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Abstract

From hampering the ability of water utilities to fill their reservoirs to leaving

forests parched and ready to burn, drought is a unique natural hazard that

impacts many human and natural systems. A great deal of research and syn-

thesis to date has been devoted to understanding how drought conditions

harm agricultural operations, leaving other drought-vulnerable sectors rela-

tively under-served. This review aims to fill in such gaps by synthesizing litera-

ture from a diverse array of scientific fields to detail how drought impacts

nonagricultural sectors of the economy: public water supply, recreation and

tourism, forest resources, and public health. We focus on the Intermountain

West region of the United States, where the decadal scale recurrence of severe

drought provides a basis for understanding the causal linkages between

drought conditions and impacts.
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1 | MOTIVATION

Drought is often described as an insidious natural hazard—proceeding gradually and subtly with harmful effects
(Weghorst, 1996; D. A. Wilhite & Buchanan-Smith, 2005). Even though this very same complexity makes accounting
difficult, drought is one of the costliest natural disasters, affecting tens of millions of people per large event and often
causing damages in the tens of billions of dollars (Riebsame et al., 1991; A. B. Smith & Matthews, 2015; D. Wilhite, 2000).
These impacts transcend economic sectors and scientific disciplines, necessitating a deep understanding of how drought
conditions affect human and natural systems (Van Loon, Gleeson, et al., 2016).

To date, agriculture has seen the vast majority of work relating drought conditions to impacts, compared to other
sectors. This litany of agricultural drought research performed over the previous decades yields real-world benefits. For
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example, the U.S agricultural community benefits from research-driven adaptation strategies, such as genetically modi-
fied, drought-tolerant crop varieties (Blum & Jordan, 1985; Marshall, 2014) and moisture-conserving land use practices
(Hatfield et al., 2001). Moreover, well-established mitigation programs, such as drought insurance and indemnity pay-
ments (Reyes & Elias, 2019), help to alleviate the expected financial consequences of drought on U.S producers. How-
ever, agriculture is far from the only drought-vulnerable economic sector in need of research that connects drought
conditions to impacts.

Throughout the western United States, quality of life and economic stability depend on water availability (Bales
et al., 2006; Mankin et al., 2015). Without snow, mountain communities will not attract winter tourists and spring run-
off volumes will be meager. Without abundant spring runoff, rivers will not attract boaters and anglers, and municipal
water supply reservoirs will not fill. Without sufficient moisture, forests will be vulnerable to wildfire and downwind
communities will grapple with degraded air quality. Despite the clear dependence of life in the western U.S. on water
availability, the causal chains between drought indicators (i.e., hydrometeorological metrics that quantify drought con-
ditions) and impacts are poorly understood and poorly quantified for nonagricultural sectors. This single-sector focus
limits understanding and adaptive capacity for other key industries, even when they are as economically and societally
important as agriculture. In the state of Colorado, for example, the outdoor recreation industry employs over 300,000
more people and produces $15.8 billion more in economic impact annually than agriculture (Colorado Department of
Agriculture, 2020; Colorado Parks and Wildlife, 2018). When examined in the US Drought Impact Reporter, agriculture
is mentioned in 33.5% of all reports, compared to only 5.7% for recreation in the Intermountain West (IMW) region of
the United States. Similarly, a Google Scholar search for “drought impacts agriculture” returns 1.42 million results,
compared to 96,000 for “drought impacts recreation.” In a review of previous literature, the most dominant category
relating drought indicators to impacts was agriculture (Sophie Bachmair et al., 2016).

To address this knowledge gap, we review literature documenting the state of the science and practice of drought
impacts for four nonagricultural, drought-vulnerable economic sectors in the IMW: public water supply, recreation and
tourism, forest resources, and public health. Although a diverse set of fields has produced this work, wherever possible
we will use common terminology to highlight the interconnectedness of these sectors and to reveal gaps or missed
opportunities. For each sector we ask:

• How does drought impact sector-specific operations and functions?
• What are the causal linkages, interactions, and feedbacks relating drought conditions and impacts?
• How are drought impacts assessed, quantified, and defined for the sector?

We begin by defining drought in the context of this work along with various indices that quantify drought severity
(Section 2). Next, we introduce our study region, the IMW, and its past and projected future droughts (Section 3). We
then give a sector-by-sector review of drought impact literature (Section 4).

2 | DEFINING DROUGHT

By nature of its complex impacts, drought definitions come in multiple forms that aim to properly communicate a given
drought's characteristics (Mishra & Singh, 2010). In some cases, drought by one definition may not be a drought by
another. For example, while below-average precipitation is a key component of many droughts, it is not always accom-
panied by marked declines in streamflow. Conversely, because of changes in snowmelt patterns or anthropogenic
drivers on terrestrial hydrologic systems, streamflow may be below normal while precipitation is near average (Van
Loon, Stahl, et al., 2016). This seeming paradox has led to previous researchers defining four major drought types: mete-
orological, hydrologic, agricultural, and socioeconomic (D. A. Wilhite & Glantz, 1985).

Meteorological droughts occur during periods of below-average precipitation, which may be accompanied by
warmer-than-average air temperature and/or elevated atmospheric moisture demand (Palmer, 1965b). Oftentimes
meteorologic drought propagates into hydrologic drought, a state marked by low streamflow, reservoir, lake, snowpack,
and groundwater levels (Van Loon, 2015). In some cases, hydrologic drought can persist even when precipitation has
returned to near-normal levels (Hisdal & Tallaksen, 2000). Meteorological and hydrologic drought conditions may also
coincide with agricultural drought, a period of below-average crop productivity. Socioeconomic drought occurs when
water demand outstrips supply and affects societal uses. Impacts of socioeconomic drought may be felt by one sector,
while leaving another relatively unscathed. Finally, ecological drought occurs when water deficits push ecosystems over
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vulnerability thresholds and affect valuable ecosystem services (Crausbay et al., 2017; Raheem et al., 2019). The litera-
ture we review in this paper deals with drought in its meteorological, hydrologic, ecological, and socioeconomic forms.
In short, we treat drought as a shortage of water in any form that adversely affects our studied sectors.

