forage availability X

monitoring
Source Own monitoring of forage plants X

once certain drought threshold

is reached
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Table 4. Drought information sources used by different user types.—Continued

[Abbreviations: BLM—Bureau of Land Management; CBRFC—Colorado Basin River Forecast Center; CO—Colorado; NCCASC—North Central Climate Adaptation Science Center; NOAA—National Oce-
anic and Atmospheric Administration; NRCS—Natural Resources Conservation Service; NWS—National Weather Service; RAWS—remote automatic weather stations; Reclamation—Bureau of Reclamation;
RMCC—Rocky Mountain Area Coordination Center; SWE—snow-water equivalent; USFS—U.S. Forest Service]

Information

Type(s) of users reported using it?

Information items

. Notes
type' mentioned Ecological?  Fire?  Rangeland? Water? Not
managing?
Soil moisture: Tools or information sources describing or relating to soil moisture
Agency Climate Prediction Center X
Product BLM employee-produced climate This is sent by email to users in Gunnison area. X
and precipitation summary
Product Keetch-Byram Index X
Product Veg DRI Report X
Source Local monitoring X X X X
Source Local sampling at prescribed burn X
site
Source Sponsored weather stations that log X
soil moisture
Water supply: Tools or information sources describing water available for human use
Person Water commissioners on storage X
levels
Product State of CO DSS X
Product State of CO Surface Water Supply X
Index (SWSI)
Product State of CO Water Plan X X
Research ~ Beetle kill effect on runoff X
Research ~ Dust on snow X
Research ~ Forest fire effect on runoff X
Research ~ Permafrost effect on runoff X
Source Reclamation reservoir levels X
Source Reclamation reservoir operating X
schedules
Source Reclamation water (operations) X X X
models
Source Colorado River District risk X

assessment scenario planning

(11

(30N 10) sjoo] yybnouq asn 0) asooy) siabeuepy a1 pue 13)ep) ‘pueq uiseg Janly opelojos 1addp Ayp pue moy



Table 4. Drought information sources used by different user types.—Continued

[Abbreviations: BLM—Bureau of Land Management; CBRFC—Colorado Basin River Forecast Center; CO—Colorado; NCCASC—North Central Climate Adaptation Science Center; NOAA—National Oce-
anic and Atmospheric Administration; NRCS—Natural Resources Conservation Service; NWS—National Weather Service; RAWS—remote automatic weather stations; Reclamation—Bureau of Reclamation;
RMCC—Rocky Mountain Area Coordination Center; SWE—snow-water equivalent; USFS—U.S. Forest Service]

Type(s) of users reported using it?

Information Information items
. . Notes i . Not
type mentioned Ecological?  Fire?  Rangeland? Water? .
managing?
Water supply: Tools or information sources describing water available for human use—Continued
Source Experiential knowledge Also described more specifically as experiential knowledge of staff. X X
Respondents specifically mentioned experiential knowledge about
real time water availability to water rights holders, and how runoff
translates into reservoir levels.
Source Internal water models One respondent specified internal water operations model, one described X
modeling to understand how snowpack will runoff.
Source Reservoir inflow forecasts X
Source State of CO water models X X
Weather and climate: tools or information sources that describe meteorological patterns
Agency Climate Prediction Center X
Agency NOAA X X
Agency NWS X
Person Fire staff in USFS office X
Portals Western Water Assessment dash- X
board
Product 5280 meteorology blog X
Product BLM employee-produced climate X
and precipitation summary
Product RMCC updates X
Product NOAA 30 & 90-day outlooks X
Product NOAA EI Nino forecast X
Product NOAA global forecast system X
(GFS) model
Product NRCS Water and Climate Update X
Product NWS forecasts up to 10 days X
Source Local sampling at prescribed burn X

or fire site
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Table 4. Drought information sources used by different user types.—Continued

[Abbreviations: BLM—Bureau of Land Management; CBRFC—Colorado Basin River Forecast Center; CO—Colorado; NCCASC—North Central Climate Adaptation Science Center; NOAA—National Oce-
anic and Atmospheric Administration; NRCS—Natural Resources Conservation Service; NWS—National Weather Service; RAWS—remote automatic weather stations; Reclamation—Bureau of Reclamation;
RMCC—Rocky Mountain Area Coordination Center; SWE—snow-water equivalent; USFS—U.S. Forest Service]

Type(s) of users reported using it?

Information Information items
1 ioned Notes . . Not
type mentione Ecological?  Fire?  Rangeland? Water? .
managing?
Weather and climate: tools or information sources that describe meteorological patterns—Continued
Source Local weather stations Two respondents noted their organizations sponsor weather stations. X X X X
One respondent emphasized the unit has maintained a station long
term.
Source RAWS stations X X

'Definitions of information types: Product—a specific information source mentioned by name; Source—general type of product mentioned in aggregate by respondent; Agency—an agency or organization
mentioned as providing information when no further details were given about which specific products or sources are used; Person—respondent described getting information from another person, for example,
another technical specialist in their unit; Portals—tools or websites that aggregate other information sources; Research—scientific research.

2 User profile types are described in Section 3.3.

[41}
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5 Selecting Among Available Drought Tools

This section describes how managers find out about available tools or information sources and how they evaluate usability.
Section 5.1 reports the means by which respondents find out about drought, weather, and climate information and tools. One
key difference that emerged was the strong interagency networks that existed among water managers and fire managers juxta-
posed with the tendency for information to move vertically among those managing nonfire resources within each of the land
management agencies. Some individuals also reported experiencing a frustrating lack of integration into any kind of informa-
tion network. Almost all participants in the study agreed on the basic factors that affect information usability (Section 5.2): they
preferred tools that are easy to use and relevant to their management challenges, though their specific contexts determined what
those challenges might be. Conversely, reported reasons for not using available tools also included the need for context-specific
decision support (Section 5.3).

5.1 How Managers Find Out About Drought Information and Tools

Respondents were asked to describe how they generally find out about new information sources or tools and to identify the
people, listservs, or other methods that are most important for keeping them informed. Their responses reveal distinct patterns in
the way different types of decision makers stay informed about drought, weather, climate and related topics.

5.1.1 Intra-Agency Relationships

Respondents from the NPS, BLM, and USFS (in nonfire roles) reported that other people in their own agency were their
primary means of learning about drought information sources or tools. They relied on information passed to them from their
management as well as suggested to them by peers.