Within these broader definitions are two epistemological categories used by researchers to evaluate drought, one based
on indicators and another based on impacts (Redmond, 2002). Indicator-based definitions rely on objective hydrological
or meteorological metrics to indicate the severity, extent, and duration of drought relative to a baseline period. For exam-
ple, the commonly used Palmer Drought Severity Index is computed as a function of air temperature and precipitation,
thus representing the magnitude of meteorological droughts (Alley, 1984; Palmer, 1965a; Wells et al., 2004). Impact-driven
drought definitions rely on agricultural, ecological, or socioeconomic impacts realized as the consequence of a sustained
water shortage. For example, drought conditions may be described as crop or primary productivity losses, mandatory
water use restrictions, declines in revenue, or increased incidences of heat stroke hospitalization.

This split in drought definition, between indicators and impacts, poses a challenge to groups, communities, and
researchers grappling with how best to respond and adapt to drought (S. Bachmair et al., 2015; Noel et al., 2020). Purely
indicator-based definitions lack the context necessary to anticipate if, how, and when water deficits will impact critical
operations. Purely impact-based drought definitions lack the information necessary to understand why observable
impacts have emerged and the foresight necessary to learn how the same impacts may arise in the future. One objective
of this review is to connect drought indicators to drought impacts to develop a deeper understanding of the causal link-
ages between hydrometeorological processes and their quantifiable consequences.

3 | DROUGHT IN THE IMW

While we include relevant literature from other regions, we focus our review on the IMW states of Colorado, New
Mexico, Arizona, Utah, and Wyoming (National Integrated Drought Information System (NIDIS) (Figure 1). This
hydroclimatically diverse region spans a wide elevation range, from near sea level on the Colorado River in Arizona to
4401 m at the summit of Mt. Elbert in the Rocky Mountains of Colorado. According to meteorological data from the
Parameter-elevation Regressions on Independent Slopes Model (PRISM), patterns of annual precipitation are similarly
varied, with mean annual totals ranging from 77 mm in the Arizona desert to over 2000 mm in Wyoming's Teton Range

FIGURE 1 Map showing the five states of the IMW (outlined in red) along with surrounding states in the western US. Shading

corresponds to 1981–2010 mean annual precipitation from PRISM (Daly et al., 2008; PRISM Climate Group, 2012). The highest annual totals

are found in the various mountain ranges of the IMW
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(Daly et al., 2008; PRISM Climate Group, 2012). However, high annual precipitation is relatively rare with most areas
classified as arid or semi-arid (Huang et al., 2016; Wise, 2012). Mean annual air temperatures below freezing can be
found across the high mountains of most states, while the warmest values, above 20�C, are in the Arizona desert near
the US-Mexico border (Daly et al., 2008; PRISM Climate Group, 2012). Because the greatest precipitation values tend to
occur in the highest, coldest locations, regional hydrology is snow-dominated (Bales et al., 2006). In some river basins,
more than 80% of annual streamflow is derived from snowmelt (D. Li et al., 2017).

A defining feature of this region is that major population centers tend to be located downslope and downstream of
the high-elevation headwater basins, the so-called “water tower” effect (Messerli et al., 2004; Viviroli et al., 2007). Much
of the IMW citizenry and industry are found in arid and semi-arid climate areas, thereby relying on water deliveries
from the mountains (Mankin et al., 2015). This combination of geographic positioning and climatic regimes means the
IMW is highly exposed and sensitive to drought. Periods of markedly below average precipitation and streamflow are
recurrent phenomena in the IMW with wide swings between water feasts and famines (E. B. Allen et al., 2013; S.-Y.
Wang et al., 2009). Plotted over time, the maximum extent of extreme and exceptional drought conditions in the five
IMW states, according to the US Drought Monitor, shows pronounced multi-year droughts (Figure 2a). Prominent
droughts can be seen during the 1930's Dust Bowl period, the protracted 1950's drought, and the major 21st century
droughts of 2001–2003 and 2011–2013. During these periods, annual flow in the Colorado River at Lee's Ferry, a bell-
wether of western water supply, was well below average (Figure 2b). Notably, the federal government allocated flows
from the Colorado River based on the anomalously wet period of the early 1900s.

4 | SECTOR-SPECIFIC DROUGHT IMPACTS

4.1 | Public water utilities

Summer rainfall is insufficient to meet water resources needs over much of the IMW region (Mankin et al., 2015), mak-
ing the timing and volume of snowmelt deliveries key to municipal water supply (Dziegielewki & Kiefer, 2007; Garfin

FIGURE 2 Annual maximum extent of extreme and exceptional drought in the five states of the IMW (a) and annual natural Colorado

River streamflow at Lee's Ferry (b). Drought values in (a) were computed using Palmer Drought Severity Index data from the Westwide

Drought Tracker. As in the US Drought Monitor, extreme and exceptional drought correspond to PDSI values of �4.0 to �4.9 and less than

or equal to �5.0, respectively. Streamflow values in (b) come from the US Bureau of Reclamation's Colorado River Natural Flow and Salt

Dataset. The solid line in each plot represents the 5-year moving average of the respective drought categorization and streamflow data
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et al., 2013). By storing water through the winter and spring, mountain snowpacks act as natural water towers that
release meltwater as human and ecosystem demands increase (Immerzeel et al., 2020; Viviroli et al., 2007). However,
despite the natural overlap between water availability and demand, utilities must still account for late-summer water
needs and multi-year droughts. Changes in streamflow timing due to climate change will exacerbate a growing mis-
match between supply and demand (because peak flows are occurring earlier in the spring, while demand is highest in
mid-summer) and will present challenges for the management of reservoirs, aquifers, and other water infrastructure
(Rajagopalan et al., 2009). Utilities therefore engineer complex systems that satisfy water demands over seasonal and
interannual dry spells. Fundamentally, drought impacts these municipal water utilities by lowering supplies, raising
water demands, and threatening system reliability. Consequential impacts to infrastructure, water quality, and utility
finances make drought one of the most damaging natural hazards for municipal water utilities.

4.1.1 | Water supply

Hydrologic drought conditions affect snow-dependent water utilities by decreasing the total snow water storage, alter-
ing the timing and rate of melt, and decreasing catchment water yields (Harpold et al., 2017; Saft et al., 2016). Many
utilities use reservoirs to capture snowmelt and store water for release during seasonal and interannual periods of high
demand and low supply. In the Colorado River basin, for example, reservoir storage is approximately four times the
annual flow, giving some buffering capacity for supply declines during drought years (Christensen &
Lettenmaier, 2007; Rajagopalan et al., 2009). Despite this, sustained drought conditions still affect the timing and mag-
nitude of reservoir inflows and bolster evaporation rates, thereby driving reservoir storage volumes to critically low
levels (Barnett et al., 2008; Georgakakos et al., 2014; D. Wilhite & Pulwarty, 2005).

The importance of storage was highlighted during the severe prolonged drought in the Colorado River basin that
began in 2000. The decreased precipitation, coupled with historically high temperatures and continuing population and
economic growth, contributed to reservoirs across the region hitting historic low levels (Rajagopalan et al., 2009;
Udall & Overpeck, 2017). Inflow into Lake Powell in 2002 was the lowest on record, amounting to only 25% of average
(Fulp, 2005). Impacts of this drought at local municipal reservoirs had direct consequences on public drinking water
supply, prompting mandatory water use restrictions across the region (Doesken & Pielke, 2004; Pielke et al., 2005).

The resilience of water supplies in the Colorado River Basin is in question, with climate models projecting a decline
in Colorado River flow as a result of increases in hydroclimatic and demand stresses (Barnett et al., 2008;
Christensen & Lettenmaier, 2007b; Milly et al., 2005; Udall & Overpeck, 2017; Wu et al., 2008). Although the magnitude
of reduction is uncertain given the complexity of physical processes and climate model representations of temperature
and precipitation, one model projected runoff decreasing 10%–20% in the next 50 years (Brekke et al., 2009; Cayan
et al., 2010). The impacts of expanding aridity is likely to disproportionately affect Upper Basin states (Colorado, Utah,
Wyoming, New Mexico, and northern Arizona), with reservoirs declining to dead storage levels and unmet consump-
tive use requests more likely (Harding et al., 1995; Seager et al., 2012).

As the Upper Basin states continue to develop their allocated share of the Colorado River, water delivery shortages
and mandatory cutbacks will be required from some Lower Basin states (Arizona, California, Nevada). For example,
Arizona's Central Arizona Project, a 530 km canal that is a water source for 4.7 million people, could theoretically lose
its water allocation if continued low flows of the Colorado River persist. Per the prior appropriations framework of
western U.S. water law, water deliveries to junior rights holders are fulfilled only when water is first available to supply
more senior rights. Looking forward, as drought conditions worsen and competition for Colorado River water increases,
collaborative water management strategies will have to be implemented in order to meet the water needs of both senior
and junior rights holders the region (Sullivan et al., 2019).

Aside from surface water resources, groundwater resources are an essential component of water supply portfolios
for many IMW utilities. Reduced deliveries from surface water sources during drought often lead to excess groundwater
withdrawals to minimize impacts on public water supply (Castle et al., 2014; Famiglietti & Rodell, 2013; Kenny
et al., 2009). Long-term drought reduces groundwater availability by reducing aquifer recharge rates (Ajami et al., 2011;
Dwivedi et al., 2018; Georgakakos et al., 2014). Drought conditions also exacerbate groundwater pumping demands,
potentially driving unsustainable negative water balances on water supply aquifers. Such negative balances can reduce
aquifer storage capacity, increase pump power requirements, degrade water quality, and contribute to land subsidence
(Blue et al., 2015; Brislawn et al., 2013). The impacts of drought on groundwater supplies often exhibit multi-year lags,
whereby the most severe impacts are felt years after drought conditions have subsided (Leblanc et al., 2009; Van
Loon, 2015).
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4.1.2 | Water demand

Coupled with dwindling supply, elevated water demand during drought can strain water supply systems to the
limits of reliability. Water utilities, particularly in the IMW, experience a sharp increase in water demand in the
summer months, driven by outdoor water use to irrigate lawns, parks, agricultural fields, and other landscapes
(AMEC, 2018). In Salt Lake City, Utah, customer demand can be more than four times higher in the summer than
in the winter (Duer, 2020). In Colorado, lawn watering during the spring and summer can account for well over half
of total annual residential water use (Kenney et al., 2004). Several studies have found that climate change and
drought conditions increase plant irrigation requirements, (Cook et al., 2014; Döll, 2002; Fischer et al., 2007)
thereby exacerbating peak water demands (Kenny et al., 2009). Some of the highest water demand increases under
climate change are projected in Southwest regions where groundwater aquifers are the main water supply source
(Georgakakos et al., 2014).

To manage demands during periods of low supply, most water utilities along Colorado's Front Range implemented
at least some type of water restriction (voluntary or mandatory) during the droughts of 2002 and 2012. A study done in
2002 showed that, for several cities in Colorado's Front Range, during periods of mandatory restrictions, savings of
18%–56% were seen, while voluntary restrictions saw only 4%–12% savings (Kenney et al., 2004). Utilities imposing the
strictest restrictions during the 2002 drought accordingly achieved the greatest savings.

4.1.3 | Utility finances

Water utilities generate revenue by selling water. When nonessential water demand is restricted during drought,
revenue streams are impacted (Dilling et al., 2019; H. B. Zeff et al., 2014). For example, drought response water
restrictions during the summer of 2013 decreased Denver Water's operating revenue by 13% ($37 million) relative
to original fiscal year projections (Denver Water, 2016). Reduced revenue during droughts affects a utility's ability
to recover its mostly fixed costs, potentially leading to lower credit ratings and higher bond financing rates (H. Zeff
et al., 2020). In turn, this increases the cost of capital required for routine maintenance and infrastructure improve-
ments (Dilling et al., 2019). Additionally, implementing a drought response program is cost intensive. There are
significant overhead costs associated with public awareness campaigns and enforcement of mandatory water
restrictions (E.P.A., 2018).

Drought-induced low water levels in streams and reservoirs can have adverse impacts on water infrastructure,
requiring large capital investments for repairs and upgrades. If reservoirs get too low, intake and pumping sta-
tions may not be operational, and hydroelectric power generation capacity is decreased (Fulp, 2005). Low water
levels in reservoirs can threaten the structural integrity of earthen dams by facilitating the development of cracks
(Z. Li et al., 2018). Excessive sediment flux into reservoirs, often associated with runoff from areas ravaged by
drought-induced wildfire, can damage water intake pumps and clog treatment plant filtration systems (Rhoades
et al., 2019).

Drought exacerbates land subsidence when groundwater is withdrawn and not recharged at normal rates, and is
particularly noticeable in California, Texas, Arizona, and Florida (Brislawn et al., 2013; Zektser et al., 2005). Collapsing
ground and changes in soil structure due to drought can damage infrastructure such as road and water mains (Brislawn
et al., 2013; Georgakakos et al., 2014). During a 2011 drought in Austin, Texas, 10–15, or more, water main breaks
occurred each week because of shifting and shrinking soils (Blue et al., 2015).