The formal hierarchy of their agencies seems to have shaped how these respondents sought information. One NPS
administrator described how “starting with the regional office usually is the first place I would make a phone call. Then if I
couldn’t find somebody who had the expertise, they were usually very helpful in directing me to the next place I could go
to try to find that expertise.” A BLM technical specialist in a field office emphasized the importance of her State office in
disseminating information:

“I think you got the picture that we get a lot of information being passed on down to us. If you’re interested in making
sure that information gets used by people in the field, then you’ve got to find a way to make it stand out from the other
information. You probably surmise that we have a hierarchical structure, and our state office is pretty important at
disseminating information. Somehow you’ve got to make your product more important in their eyes. They will go the
extra yard to get it into our hands and emphasize that they expect us to use it.”

These same respondents also highlighted the importance of their colleagues with responsibility for different resources.
Particularly within the national forests, where responsibility for drought can be spread across multiple job descriptions (for
example, hydrologist, soil scientist, rangeland management specialist, and so forth), colleagues within an office can also be an
important source of information. A USFS technical specialist in a district office described this interplay: “it could come from
another specialist, the hydrologist, or soil scientists on the forest, or our regional office.” Another USFS technical specialist in
an office of a forest supervisor emphasized that information being distributed from higher up in the agency results in his seeing a
broader set of sources than he might have otherwise encountered:

“I am most likely to find out about new sources of information if they are pushed to me. I think that I probably end
up with a broader range. If I’'m seeking information, it generally tends to be in a pretty small box so that the sources
that I end up identifying for that information are very specific to a specific question***information that comes down
from my counterparts in the regional office, there’s probably a broader scope of information, some of which is not
particularly useful and I dismiss, and others which may be useful but which I would not [necessarily] consider
[myself]***it’d be fairly serendipitous if I ran into some of this stuff because I was seeking that information.”

For these land managers, others in their agency are a primary means of finding new information.
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5.1.2 Interagency Relationships

In contrast, water managers and BLM or USFS respondents in fire management roles emphasized the importance of their
respective communities of practice in keeping them informed. A community of practice is a group of people “informally bound
together by shared expertise and passion for a joint enterprise***people in communities of practice share their experiences
and knowledge in free-flowing, creative ways that foster new approaches to problems (Wenger and Snyder 2000, p. 139).” The
cross-organization relationships described by water managers and fire managers fit this definition.

Participant water managers hold a range of roles, but all described strong ties to others who manage water, including water
project operators, water conservancy and water conservation district staff, State water agency staff, and Reclamation staff. These
ties cross jurisdictional boundaries, including local, State, Federal, and private organizations as well as scientists and practitio-
ners employed by non-governmental organizations. An employee for a water project summarized these connections:

“the water world is pretty well networked, informationally. There’s regular communication throughout most people
throughout our basin. Then all the stuff that flows through the [Basin] Roundtable process. We go to [the Colorado]
Water Congress. I go twice a year***summer and winter***[it’s a] great source of information. When the Colorado
River District puts their annual seminar on, a lot of times I’m on a panel. I’m on panels at most of these gatherings.”

A number of other respondents emphasized the importance of the Colorado Water Congress, which is both a biannual
conference and a nonprofit organization that has worked since 1958 to “to initiate and advance programs to conserve, develop,
administer, and protect the water resources of the State of Colorado” (Colorado Water Congress, 2018) With more than 400
member organizations, the Colorado Water Congress is a representation of the vibrant interagency community of practice
described by water managers participating in this study.

Respondents described other ways that this community of practice is created and maintained, including information sharing
through the water conservancies and local water commissioners (both one-on-one and at meetings), attendance at multistate
Colorado River Basin policymaking meetings, working in partnership with the Reclamation as it administers Federal projects,
and even learning by working with consultants (for example, to build a water model). In a few cases, respondents from the land
management agencies also described being integrated into this community of practice, such as a USFS technical specialist in the
San Juan Basin and a USFWS employee working with endangered fish.

Respondents in fire management roles also described a community of practice, but a more formal one focused around the
interagency coordination center (that is, Rocky Mountain Area Coordination Center [RMCC]). Fire managers in the BLM and
USFS offices relied on this community to provide both real-time information during incidents (Section 4.2) as well as keep them
informed about existing resources. They particularly highlighted the importance of the predictive services division within the
RMCC, pointing out that fire meteorologists are a primary source of drought, weather, and climate information for staff in field
and district offices. Both the field level staff as well as the meteorologists closely coordinate with the National Weather Service,
both for understanding seasonal outlooks and when NWS staff serve as incident meteorologists for larger fires. An Fire Inter-
agency Coordination Center employee summarized the fire community of practice:

“[Information] dissemination goes to the fire management within the land agencies, which also includes federal agen-
cies, state agencies, and it goes down to the local units. Our main focus is a regional level commitment to fire manag-
ers, so the managers that are making those resource decisions at a regional level and national level. However, over
time, what we are providing has also been utilized at the field level, so the firefighters on the ground***The state level
is also using that. I interact with the State of Colorado, for example, on a regular basis***It’s pretty broad in terms of
agency level. One thing we have in common is the fire community.”

One USFS fire manager described how the fire management community of practice intersects with intra-agency informa-
tion sharing:

“Our forest hydrologists and [other technical specialists rely on information distributed by RMCC]***drought maps
get posted and if something is of interest or kind of an anomaly, we’ll forward stuff around to everybody and see if
different people latch onto it. It gets passed around and if it’s a bigger scale thing, it’ll get passed around from forest to
forest, or even our entire region will get ahold of that.”

This point about the important role that “the fire folks down the hall” have in disseminating information from the fire community
to nonfire staff in their offices was echoed by both fire managers and BLM and USFS managers in nonfire roles who participated
in the study.
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5.1.3 Place-Based Networks

A third set of relationships described by participants are those with others working in the same geographical region. These
networks can be considered a place-based community of practice. Respondents in the Gunnison River Basin (Colorado Division
4) particularly highlighted the strength of ties in their local area. An NPS technical specialist described her experience as part of
the Gunnison River Basin working group. Sponsored by the DOI North Central Climate Adaptation Science Center, the group
used scenario planning to consider possible climate change adaptation strategies (Rondeau and others, 2017). This employee
emphasized that she

“learned a lot through that project as far as anticipating, and/or setting up some things that we could do to maybe make
our landscape a little bit more resilient in some areas***That information from that working group was really good

in that it has sparked some actual project work on the ground***The working group has been probably the most, 1
think, applicable [source of information] to our area, to our regional situation, to our regional resources, to the sage-
grouse, to sage-grouse habitat improvements, things that since the listing of Gunnison sage-grouse have been really
important.”