Droughts can lead to water quality implications for drinking water supplies, including turbidity, taste and color,
lower dissolved oxygen levels, and the altering of nutrient cycling and biota within both watersheds and reservoirs that
can influence water quality for months or years after the event (Governor's Drought Task Force, 2004; Wright
et al., 2014; Yusa et al., 2015). The decreased volume of water in lakes and reservoirs increases the concentration of pol-
lutants, such as municipal waste water and thermoelectric power plant return flows (Bates et al., 2008; Wright
et al., 2014). Drought-related wildfires can also damage water infrastructure and cause chemical and physical damage
in rivers and streams, resulting in short-term water quality issues and long-term watershed complications (NRCS, 2016;
Ranalli, 2004; Rhoades et al., 2019; Rust et al., 2018). In 2002, Denver Water spent $26 million to restore water quality
and remove the large volume of sediment in its reservoirs, due to the Hayman Fire (Blue et al., 2015). In 2012, the
Hewlett Fire and the High Park Fire burned 10% of Fort Collins' watershed, causing increased sedimentation in rivers
and stress on water treatment plants (Water Shortage Action Plan, 2020).
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4.2 | Forest resources

Forests and woodlands are a major source of raw materials for food, fuel, and shelter for the global economy (Oswalt
et al., 2019). Forested lands also provide valuable ecosystem services including carbon storage, nutrient cycling, hydro-
logic cycling, soil preservation, and recreational opportunities (Krieger, 2001). Drought conditions impact the natural
capital of forested lands (Crausbay et al., 2017) by pushing trees and shrubs to their physiological limits, increasing pest
and pathogen vulnerability, facilitating widespread tree mortality events, decreasing fuel moisture levels, and increasing
wildfire risk (Vose et al., 2019).

4.2.1 | Tree health

Drought impacts forest ecosystems by limiting the availability of water to trees and shrubs, which drives hydraulic stress
and failure (Adams et al., 2017; W. R. L. Anderegg et al., 2016; McDowell et al., 2008). Hydraulic stress can decrease pri-
mary productivity, increase susceptibility to pests and pathogens, and in extreme cases, cause tree mortality (W. R. L.
Anderegg, 2012; Bentz et al., 2010; Kolb et al., 2016; McDowell et al., 2008). Because drought is a regularly occurring phe-
nomena in the IMW (Figure 2), forest and grassland ecosystems have evolved natural adaptation strategies to cope with
transient water limitation (Bréda et al., 2006; Mariotte et al., 2013). However, “global-change-type” droughts are pushing
some forested ecosystems closer to tipping points and altering successional pathways (Breshears et al., 2005).

Drought-induced tree mortality, whether caused directly by hydraulic failure or indirectly by pests and pathogens, affects
all biomes and climates across the globe (C. D. Allen et al., 2010). Several tree mortality events are of note in the IMW. A
die-off of Pinus edulis (pinyon pine) followed a period of severe drought during 2002–2003 and associated bark beetle infesta-
tion in forests across Colorado, Utah, New Mexico and Arizona (Breshears et al., 2005, 2009). During this event, over 90% of
Pinus eldus died across 12,000 km2 of forested land. Widespread, multi-species tree mortality followed severe drought condi-
tions during 2002 across several forest and climate zones near Flagstaff, Arizona (Gitlin et al., 2006). Elsewhere, severe
drought in 2002 prompted a multi-year decline of up to 17% of Colorado's Populus tremuloides (quaking aspen) population, a
phenomena known as Sudden Aspen Decline (SAD) (L. D. L. Anderegg et al., 2013; Worral et al., 2007; Worrall et al., 2008).
Here, drought conditions impacted aspen stands by depleting shallow soil moisture reserves, a critical water source for
Populus tremuloide, and increasing atmospheric water demand (L. D. L. Anderegg et al., 2013).

As a secondary impact, drought affects forest carbon budgets (Kurz et al., 2008). While forested lands are typically car-
bon sinks, drought can either decrease carbon uptake rates or transition forests to net carbon sources. Following tree mor-
tality events, reduced photosynthetic carbon uptake and increased microbial respiration (Hicke et al., 2012; Hicke
et al., 2013) can cause temporary transitions of forested lands from carbon sinks to sources (W. R. L. Anderegg et al., 2015;
Ciais et al., 2005; Doughty et al., 2015). Additionally, earlier snowmelt, one consequence of snow drought, has been shown
to reduce carbon uptake during ablation in subalpine forests (Winchell et al., 2016). Available stand-level carbon budget
studies show that drought impacts to carbon budgets are temporary, and carbon budgets can recover within 3–5 years fol-
lowing drought or infestation induced mortality events (Amiro et al., 2010; M. G. Brown et al., 2012).

Another secondary impact of drought is long-term shifts in the forest water budget (Adams et al., 2012; Redding
et al., 2008). As canopy trees die during mortality events, interception and transpiration rates decrease, allowing more
precipitation to reach the forest floor (Ford & Vose, 2007; Spittlehouse, 2007). At the same time, higher radiation and
windspeeds at the forest floor increase energy for snowmelt and soil evaporation (Boon, 2007, 2009; Penn et al., 2016;
Royer et al., 2011). The consequence is often a higher catchment water yield, larger peak flows, and earlier peak flow
timing (Bethlahmy, 1974, 1975; Carver et al., 2009; Jones, 2000; Weiler et al., 2009). However, other site-specific investi-
gations show decreased or unchanged catchment water yields in the wake of mortality events (Biederman et al., 2015;
Guardiola-Claramonte et al., 2011; Penn et al., 2016). While the hydrologic impacts of forested land cover changes have
been the focus of catchment hydrology studies for decades (e.g., Elliott & Vose, 2011), available literature seems to sug-
gest that net water balance impacts are dependent on site-specific characteristics, such as geology and climate.

Drought, by way of tree mortality, causes tertiary economic impacts by degrading forest aesthetics (Sheppard &
Picard, 2006). Surveys of national park visitors in Canada and the United States found that infestation-related tree mor-
tality negatively impact visitor experience and perceptions of forest health (McFarlane & Witson, 2008; Sumner &
Lockwood, 2020). These studies suggest carry over impacts of tree mortality to regional recreation-based economies
with persistent effects lasting years after a mortality event (Nolte et al., 2018; Peterson et al., 2018). Additionally, tree
mortality negatively impacts property values (Holmes et al., 2006). In Grand County Colorado, it is estimated that
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property values decline by $648, $43 and $17 for every tree killed within a 0.1, 0.5, and 1.0 km radius around the prop-
erty, respectively (Price et al., 2010).