The scenario planning described in the above quote focused on a working group implemented for a specific project, but three
other respondents in the same Gunnison River Basin discussed another example that suggests longer-term integration within
this area. When asked what information sources they rely on, a USFS technical specialist, a USFS fire manager, and an NRCS
employee working in the Gunnison described a regional quarterly climate summary and outlook produced and distributed by a
BLM hydrologist. This regional information product had been developed in response to local needs and users reported it was
one of their go-to information sources. Its existence and use points to the existence of a robust place-based network (Williams,
Stewart, and Kruger, 2013) for sharing knowledge and resources in the Gunnison Basin.

5.1.4 Qutreach

In addition to relying on people to stay informed, participants relied on a range of other outreach methods from agencies
producing information, boundary organizations (that is, organizations that link information producers and users; Dilling and
Lemos, 2011), and professional associations. Respondents mentioned professional conferences and listservs (such as the Society
for Rangeland Management, the American Planning Association, or the biannual High Altitude Revegetation and Ecological
Restoration workshop); workshops hosted by or updates distributed from Western Water Assessment, the Colorado Climate
Center, and similar organizations; receiving hard copy information (for example the USFS publication “Technical Report on
Climate Change, Forests, Fire, Water and Fish” [Luce and others, 2012]); the USFS online library that distributes summaries of
new scientific research; and newspaper coverage (including both coverage in local papers pushed out by water conservancies as
well as more specialized publications).

5.1.5 Breakdowns in the Flow of Knowledge About Tools

Two participants responded to the question about how they stay informed by describing breakdowns in the flow of knowl-
edge about drought information. A USFS employee in the San Juan Basin described how she has mainly found information
about drought tools when she went looking for it. She was particularly frustrated that the agencies producing the information do
not always get the word out about the capabilities of their products:

“[USGS outreach is] hit-and-miss. I think they do a lot of really great work, but the way I hear about those new prod-
ucts is more a factor of me digging around than them doing big press releases, or training courses, or sending out big
email campaigns. [ was telling you that the NRCS has a lot of really great modeling tools to help interpret snowpack,
and runoff, and maybe it would help us fine-tune what’s going on here, locally. Again, the only reason I even knew
about that is because I’'m working with an ex-NRCS employee, and it would be great if—1I don’t know, if they adver-
tised what they could do, or what products they have, a little bit better***I guess if [ had to, I could go find it, and do
a lot of research, but sometimes it’s just nice to be alerted what’s changing, what’s new that we can use. Sometimes I
don’t know about it until I actually have to have it*** . Then I [have to] just go find it myself.”

A similar frustration was expressed by a Fire Interagency Coordination Center employee, who described the disconnect
experienced between the research community and those operationalizing the science:
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“Well, unfortunately I think sometimes we don’t hear about some of the latest research unless you are actually attend-
ing a American Meteorological Society meeting or conference or Smoke Management meeting or conference. Unfor-
tunately, I don’t think there’s good transparency from the research community to weather operations. We should say
that there’s a lot of room for improvement there. We don’t always get phone calls sayin’, “Hey, look at this new index.
This is what we’re tryin’ to do with it. What do you think?” We don’t always get those type of calls. Again, it seems
like through my career***there seems to be that gap between the research community developing new techniques

and actually implementing those techniques at the operational level that [ work in. There’s definitely some room for
improvement there.”

Other respondents who did not explicitly discuss a breakdown in information flow also reported discovering resources
through a process of trial-and-error. For instance, a BLM administrator described how she originally found out about the tools
she now uses: “I think I just did some exploring. Once I found those tools, I’d explore around for more. I do really like knowing
climate information. The more I find out, I’m going to look into it more.”

5.2 What Makes a Tool Useful

Respondents were asked how they evaluate whether or not an information source is useful to them. Past research has sug-
gested that science is useful for decision making when it is salient to the problem at hand, technically credible, and legitimate in
the sense of an unbiased public policymaking process (Cash, 2001; Cash and others, 2003; Hegger and others, 2012). Responses
from water, land, and fire managers in this study highlighted that they use tools or information when it is perceived as salient
and credible.

Participants described two aspects that make a tool or information source salient: relevance to decision-making and
usability. First, the information must be relevant to the resource being managed and provide value to the decisions being made.
A BLM employee described this relationship when asked how he judges if a tool is useful: “Whether or not it was applicable to
rangeland. That’s what we manage, and that’s [the aspect of drought that is] of specific interest for us at the BLM.” Similarly,
an NPS technical specialist described valuing regionally-focused information since “it concerns the habitats that I’m directly
involved with, the vegetation I’m directly involved with, the invasive species that I’m battling, managing, on a daily basis. I
think it’s just more applicable within our region, and within our parks.” An NPS administrator summarized this aspect as “if we
could successfully implement it***data is great, but if I can’t make it into a meaningful management action in our park for on
the ground use, I’'m not sure that it’s all that valuable.” Similarly, a State water agency employee stated, “There has to be some
benefit to [water] administration. It’s looking at is [more information] saving us effort***Or is it providing us more informa-
tion so we can do a better job?***Sometimes you can put a station in. It’ll save you hours a week, maybe more. Then all of a
sudden that frees up time.” A USFS fire manager made the same point when he described valuing information that helps him
communicate with cooperators at the county or local level, who may not have the same level of technical literacy. A USFS
technical specialist, however, pointed out that sometimes it is impossible to determine in advance how relevant something will
be; he appreciates that lots of information crosses his desk as sometimes “something fills a hole that often I may not even know
I had until I’'m aware that the information exists.” His comment highlights that determining salience is not necessarily as simple
as asking managers what they need, since learning about new studies or tools may sometimes expand their conception of what
is useful.

Second, respondents emphasized that usability (Oakley and Daudert, 2016) is an important determinant of whether some-
thing can be successfully implemented in decision making or not (and thus whether or not it is perceived as salient). A USFS fire
manager pointed out that how a tool is presented affects how successfully he can evaluate its relevance for his needs:

“I think the better that a tool is presented to us through a webinar, a PowerPoint, or some kind of notes that we get, just
a quick summary of it, then we can start to play with it and see what kind of use it has. I think most of us are pretty
busy with our regular jobs. We’ve found the tools that work for us and give us the information. It’s good to incorporate
new things, but unless it’s easy to use or easy to understand and apply, we tend to just assume, ‘I don’t have time for
that,” and we don’t incorporate it. I think a lot of it is how it’s rolled out.”