4.2.2 | Large wildfires

Wildfire is an endemic component of western US ecosystems (Sherriff & Veblen, 2007; Swetnam & Betancourt, 1990)
and plays an important role in mediating ecosystem structure, diversity, and function (Debano & Conrad, 1978;
Whelan, 1995). Fire geography across the IMW is tightly coupled to climate. Ninety-four percent of fires, accounting for
98% of burned area, burn between May and October, the driest times of the year (Westerling et al., 2003). While drought
is not the sole cause of wildfire, drought conditions are a prerequisite for large burns (Abatzoglou et al., 2018; Barbero
et al., 2014; Schoennagel et al., 2007; Veblen et al., 2000) that overwhelm suppression capabilities, damage property,
and lead to losses of life (Tedim et al., 2018).

Drought conditions deplete water storages in forested lands, including moisture stored in the tissue of live and dead
plant matter, also known as fuel moisture (Bessie & Johnson, 1995; Gedalof et al., 2005; Kulakowski & Jarvis, 2011; Turco
et al., 2018). Biophysical variables that quantify moisture contents (e.g., snow water equivalent, soil moisture, or fuel mois-
ture) are more strongly correlated with variations in seasonal burned area, compared to strictly weather or climate variables
(e.g., air temperature or precipitation; Abatzoglou & Kolden, 2013; Gedalof et al., 2005). For this reason, the frequency and
severity of wildfires tend to be greater during drought years than nondrought years (Abatzoglou & Williams, 2016; Gedalof
et al., 2005). Looking forward, projected climate change over the coming century is likely to increase the likelihood of
extreme fires by facilitating drier fuel moisture conditions and expanding the length of the fire season (Barbero et al., 2015).

Hydrologic conditions prior to the fire season such as snowmelt timing, cumulative precipitation, and cumulative
evapotranspiration have been shown to control seasonal fire activity (Littell et al., 2009; Westerling et al., 2003;
Westerling et al., 2006). However, the nature of antecedent controls vary by ecoregion (Collins et al., 2006; Westerling
et al., 2003). In moisture limited fire systems, such as the Colorado Rockies, interannual variability in burned area is
positively correlated with drought conditions preceding the fire season. Here, antecedent drought conditions jump-start
the seasonal cycle of fuel desiccation earlier than normal, thereby increasing ignition likelihood. Elsewhere, in fuel-
limited fire systems, such as grass and shrublands, annual burned area is positively correlated with wet conditions in
spring and early summer (K. J. Brown et al., 2005). In fuel-limited ecosystems, wet antecedent conditions facilitate fuel
growth while dry conditions during the fire season lower fuel moisture (Balch et al., 2013).

4.3 | Recreation and tourism

Outdoor recreation is big business across much of the IMW. According to the Bureau of Economic Analysis, the value
added from outdoor recreation represents between 2.5% and 4.5% of total state gross domestic product in Arizona, New
Mexico, Utah, Colorado, and Wyoming (Awuku-Budu & Franks, 2019). The recreators and tourists coming to these
states rely on suitable weather and hydrologic conditions, which are essential for many outdoor recreation pursuits
(Scott & Lemieux, 2010). However, this same reliance means that most outdoor activities are uniquely exposed to the
effects of drought (Crowley et al., 2019; Thomas et al., 2013; Wilhelmi et al., 2008). Similar to the water utilities sector,
drought begins in the mountains with below-average snowfall before propagating downstream. In some cases, drought
means an activity cannot take place (e.g., insufficient streamflow for a boat to float), while in other cases drought may
reduce visitation or enjoyment as conditions degrade. Interestingly, drought conditions can sometimes increase visita-
tion, particularly in cool, high-elevation areas (Buckley & Foushee, 2012; Fisichelli et al., 2015; Richardson &
Loomis, 2005; Scott et al., 2007). However, it is likely that drought and wildfire will negatively disrupt outdoor recrea-
tional opportunities over the coming decades (USGCRP, 2018).

4.3.1 | Winter sports

Downhill skiing, snowboarding, snowshoeing, cross-country skiing, and snowmobiling all require the same thing: suffi-
cient snow cover. Drought challenges these industries with reduced snow coverage that either does not support certain
activities or reduces consumers' willingness to pay (i.e., the maximum amount a person would pay for a product or
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experience). In some cases, this sector may experience drought conditions even when meteorological and/or hydrologic
drought are not occurring. Warm snow droughts, characterized by increased rain-snow proportions as a result of higher
than average air temperatures (Harpold et al., 2017), correspond to poor skiing conditions even if precipitation is near-
normal.

The impacts of drought on the winter sports industry can be considerable. Previous reports indicate these activities
add $11–12 billion to the US economy, while supporting nearly 200,000 jobs (Burakowski & Magnusson, 2012;
Hagenstad et al., 2018). Intuitively, annual user days, the number of single day visits per person, track with snowfall
and snow depth, meaning less snow means fewer and less contented participants (Hagenstad et al., 2018). Critically, for
the winter sports industry, there is an asymmetry between the profound negative impacts of low-snow years and the
slightly positive effects of high snow years, with the former reducing the value added to the US economy by over $1 bil-
lion and costing 17,400 jobs (Hagenstad et al., 2018). Compounding matters is the finding that visitation to ski areas
can be reduced as a result of snow droughts not only in the resort areas themselves, but also in far-afield population
centers from which they derive many of their visitors (Hamilton et al., 2007).

In the western US, the previous decades have challenged the winter sports communities with prolonged droughts
not just in the IMW, but also California and the Pacific Northwest. In Washington state, the 2004–2005 drought was
particularly difficult on ski resorts. One area extended season passes into the 2005–2006 season for free, another area
forewent critical upgrades, and two ski shops closed (Goodman, 2005; Scott & Lemieux, 2010). As such, researchers
identify skiing as one of the most vulnerable industries in Washington state to drought (Fontaine & Steinemann, 2009).
The 2011–2012 drought was so widespread, it produced the fewest skier visits in the US from 2009 to 2019, nearly
10 million fewer than what would have been typically expected (Vanat, 2020). Record-setting drought in California
from 2013 to 2016 saw markedly reduced visitation and early ski area closures (Chang & Bonnette, 2016; Lund
et al., 2018). As a result of compounding negative impacts of drought, many ski resort operators fear multiple years of
poor snow conditions that may lead to permanent resort closures (Beaudin & Huang, 2014; Even et al., 2020). Ongoing
snowfall declines and broader macroeconomic trends have already led to a contraction of the US ski industry, with
fewer resorts in operation now than in the 1980s and stagnating annual visitation (Hagenstad et al., 2018; Vanat, 2020).