Another USFS technical specialist highlighted the importance of ease of use and availability of help resources when she
described her frustration using a USGS tool and some advanced features on the NRCS website:

“Some of the interfaces, like if | had a crisis, and I needed a certain product to help me do some modeling, or some
sort of predictive-type work***some of those introductory pages about what this tool does can be beefed up, and
really improved. I’'m thinking of the USGS***I didn’t think that their introductory page, talking about this modeling
product, and what it can, and can’t do, was really very good. I had to do a whole lot of calling around to really get the
answers I needed, when I think, ‘I shouldn’t have to do that. It’s their tool, they’re putting it out there to the public,
they should do a good job of explaining what it is, and its limitations.” I don’t mean that to be a bad criticism, it’s
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just***] get frustrated. I wish they would just put it right there on their FAQs sheet. Then with the NRCS, I got the
person I’m working with that used to work with them, gave me all these links to all these different tools that you can
use to model, or forecast, and, basically, use SNOTEL data. Then I just tried randomly trying to find these things with-
out using the links that he sent. The only way I could find them was to actually click on a link in the email I was given.
I think it should be way easier to stumble onto this information, than having to have somebody who knows send you a
link. You should be able to browse around on their products, and just find it yourself. I thought that was difficult too.”

Just like help resources, data format can shape the usability experience and thus influence whether or not a tool is perceived
as salient. A BLM employee responsible for fire modeling pointed out the importance of data format to making data usable: “It
doesn’t mean [the information we use] is all packaged to support our fire risk. We’ve had to do some things in the past and build
some infrastructure internally to help support some of our modeling, so to speak.” For this manager, the information was less
usable than it could have been (and thus less salient) by virtue of data format in which it was distributed.

Participants revealed four ways they ensure the credibility of a tool or information source: peer review, recommendations
from others, funding source, and experimental adoption.

First, they emphasized they need to have confidence in the scientific integrity of the product. Respondents reported that
whether or not something is peer-reviewed is one way they evaluate scientific rigor. Second, respondents also described the
importance of recommendations from others to the choice of whether or not to use a given product. A BLM technical special-
ist indicated the State office plays an important role in her evaluation of tools, which makes sense given the hierarchical flow
of information within BLM and USFS (Section 5.1): “we rely on our state office to tell us. Because they are in the business of
passing on a lot of information. It would be more convincing or it would be a clearer message from them if they actually really
recommended it or brought training along to help use it.” A USFS technical specialist explained she evaluates “how other people
have used it and what their experiences are with it.” A water operator made the same point, emphasizing that he considers which
of his peer operators in the region are using a given tool. Third, the same USFS technical specialist also pointed out that how a
tool is funded can indicate whether it is a credible source: “If somebody else is paying for it, like extension, or universities or
NRCS or something, we definitely try to take advantage of those other areas of expertise.”

Fourth, respondents evaluate the credibility of tools by adopting them on an experimental basis. Respondents pointed out
that new tools are often evaluated relative to existing information sources. As there are often transaction costs to switching
between tools or adding additional information sources to the set an individual uses, they are more likely to make use of a new
product if it offers an improvement to—rather than simply equal value to—what they are currently using. A water conservancy
manager explained that his organization is likely to adopt a tool if it can provide “a better [more skillful] forecast” for the con-
servancy or their partners, the CBRFC. A water operator explained that because switching between tools can have consequences
for how their clients perceive their actions—as “any change in water management scares the daylights out of people”—his
organization only adopts new tools on an experimental basis. This cautious adoption policy ensures credibility of their models
by allowing them to “pilot the idea and then check the results***then we make adjustments or we abandon the effort.” A Fire
Interagency Coordination Center employee made the same point, describing that tools have to be thoroughly validated before
being brought into operational practice:

“In my mind, as a program manager, just because it performed one day doesn’t mean we’re going to take it off experi-
mental the next day. I want to see it vetted, verified, validated, that it was a useful tool for the fire community. We’d
go through an experimental phase and there would probably have to be some type of peer review or science review
saying, yes, it performed well and it can be utilized as a new method.”

Though their methods for evaluating credibility varied, participants agreed that tools had to be proven technically credible
before being adopted.

Overall, participants indicated a desire for any information that can provide greater insight. As a water operator expressed,
“the more information the better.” Their comments indicate, however, that more information is actually only considered better
when it is perceived as salient to the decisions being made and technically credible.

5.3 Reasons Tools Are Not Used

Respondents were similarly asked to describe reasons they do not make use of particular categories—precipitation and run-
off; snow survey data; soil moisture; and aggregate drought indices—of available drought information sources, if they indicated
they did not use these tools. Participants indicated that lack of awareness and capacity can be reasons for not making use of
existing tools even if they are perceived as salient and credible. Most significantly, they emphasized that when information is not
perceived as relevant it will not be used, providing a complementary perspective to the findings in Section 5.2.
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5.3.1 Not Aware of Tools

Not being aware of tools was mentioned as a reason for not using tools, but only by two respondents. A BLM employee in
the San Juan Basin reported having never encountered the Colorado Climate Center reports, but was planning to explore them
once they were mentioned in the ethnographic conversation. A USFS employee described not being aware of certain capabilities
of NRCS until a former NRCS employee came to work in her office. This is a much lower level of lack of awareness than the
earlier UCRB DEWS user survey found (McNie, 2014), which might be explained by successful outreach since that survey or
the nature of the present research sample.

5.3.2 Capacity Issues

Two respondents reported that insufficient capacity (in terms of staff time, energy, and so forth) could influence a choice
not to use available information, particularly when they had an existing tool that worked. A USFS technical specialist stated,
“we tend to [keep] rely[ing on] it if we find one model, or one website or something that works for us***Because sometimes it
is just too much information overload.” In other cases, respondents were aware of information sources and reported their units
needed the information for planned or future work that had not yet happened. For instance, an NPS administrator reported that
she “hopes to get that information incorporated” as the park revises its fire management plan. A State employee made a simi-
lar point, stating, “interestingly enough, we spend a lot of time really trying to protect ourselves from some of the information
that comes out.” He described two examples: a USGS report from another region of the country that did not actually apply to
his situation but still had to be commented on and a situation in which installing a streamgage on a previously-ungaged stream
had improved understanding of a stream reach but also contributed to capacity issues for his office by creating an increas-
ingly complex management challenge. Both these responses emphasize that information use can be intimately related to
institutional capacity.

5.3.3 Information Relevance

The most common reason (mentioned by 13 participants) for not using drought information or tools was a lack of salience
for the decision making needs of respondents. Respondents reported three main barriers to information relevance: not needing
the information because it did not pertain to their job role, to the resources they manage, or was not available at the right tempo-
ral or spatial scales.