More than just episodic droughts, the winter sports industry is beholden to the specter of climate change (Scott
et al., 2006; Steiger et al., 2019). As a result of its strong relationship to air temperature (Dai, 2008; Jennings et al., 2018)
and widespread warming, snowfall is in unequivocal decline across cold and temperate regions (Hock et al., 2019;
N. Knowles et al., 2006; Safeeq et al., 2015). As we move toward the future, there is the potential to see the dominant
lever affecting snow droughts shift from precipitation to air temperature in some areas. Across the western US, this shift
could mean a total annual loss near $1 trillion in ecosystem services that are currently provided by snow (Sturm
et al., 2017). For the winter sports industry, future snowfall declines will dramatically shorten season lengths by upward
of 50% and 90% by 2050 and 2090, respectively (Wobus et al., 2017). This contraction may produce annualized losses
nearing $2 billion, with downhill skiing experiencing markedly larger economic impacts than cross-country skiing and
snowmobiling (Wobus et al., 2017).

However, ski resorts have ample opportunities to enhance adaptive capacity (Scott & McBoyle, 2007). The primary
adaptation pathway thus far has been expanded reliance on snowmaking to make up for ever-increasing snowfall defi-
cits (Steiger et al., 2019). In Colorado, droughts in 1979 and 1981 are seen as a watershed moment in the adaptation of
snowmaking by the state's resorts (Wilhelmi et al., 2008). Improved snowmaking technology will enable many resorts
to operate, even as air temperatures warm (Bark et al., 2010; Hennessy et al., 2008; Scott et al., 2006). Despite these pos-
itives, the winter sports industry undeniably depends on reliable snowfall. Even with technological advances, there are
physical limits to how much snowmaking can make up for changes in climate (Scott et al., 2019). As a result, the Inter-
governmental Panel on Climate Change (IPCC) expresses “high confidence” that the ski industry will experience a
reduction in financial viability by the end of the 21st century (Hock et al., 2019). Ultimately, the future of many resorts
is dependent on their ability to diversity nonsnow dependent business lines (Steiger et al., 2019; Walters &
Ruhanen, 2015) and otherwise respond to upcoming challenges in environmental and financial sustainability (N. L. B.
Knowles, 2019; McGrady & Cottrell, 2018).

4.3.2 | Rafting, boating, and fishing

In the western US, the majority of streamflow results from snowmelt in high-elevation, headwater basins (D. Li
et al., 2017). As such, there is an inextricable link between snow conditions and streamflow volume and timing
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(Stewart, 2009), meaning snow accumulation is a useful predictor of the summer boating season (Abramovich, 2007).
In drought years, low snow accumulation in the headwaters produces numerous downstream impacts on water-based
recreation, including reservoir closures, inaccessible boat ramps, degraded water quality, and fishing restrictions
(Chang & Bonnette, 2016). Research indicates that the water recreation industry suffered the greatest economic impact
during the 2002 Colorado drought as a result of historically low river and reservoir levels (Wilhelmi et al., 2008). Reduc-
tions in streamflow can produce losses of 1000–2000 jobs and millions of dollars in revenue for the Colorado rafting
and fishing industries (Loomis, 2008b). During the 2011–2013 drought, the number of fishing license holders decreased
relative to expected trends (Colorado Parks and Wildlife, 2020).

Even if a drought is not severe enough to preclude water-based recreation, it can create conditions that are not pre-
ferred by participants. In general, those participating in rafting, boating, kayaking, canoeing, fishing, and angling prefer
moderate streamflow and lake levels. User preferences decline when streamflow drops below a certain level, which
reduces visitation, enjoyment, and consumer surplus (Loomis, 2008a, 2008b; Loomis & McTernan, 2011, 2014; Stafford
et al., 2017). On rivers requiring rafting permits, users will actively submit applications with a low probability of
succeeding in order to avoid low-flow conditions (Yoder et al., 2014). However, novices may prefer lower streamflow
values than experts, making visitation to some river reaches less sensitive than others (Leones et al., 1997). Similarly,
some reservoirs express a greater sensitivity to fluctuating water levels than others (Ward et al., 1996). Visitation and
expenditures both decline with decreasing water levels and increasing air temperature over a high threshold (Boyer
et al., 2017).

Another key concern for waterborne activities is water quality (U.S. Environmental Protection Agency, 2017),
declines in which can be linked to drought through warmer-than-average air temperatures, reduced streamflow, and
lower lake levels. Previous research indicates that declines in water quality can markedly reduce the willingness to pay
for various recreation groups (Roberts et al., 2008; Van Houtven et al., 2007). As climate change exacerbates water qual-
ity issues, recreational losses in the US may range between $1.2 and 2.3 billion by 2050 and $2.7–4.8 billion by 2090
(Fant et al., 2017). In Colorado, recreational waters are most commonly impacted by E. coli and harmful algal blooms,
with 2% of surveyed streams not meeting water quality standards (Colorado Department of Public Health and
Environment, 2020). Whether it is due to reduced streamflow and reservoir levels or degraded water quality, water-
based recreation will be challenged by climate change over the coming decades with marked effects on local economies
(U.S. Environmental Protection Agency, 2017). However, previous research suggests individuals are willing to pay for
stream restoration efforts that enhance water quality, improve fish habitat, and expand recreational opportunities
(Loomis et al., 2000).

4.3.3 | Parks and tourism

Similar to other outdoor recreation sectors, droughts can affect parks visitation through changing season lengths,
wildfire-related closures, and lake levels. During the 2002–2003 and 2011–2013 droughts, visitation to Colorado State
Parks decreased relative to expected trends (Colorado Parks and Wildlife, 2020). As a result of a rapidly spreading wild-
fire linked to an ongoing drought, Yellowstone National Park closed completely to visitors on September 10th, 1998.
Overall, visitation was down by 400,000 people (�15%) relative to 1987 and researchers suggest visits would have
declined even without the complete closure due to smoke, temporary road closures, and the constant sounds of
firefighting aircraft (Franke, 2000). Heightened wildfire risk during drought can greatly reduce hiking and biking visita-
tion, trail user enjoyment, and consumer surplus (Hesseln et al., 2003; Loomis et al., 2001). All respondents to a survey
on the 2002 drought indicated that wildfire was a driving factor in tourism declines in Colorado (Wilhelmi et al., 2008).
Similar factors have been ascribed to other US National Parks in the Rocky Mountains, where drier-than-average condi-
tions were indicated in 75% of reduced visitation cases (Jedd et al., 2018). Losses in visitor spending during such years
range between $9 and 90 million (Jedd et al., 2018).