For some respondents, particular kinds of drought information have limited relevance because of their job role with regard
to the resources being managed. Technical specialists from the USFS, BLM, and NPS reported not using information because
others in their management unit are responsible for it. USFS respondents in particular reported sharp distinctions in drought
responsibilities by job title. Hydrologists generally did not look at soil moisture information. The rangeland management
specialist, soil scientist or ecologist often received precipitation, runoff, and snowpack information from the office or district
hydrologist. Fire managers in forest offices reported relying on the RMCC Predictive Service Center for much of their informa-
tion (Section 5.1). Together, these respondents painted a picture of distributed responsibility for drought management within
these three land management agencies and particularly the USFS.

Information might also lack salience when respondents were not responsible for managing particular resources. An NPS
administrator described little need for information about water availability on an annual basis, as the resources of that park are
not water-based but consist of ecosystems where variations in water availability results in longer-term impacts to ecological
health. In other words, this administrator is concerned about ecological drought impacts rather than meteorological or hydro-
logical drought (Crausbay and others, 2017). An NPS technical specialist in another park reported minimal need for informa-
tion about water availability other than as context since “it’s all controlled by the Bureau of Reclamation***I don’t make any
management decisions on any [flow information] because it’s a controlled environment. It’s not anything that we can change or
do anything about as far as water flow is concerned, or water availability for that matter” (Section 3.1.7).

Finally, information was not perceived as relevant if data were not available in the locations or at the temporal or spa-
tial scales needed for respondents to make decisions, mirroring the findings of other studies (for example, Raynor, Lach, and
Ingram, 2005). A BLM technical specialist reported the only soil moisture monitoring available in his area is high elevation; he
would make use of lower-elevation data, but it is not available. A USFS technical specialist described data needs for long-term
decision making and NEPA analysis, pointing out that short-term monitoring data “don’t help a whole lot.” An NRCS employee
described how “locality and topography” in the mountains mean that the U.S. Drought Monitor “may not directly reflect what
I’m seeing;” as a result she makes minimal use of it. These perceived gaps are described further in Section 6.



6 Perceived Gaps in Drought Information 49

6 Perceived Gaps in Drought Information

Respondents were asked to describe gaps they perceive in existing drought information and tools. Unlike indicators, infor-
mation sources, and information flow, no strong pattern emerged in terms of which type of decision maker indicated which type
of gap in information. Six of the 31 respondents did not provide an answer to the question about gaps in drought information.
Some of these six respondents commented that they have adequate information to meet their drought decision making needs
while others found the question difficult to answer on the spot, commenting that there probably are gaps they have encountered
but nothing was coming immediately to mind. Table 5 summarizes the reported gaps and indicates which user type reported
each gap.

Table 5. Perceived gaps in drought information by user profile type.

Type(s) of users reported using it'

Gaps mentioned . i Not
Ecological? Fire? Rangeland? Water? M
managing?

Higher resolution monitoring data (Section 6.1)

Density, interpolation and extent of soil moisture data X X X X X
Density and interpolation of SNOTEL sites X X

Density and interpolation of weather stations X X X

Density and spatial distribution of streamgages and rain gages X X X X

Gaps in scientific understanding (Section 6.2)

Landscape characteristics X X X
Forecasts X X X
Ecological impacts X X

Water use X X
Climate change X X X

Need to better integrate and package existing data (Section 6.3)
Better integration and packaging X X X

'User profile types are described in Section 3.3.

6.1 Higher Resolution Monitoring Data

Respondents described a number of gaps in available monitoring, including the density, interpolation, and extent of soil
moisture data; the density and interpolation of SNOTEL sites; the density and interpolation of weather stations; and the density
and spatial distribution of streamgages and rain gages.

The most often-mentioned information gap (discussed by 11 respondents) was the need for additional soil moisture infor-
mation. A BLM employee explained that “better resolution on soil moisture data” would be helpful, but to her knowledge the
information available in her area (Gunnison River Basin, Colorado Water Division 5) was not fine-scale enough to aid in her
responsibilities managing vegetation. Another BLM employee discussed how difficult it is to interpolate local soil moisture from
only a few monitoring stations. Four respondents working in water management highlighted the need for more soil moisture
information, viewing it as a potentially helpful tool to aid in understanding how snowpack would translate into runoff. They
expressed the need both to better understand the interaction between soil moisture and runoff as well as to obtain soil moisture
data at the appropriate spatial resolution. A USFS employee pointed out the need to track soil moisture across a larger scale as a
means to understand changing fire risk.

Five respondents described the need for better information about snowfall and snow cover. A water operator employee dis-
cussed the limitations of SNOTEL monitoring (since it is based on point measurements, which may not represent the landscape
between stations) and his hope that new technologies like remote sensing and drones can provide a better means to understand
the total volume of snowpack in a way that takes account of topographical variation, wind deposition, and other local variabil-
ity. A USFS employee described this same challenge: “[SNOTEL and other datasets are] general information that applies to a
region. It’s really hard to apply it to a drainage or something like that. It gives you the idea and the general trends.” An NPS
employee highlighted the importance of “more and better information on winter snow and snowpack;” he predicted that it will
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become “even more important” in the future. A State employee commented that low-elevation sites are underrepresented in
SNOTEL monitoring, though he also remarked that in most years that is not an issue and that remote sensing or other methods
might be a better approach for monitoring low-elevation snow cover.

Four respondents reported a need for more localized weather information. Respondents in the San Juan Basin (Colorado
Water Division 7) pointed out the lack of a weather radar location in southwest Colorado. A USFS employee linked the issue of
climate forecast accuracy with mountain topography when discussing seasonal outlooks: “I’m not sure I believe in the accuracy
of [a forecast more than 3 months out], just because of the mountain climate that we live in.” The need for additional weather
stations was also discussed by a NPS employee at Rocky Mountain National Park.

Eight participants expressed the need for additional streamgages and rain gages or identified current spatial holes in
monitoring coverage. A USFS employee described the need for more streamgages on small or high altitude streams, since the
existing gages

“tend to only be located on streams that have big water diversions or reservoirs on them. Then we have the vast major-
ity of streams on the forest are from very small sub-watersheds. We don’t really have a really good way to monitor,

or even to model what’s going on with runoff, stream temperatures, how those little stream systems are responding to
monsoons or to snowpack runoff***the modeling tools that are widely available are not doing a good job with the vast
majority of smaller watersheds on the forest, especially the high elevation ones.”

An NRCS employee expressed that more rain gages could help with managing grazing. A BLM employee described how avail-
able precipitation data is “is not spatially very well aligned with some of the land that we manage.” A Reclamation employee
also highlighted the need for additional streamgages, but he saw the spatial needs as varying depending on the water project
being considered, since some operations have sufficient gages and some have few or none.

6.2 Gaps in Scientific Understanding of Drought and its Impacts

Respondents also discussed a range of analytic gaps related to understanding how drought affects resources. These gaps fall
into five general categories: landscape characteristics, forecasts, ecological impacts, water use, and climate change.

Three respondents described gaps in understanding related to hydrology and topography. An NPS employee described
the need to better understand microclimates and their effect on hydrology: “you can never have enough information on [slope]
aspect and temperature, with temperature distribution and solar input with the aspect.” A water conservancy employee similarly
highlighted the importance of understanding how snowpack translates into runoff: “we’d like to know more about how the snow
pack comes off.” A USFS employee indicated a gap in understanding how monsoon events affect streamflow:

“Once the monsoonal signature starts blowing in, then I go straight to the gauges. I’m just looking at what’s com-

ing off from the USGS real-time gauges, and trying to figure out how the monsoonal storms are affecting runoffs. It’s
really interesting. I guess I’d love to know if there are tools out there that help do a better job of interpreting, but you
can get some huge monsoonal events that don’t seem to move some pretty big watershed stream gauges very much.
Then you’ll get another monsoon that comes in, a storm, and you get big fluctuations in runoff. I'm always surprised
at which ones trigger big changes in the gauges. I don’t know if that has to do with the saturation of the watershed,
or—I’m not really sure what’s causing it, but I do pay a lot of attention to it and I would love to know how to interpret
it better.”

Three respondents expressed a desire for improved weather forecasting. A USFS employee expressed a wish for better
short-term forecasting, though he acknowledged the difficulty of this desire: “It’s almost too much to ask, but if there was a
prediction model***based even on a seven-to-ten day or a month. Most if it’s all real-time data and you can watch trends as they
existed over the last however many weeks and months, but nothing that quantifies what could happen in the future.” Similarly,

a water conservancy employee expressed the desire for accurate climate forecasts that enable prediction 6 to 12 months out, but
acknowledged this is probably not technically feasible. A State employee expressed a desire for more information predicted on
daily time steps, to complement the forecast information received from the CBRFC, though he acknowledged “daily time step is
something that most people aren’t that interested in, except for administrators.”

Three participants highlighted the need to understand more about the ecological impacts of drought. An NPS administra-
tor described the need to better understand the riparian systems in her park and the “potential impacts of a very dry year” on
species, especially amphibians. She pointed out that the park has minimal information about insects or invertebrates, which are
likely affected by drought. A USFWS employee explained how her agency is constantly trying to “learn more about what the fish
need” in terms of hydrological requirements for endangered fish in the Upper Colorado River Basin. A BLM employee described
the general mismatch between existing drought indicators and resources managed by the agency: “Having been involved in
developing [a BLM drought plan], I will say that a number of the [available] indicators are not based on wild lands. Most of the
indicators are based on agricultural users, as well as streamflow indicators.”
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Two participants discussed needs related to human water use. A water conservancy employee discussed challenges in esti-
mating future demand for water. A State water agency employee described the need to more accurately model consumptive use
of water in rural, agricultural areas.

Four respondents described gaps in understanding how climate change will shift weather and precipitation patterns in their
area, as well as how that might impact resources for which they are responsible. A USFS employee described the need for more
information about how climate change might affect vegetation and thus impact grazing. A Reclamation employee described
a need to understand how climate change would affect runoff in Bureau projects. An employee of a water conservancy and a
WAPA employee both advocated for better long-term modeling of climate impacts, including the need to understand how perma-
frost melting will contribute to future streamflow and runoff.

6.3 Need to Better Integrate and Package Existing Data

In response to the question about data gaps, four respondents discussed not gaps in monitoring or analytic information,
but broader decision support needs they perceived related to how data is integrated and packaged. A BLM administrator sug-
gested she would appreciate better integration between fire outlooks and weather or climate outlooks, since she and many of her
colleagues rely on both kinds of tools given the resources for which they are responsible. A USFS fire manager mentioned the
need for better guidance when two tools give a different answer: “For me there’s plenty of sources out there. You may look at
two sources that are presumably giving you the same answer, but they may not be, and so you have to ask yourself, well, why
is one source saying one thing and why is another saying another.” A Fire Interagency Coordination Center employee described
the difficulty he has had obtaining and using raw data that was not suitably packaged for fire modeling, necessitating significant
inhouse data processing. A WAPA technical specialist pointed out that often it would be useful to have integrated drought and
flood information, as his work requires considering both high flow and low flow extremes.

7 Conclusion—Summary of Key Findings and Implications

This research aimed to understand the factors that influence the choices of decision makers to use or not use available
drought information sources and tools. Using a case study of the National Integrated Drought Information System (NIDIS)
Upper Colorado River Basin (UCRB) drought early warning system (DEWS), it investigated the following research questions:

» What decisions do managers make related to drought in the Upper Colorado region and particularly the Western Slope of
Colorado? About which impacts of drought are they most concerned?

» What indicators and information products do decision makers rely on to manage for the impacts of drought in this
region?

* How do decision makers find out about and choose between available drought information sources, products, and tools?

» What gaps (if any) do they perceive in currently available drought information and tools?

Section 3 described drought decision contexts, linking indicators of drought to specific decisions made by different types of
respondents. Section 4 then linked indicators and decisions discussed in Section 3 to the information sources or tools on which
managers rely. Section 5 described how managers find out about drought information sources and choose among the many avail-
able tools. Section 6 described how respondents perceived gaps in currently available information. This final section summarizes
key findings and implications for drought early warning.

1.1 Designing for Five Types of Drought Decision Makers with Distinct Information Needs

Based on inductive analysis of decisions they make, indicators they rely on, information sources they use, and channels by
which they find information sources (Section 3.1 and 3.2), study respondents were classified into five types of drought managers
(Section 3.3):

* Ecological managers are concerned about the impact of drought on species and overall ecosystem health. They make
use of a wide range of indicators, but rely heavily on local monitoring, other people, and experiential knowledge. This
likely reflects the relative lack of information sources, products, and tools tailored to the impacts they care about and (or)
the localized nature of ecological drought impacts.
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» Fire managers are interested in the effect of drought on wildfire risk and fire behavior during prescribed burns and
suppression operations. Their key indicators of interest include temperature, relative humidity, and live and dead fuel
moistures, particularly the dead fuel moisture in 1,000-hour fuels. Since fire conditions can change as quickly as a week
or two, they make use of information at shorter timescales than the other groups.

* Rangeland managers manage for vegetation condition and forage production within the U.S. Forest Service (USFS),
Bureau of Land Management (BLM), and Natural Resources Conservation Service (NRCS). They rely on key indicators
of vegetation health and productivity, streamflow, and soil moisture. They must balance short-term productivity desires
of permittees with the need to maintain the long-term ecological health of the resources they manage. They rely on a
combination of local monitoring and experiential knowledge (particularly focused on soil moisture), soil moisture data,
aggregate indices, and snow and precipitation information.