However, other research suggests that the hot and dry conditions associated with drought can sometimes increase
visitation. Ongoing climate warming is already expanding visitation seasons at cold and temperate US National Parks
(Buckley & Foushee, 2012) as trails melt out earlier and stay mud-free for longer (Richardson & Loomis, 2005). Future
temperature increases will likely markedly increase shoulder-season visitation with more moderate increases in peak-
season visitation as parks reach their capacity (Fisichelli et al., 2015). Notably, an increase in visitation may also be
associated with expanded activity substitution as visitors shift toward activities such as hiking and climbing that are less
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water-dependent (Richardson & Loomis, 2005a). Additionally, visitors may decide to travel to other parks with more
favorable conditions (Jedd et al., 2018).

4.4 | Public health

Drought's adverse health effects are mediated through complex environmental, economic and social pathways that can
accumulate slowly over time. The lack of highly visible structural impacts of droughts makes seeing and understanding
health impacts challenging (Stanke et al., 2013; Vins et al., 2015). Recent comprehensive reviews of the health impacts
of drought highlight the mostly indirect risks (Ariza et al., 2016; Centers for Disease Control and Prevention, 2010;
Stanke et al., 2013; Yusa et al., 2015). The causal processes that link public health to drought are still being studied and
examined, but it is clear that droughts impact water and air quality, mental and physical health, and public safety.

4.4.1 | Water quality and water-related diseases

While decreased water quantity is a defining feature of drought, water quality can be simultaneously affected (Bell
et al., 2016; Centers for Disease Control and Prevention et al., 2010; Yusa et al., 2015). Reduced groundwater levels and
streamflow during drought can heighten the potential for increased levels of harmful chemicals, as the system's dilution
capacity is diminished. This can lead to increased salinity and reduced oxygen levels within the water, threatening
aquatic species (Bond et al., 2008). Water temperature increases and nutrient loading can enhance algal production and
promote toxic cyanobacterial blooms (Mosley, 2015; Wall & Hayes, 2016).

These drought-induced declines in water quality have adverse consequences on human health. Harmful algal
blooms make water unsafe for swimming (Liu et al., 2020). Afflictions such as skin rashes, blisters, vomiting, diarrhea,
and even deaths of dogs have been reported and linked to cyanobacteria in lakes in the United States (Centers for Dis-
ease Control and Prevention et al., 2010). Degradation of water quality also has economic implications, as increases in
contaminant levels in source waters can increase treatment costs and hamper the ability to meet drinking water stan-
dards (Yusa et al., 2015). Elevated levels of nutrients in groundwater or saltwater intrusion can contaminate private
wells, threatening the quality of drinking water (Centers for Disease Control and Prevention et al., 2010; Wall &
Hayes, 2016; Yusa et al., 2015).

Resultant stagnation from diminished water bodies provides optimal conditions for certain vector-borne diseases.
Increased outbreaks of waterborne diseases including Escherichia coli (E. coli), leptospirosis and other viruses have
been linked to periods of drought (Stanke et al., 2013; Yusa et al., 2015). The prevalence of vector insects and pathogens
that thrive in shallow, warm waters, such as the mosquito-borne West Nile Virus, has also been linked to drought
(Centers for Disease Control and Prevention et al., 2010; K. H. Smith et al., 2020). In the 2002 drought, when more than
50 percent of coterminous United States was experiencing moderate to severe drought conditions, West Nile Virus total
cases and deaths spiked (Liu et al., 2020). Shaman et al. (2010) examined the relationship between hydrological variabil-
ity and the incidence of West Nile Virus in Colorado from 2002 to 2007 and found that dry spring and summer condi-
tions appear to increase the risk of human West Nile Virus infection.

4.4.2 | Air quality and dust-related diseases

Droughts can contribute to airborne dust, which can have a significant effect on public health, particularly among peo-
ple with chronic health conditions (Garfin et al., 2013; Liu et al., 2020). Dry soil can increase the number of particulates
that are suspended in the air, thereby exacerbating chronic respiratory illnesses (e.g., asthma), cardiovascular diseases,
and possibly increasing the risk for acute respiratory infection (Ariza et al., 2016; Centers for Disease Control and
Prevention, 2010; L. T. Smith et al., 2014). Particle size less than or equal to 2.5 μm, commonly referred to as PM2.5, is
positively related to all-cause daily mortality, particularly in the elderly population, and can cause asthma, respiratory
inflammation, diminished lung function, and can even promote cancers (Brunekreef & Holgate, 2002; Ostro
et al., 2006; Samoli et al., 2005; Schwartz et al., 1996; Xing et al., 2016). The “Dust Bowl” of the 1930's was perhaps the
greatest example of this phenomenon with thousands of people dying from “dust pneumonia” (Stanke et al., 2013).
Achakulwisut et al. (2018) found that premature deaths in the Southwest U.S. could rise by 20–130%, and annual
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hospitalizations due to cardiovascular and respiratory illness could grow by 60–300% by 2100. Wang et al. (2017) esti-
mated that, due to changes in local drought severity alone, spring and summer levels of particulate matter could
increase by 1%–16% in the US by 2100 relative to the 2000s.

Like dust, smoke from wildfires can cause significant respiratory problems. Wildfires produce an average of 25 per-
cent of PM2.5 across the U.S. and sometimes more than 50% in the western U.S. (Burke et al., 2020). Burke et al. (2020)
show that a one microgram increase in PM2.5 was associated with an increase in mortality of approximately one indi-
vidual per million during the August and September 2020 wildfire season. The authors conclude that hundreds of
elderly individuals likely died from smoke exposure in each major West Coast population center from the 2020 wildfire
season. Wildfire induced morbidity is also a major concern. In the San Luis Valley in south central Colorado, elevated
levels of particulate matter are associated with a rise in respiratory-related visits to the emergency room (James
et al., 2018). Other projects from Colorado similarly noted that increases in particulate matter caused by wildfire smoke
lead to more hospitalizations for respiratory illnesses (Alman et al., 2016), particularly in children (Stowell et al., 2019).