* Water supply managers manage or support water supply operations, though they may play a range of roles in projects.
Their key indicators include reservoir levels, carryover reservoir storage, the snowpack level in winter or early spring,
snow-water equivalent (SWE), runoff timing, and human demand for water. They use a wide range of snow and precipi-
tation, weather and climate, and water supply information and tools.

* Managers who do not manage for drought as such: As described in Section 3.1.7, users in the study described three
reasons they do not consider themselves to be managing for drought: (a) they have water management responsibilities
that do not significantly change during drought conditions; (b) managing for drought requires a certain baseline under-
standing of resources and the impact that decreased water availability has on them, which some land management units
do not currently have; or (c) managers do not have sufficient institutional control over water to make decisions that
would influence how drought affects the resources they manage. In other words, managing for drought generally requires
some understanding of or control of the link between drought exposure and response that these managers do not neces-
sarily have, despite having roles that would seem to involve drought management.

These five groups vary in the decisions they make, the indicators they use to make these decisions, and the information sources
on which they rely. What all this adds up to is distinct information needs for each of the five groups. Designing drought infor-
mation products or tools without having a clear idea which group is being designed for is likely to result in less effective tools.
These distinct types of drought managers provide a starting point for drought information providers to consider when defining
the needs of their target audience(s).

7.2 Supporting Users Within an “Ecosystem” of Drought Information Sources, Products, and Tools
in the UCRB

As a whole, respondents in this study depicted what can be described as a fluid ecosystem of information sources for
understanding and monitoring drought indicators in the UCRB. Table 4 list more than a hundred agencies, general categories
of sources, and specific information products named by users as sources of drought information. The list contains sources of
varying specificity, since respondents were able to freely name their sources, rather than choosing from a prepopulated list (for
example, NRCS appears as an agency when it was named at the general level by one user and the NRCS “Water and Climate
Update” appears again when another user named that product specifically). As such, demonstrates the overlapping and wide-
ranging nature of the datasets, information sources, products, and tools currently in use. This redundancy is not necessarily a
bad thing, as making the same dataset available in multiple places gives users options about where and how they access it (Jeff
Lukas, Western Water Assessment, oral commun., 2017).

Table 3, which depicts the information sources each individual user reported using, reinforces the point that tool use is
multifaceted. Users are sophisticated in their knowledge of products and generally want as much information as possible,
though a few mentioned situations where more information can complicate their jobs. Thus, they rely on suites of indicators and
information to make decisions. The relatively extensive use of information by many users suggests that the UCRB DEWS and
information providers in the region are already connecting users to information to a great extent, particularly for common types
of drought information like precipitation information.

This description of the ecosystem of indicators and information sources has a number of implications for information
providers. First, users do not always understand indicators and information sources in the same way as information providers
do. Table 1, which reports the aggregate list of items named as indicators by study participants, contains many items that would
technically be considered impacts according to the drought monitoring literature. This difference may reflect differing scientist
and manager understandings of what constitutes an indicator, and (or) it may reflect the relative paucity of available statistically
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robust indicators to measure impacts that matter to managers, particularly for ecological impacts. If it indeed reflects a difference
in definitions, information providers may want to be aware of the difference while conducting outreach. Similarly, few informa-
tion sources or tools were reported as information sources for understanding ecological drought and rangeland impacts. Manag-
ers relied primarily on local-scale monitoring programs and experiential knowledge, suggesting an opportunity exists to develop
robust indicators and information products aimed at understanding ecological drought.

A related point is that users do not always differentiate the products or producers of the information they use. Sometimes
during the conversations users had to look up their internet bookmarks in order to describe the specific source of their informa-
tion for an indicator; their identification of the tools is literally located within their internet bookmarks. McNie (2014) found the
same link between the visual presentation of a tool and user recognition of it and thus chose to survey users based not only on
tool name but also by presenting screenshots of tools and using common acronyms. For information providers this implies that
they may need to find creative ways to reach out to or interact with users who may not even recognize they are using an informa-
tion product that they do not recognize by name.

1.3 Designing Tools Managers Choose to Use

Respondents in this study echoed what previous research has found, namely that tools are used when information is
perceived as salient and credible. Participants reported that they evaluate salience of an information source in relation to their
specific drought management responsibilities. Information is used when it provides insight into the resources being managed, at
relevant scales and in appropriate data formats. What this implies is that tools need to be easy to use, with accessible guidance
that helps users quickly evaluate assumptions embedded in tools to determine salience in a given situation.

Respondents described challenges identifying the most useful information sources from many possible choices, leading to
the use of heuristic shortcuts when evaluating the salience and credibility of new tools. Peer or agency recommendations are one
important way tool credibility is evaluated. New information sources also must prove themselves to be not only as good as but
significantly better than what is currently being used, as managers noted that transaction costs of switching can be high. Some
ways that information providers might help overcome this transaction cost barrier in shifting between tools include obtaining
peer review for new products, working with pilot users to implement tools on an experimental basis, and (or) by providing infor-
mation that explicitly helps users compare between an existing source and a new one.

7.4 Using Existing Networks to Optimize Outreach Efforts

Distinct differences emerged when managers were asked how or from whom they would be most likely to hear about a
new drought tool or information source. Water managers described a strong network and community of practice that regularly
shares information across organizations. Land managers (both ecological and rangeland) reported much greater reliance on
internal agency channels, either information flowing down from State or headquarters to the field or the other way around. A
few respondents in the land management agencies reported not hearing about drought tools at all. Fire managers also described a
strong interagency network, but one centered radially around the geographic coordination center. Fire managers reported receiv-
ing valuable drought information from fire meteorologists at RMCC. Fire managers in BLM and USFS offices then described
distributing that information to other nonfire roles in BLM and USFS field offices. Other ecological and rangeland managers
confirmed that fire managers in their offices can be an important source of drought information and expertise.

These findings have possible implications for how tool providers distribute or publicize drought information sources,
products, and tools. The distinct differences in how different types of managers hear about tools suggest that the content and the
usefulness of the information itself are not all that matter. Currently, drought tools and information reach users through existing
information networks and channels. Water managers have multiple opportunities to hear about information, whether or not oth-
ers in their organization are using it. Conversely, distribution to land managers generally requires collaboration and buy-in from
State or headquarters offices, which serve as nodes in a fairly centralized distribution network. Information providers might con-
sider developing formalized partnerships with the land management agency leadership and (or) exploring other channels such
as place-based networks for making land managers aware of information sources, products, and tools. Current land management
agency initiatives to raise the profile of drought such as the USFS regional drought workshops (https://www.fs.fed.us/managing-
land/sc/drought-workshops) may also contribute to the development of an interagency community of practice.
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Code

Subcode

Description

Decision contexts

Agriculture or rangeland
Ecological health

Climate change

Fire management
Infrastructure

Not managing for drought

Decisions or impacts related to agriculture, rangeland management, or grazing.

Decisions or impacts related to ecosystems, species, or ecological processes.

Decisions or impacts related to long term climate change or long term climate vari-
ability.

Decisions or impacts related to wildfire suppression or prescribed burning.

Decisions or impacts related to infrastructure installation or maintenance.

Decisions described by the respondent as not managing for drought, even if they seem
to relate to water management.

Other Other decisions or impacts related to drought.

Personnel Decisions or impacts related to staffing and hiring

Planning Decisions or impacts related to long-term planning.

Recreation Decisions or impacts related to recreation and visitor management.

Water supply Decisions or impacts related to water supply for irrigation or municipal use.
Decision timing Monthly or shorter Decisions that are made on short timescales, up to a month.

Within a water year
One to five years
Greater than five years

Longer term

Decisions that are made seasonally or annually, within a given water year.
Decisions made looking one to five years into the future.
Decisions made looking 5 to approximately 10 years into the future.

Long term decisions, often 10 or 20 years or more in the future.

Drought indicators

Ecological

Climate change or variability

Snow and precipitation
Soil moisture

Weather and climate
Water supply
Aggregate indices
Human use

Rangeland

Economic

Fire

Indicators that describe ecological status.

Indicators that describe long term trends associated with changing climatic conditions.
Indicators that describe snow, rainfall, and runoff patterns.

Indicators that describe soil moisture.

Indicators that describe meteorological patterns.

Indicators that describe water available for human use and irrigation.

Composite indices of drought that combine one or more of the other categories.
Indicators that describe human demand for water.

Indicators that describe vegetation suitability for grazing.

Indicators that describe markets or prices for goods or services.

Indicators that describe wildfire risk and fire behavior.
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Section4. Drought Information Sources and Tools

Code

Subcode

Description

Drought information
sources or tools

Snow and precipitation

Ecological

Rangeland

Climate change or variability

Soil moisture
Weather and climate
Water supply
Aggregate indices

Tools or information sources that describe snow, rainfall, and runoff patterns.

Tools or information sources that describe ecological health or response to drought.

Tools or information sources that describe vegetation condition in context of grazing
management.

Tools or information sources that describe long term trends associated with changing
climatic conditions and/or assess the impacts of these changes.

Tools or information sources describe soil moisture.
Tools or information sources that describe meteorological patterns.
Tools or information sources describe water available for human use and irrigation.

Composite indices of drought that combine one or more of the other categories.

Human use Tools or information sources describe human demand for water.
Fire Tools or information sources describe wildfire risk and/or predict wildfire behavior.
Information time- Real time Information that describes conditions as they occur.
frames
Forecasts Information that describes projected future conditions in the short term (less than
three months).
Seasonal Information that is useful on a specific seasonal basis.

One to five year outlook

Long term projections

Information that describes conditions one to five years in the future.

Information that describes projected long term conditions more than five years in the
future.

Types of information
sources

Agency

Person
Portals
Product
Source

Experiential knowledge

Respondent describes obtaining information from an agency but does not specify a
particular product.

Respondent describes obtaining information from another person.
Website that aggregates information from multiple sources.

Specific information source or tool.

General category of information source, not as specific as a product.

Respondent described assessing the condition of a given indicator based on their own
knowledge or mental model of the system.

Ways information is
used

Instrumental use

Conceptual use

Tactical use

Respondent describes using information to make a decision. Includes instances when
use of information is required to make a decision.

Respondent describes how information provides background, context, or helps them
think about an issue at a general level.

Respondent describes using information to justify, support or challenge a decision;
information has strategic value.
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Section 5. Selecting From Among Available Tools

Code

Subcode

Description

Intra-agency relationships

Someone else in own
agency

Down the agency chain

Respondent describes learning about information sources from a peer within
their own agency.

Respondent describes learning about information sources from someone at a
higher organization level within the same agency (for example State office).

Interagency relationships

Someone else in another
agency

Water manager network

Fire community

Respondent describes learning about information sources from someone in
another organization.

Respondent describes learning about information sources as result of ties to the
network of the water managers.

Respondent describes learning about information sources as result of ties to fire
community.

Place-based networks

Respondent describes learning about information sources from peers or net-
works in the same geographical area.

Outreach

Professional or disciplinary
network

Meetings and workshops

Hard copy information

Respondent describes learning about information sources from professional
network or association.

Respondent describes learning about information sources by attending meetings
or workshops.

Respondent describes learning about information sources from physical publi-
cations.

Media Respondent describes learning about information sources from newspaper or
other media coverage.
Breakdowns in information Respondent describes situations when they have NOT learned about informa-
flow tion sources or when knowledge about drought has NOT circulated.
Usability criteria Respondent describes criteria they use to evaluate whether or not to use a given
information source or tool.
Reasons tools are not used ~ Not aware Respondent describes not using information sources or tools because they are

Capacity issues

Information relevance

not aware of them.

Respondent describes not using information sources or tools because of limited
time, money, energy, and so forth.

Respondent describes not using information sources or tools because the infor-
mation is not relevant to their job role or the decisions they make or support.
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Section 6. Perceived Gaps in Drought Information

Code

Subcode

Description

Better monitoring

Soil moisture

Snow

‘Weather

Streamflow

Rainfall

Respondent discusses need for more or better quality information about soil
moisture.

Respondent discusses need for more or better quality data on snowfall, snow
cover, and so forth.

Respondent discusses need for more or better quality information about
weather, weather forecasts, or short-term climate information.

Respondent discusses need for more or better quality information about stream-
flow or streamgages.

Respondent discusses need for more or better quality information about rainfall
or rain gages.

More analytic information

Climate change
Ecological impacts
Forecasts

Landscape characteristics

‘Water use

Respondent discusses need for information related to effects of long term cli-
mate change or variability, including climate models.

Respondent discusses need for information about the impact of on ecosystems
or species.

Respondent discusses need for more or better quality forecasting and prediction
capability.

Respondent discusses need for more or better quality information on relation
between hydrology and topography.

Respondent discusses need for information about water consumption or de-
mand.

No gaps or could not recall

Respondent reported perceiving no gaps in available information or could not
recall any gaps during conversation.

Data formats

Respondent discusses needs related to data formats and translation of datasets
between technological systems.

Integration

Respondent discusses needs related to integrating multiple datasets together.
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