FIGURE 3 Drought in the IMW typically begins during the winter in high elevation mountain basins with reduced snow accumulation

and earlier than normal melt. Drought conditions proceed downstream to lower elevations in the form of diminished streamflow, lower

reservoir storage, higher plant water demand, increased reliance on groundwater, and desiccated forests. Drought conditions affect the

recreation and tourism industry by truncating the winter ski and summer boating seasons. Drought impacts municipal water suppliers by

increasing demand amidst lower-than-average supply, which in turn stresses utility finances. Drought impacts forest resources by way of tree

mortality, wildfire, and diminished ecosystem services. Hot and dry conditions trigger myriad public health impacts, including increased

incidences of respiratory disease, mental health issues, and adverse water quality conditions. While this review focuses on drought impacts

to tourism and recreation, municipal water supply, forest resources, and public health, drought impacts also extend beyond these sectors
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Drought conditions can also increase exposure to pathogens such as coccidioidomycosis, or valley fever (Centers for
Disease Control and Prevention, 2010; Wall & Hayes, 2016). In this case, drought followed by heavy rain releases fun-
gus spores from the soil (Stanke et al., 2013), a process that may have caused outbreaks of valley fever in California in
the early 1990s (Stanke et al., 2013). Likewise, in 2016, hospitalization charges for Arizona residents with a primary
diagnosis of valley fever totaled $55 million, with a median of $47,212 in total charges per hospitalization (Liu
et al., 2020). During the 2010–2012 drought, when nearly two-thirds of the contiguous U.S. was in drought (NDMC, n.
d.), the number of reported valley fever cases spiked, with 22,641 total cases in 2011 alone (Liu et al., 2020).

4.4.3 | Mental health

The attribution of mental health outcomes to specific drought related events is challenging (Berry et al., 2010; Hayes
et al., 2018). Mental health consequences of drought are indirect and can occur as a result of associated financial
impacts, the damage to landscape and agriculture, impacts on food supply, physical health effects, and/or housing dis-
placement (Berry et al., 2010; Hayes et al., 2018; OBrien et al., 2014; Vins et al., 2015). Mental health challenges include
increased stress, depression, anxiety, trouble sleeping, decreased quality of life, and suicide (Ariza et al., 2016;
Cuthbertson et al., 2016; Liu et al., 2020; Vins et al., 2015; Wall & Hayes, 2016; Yusa et al., 2015). Post-traumatic stress
disorder has been linked to acute effects of drought such as wildfire (Finlay et al., 2012).

Agricultural workers and others who rely on water and/or precipitation for their livelihoods are at greater risk of
experiencing the mental health impacts of drought (Centers for Disease Control and Prevention, 2010; OBrien
et al., 2014; Polain et al., 2011; Yusa et al., 2015). For instance, farmers and their families report increased stress due to
drought (Berry et al., 2011; OBrien et al., 2014). The 2011–2013 drought resulted in at least $633 million worth of dam-
age to Colorado agricultural producers (CWCB, 2020) causing significant financial anxiety for Colorado farmers and
ranchers (Kohler, 2018). In the 1980s, male farmers and ranchers in the northern U.S. demonstrated rates of suicide
that were twice the national rate (Gunderson et al., 1993). Other related factors, such as reduced access to health ser-
vices and the culture of independence among farmers, can exacerbate the impact of drought in agricultural communi-
ties (Berry et al., 2011).

5 | CONCLUSION

In the IMW region of the United States, drought is an insidious problem that leaves few economic sectors untouched.
Despite drought's wide-reaching impacts, much of the research and operational focus to date has been on agriculture,
with the result that drought impacts on other sectors have been comparatively understudied. In our review, we synthe-
sized papers and reports from a variety of disciplines to evaluate how drought impacts water utilities, recreation and
tourism, forest resources, and public health. This work indicated that drought in the IMW typically begins as anoma-
lously low winter snowfall that propagates into below-average mountain snow accumulation. Drought conditions then
move from the high-elevation headwaters to downstream communities as a result of below average streamflow. Along
the way, reservoirs remain unfilled, recreation and tourism opportunities dry up, forest mortality increases along with
wildfire risk, and human health is threatened by dust, wildfire smoke, and harmful algal blooms (Figure 3).

These impacts are defined and quantified in a variety of ways. Water utilities experience both reduced revenue and
increased operational costs as they struggle to fulfill water allocations. Recreation and tourism user days decline, which is
associated with reduced visitor expenditures and increased costs as resorts try to adapt to drought conditions. At the same
time, consumer surplus drops as recreation takes place during suboptimal conditions. Drought conditions also lead to
declines in forest health, which then turns into tree mortality, increased incidence of wildfires, and a loss of ecosystem ser-
vices. Similarly, drought can lead to degraded air quality, an increase in waterborne pathogens, and mental health issues.
As a result, hospitalizations and human mortality may rise as drought envelops the IMW. All of these effects produce
impacts that reverberate through the economic system, leading to declines in tax revenue, business closures, and job losses.
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Noel M., Bathke D., Fuchs B., Gutzmer D., Haigh T., Hayes M., Poděbradsk�a M., Shield C., Smith K., Svoboda M. (2020). Linking Drought
Impacts to Drought Severity at the State Level. Bulletin of the American Meteorological Society, 101(8), E1312–E1321. https://doi.org/10.
1175/bams-d-19-0067.1

Nolte, C. G., Dolwick, P. D., Fann, N., Horowitz, L. W., Naik, V., Pinder, R. W., Spero, T. L., Winner, D. A. & Ziska, L. H. (2018). Air Quality.
In Impacts, Risks, and Adaptation in the United States: Fourth National Climate Assessment, Volume II [Reidmiller, D.R., C.W. Avery,
D.R. Easterling, K.E. Kunkel, K.L.M. Lewis, T.K. Maycock, and B.C. Stewart (eds.)]. U.S. Global Change Research Program, Washington,
DC, USA, pp. 512–538. https://doi.org/10.7930/NCA4.2018.CH13

NRCS. (2016). Hydrologic analyses of post-wildfire conditions. Retrieved from http://www.ocio.usda.gov/sites/
OBrien, L. V., Berry, H. L., Coleman, C., & Hanigan, I. C. (2014). Drought as a mental health exposure. Environmental Research, 131,

181–187. https://doi.org/10.1016/j.envres.2014.03.014
Ostro, B., Broadwin, R., Green, S., Feng, W. Y., & Lipsett, M. (2006). Fine particulate air pollution and mortality in nine California counties:

Results from CALFINE. Environmental Health Perspectives, 114(1), 29–33. https://doi.org/10.1289/ehp.8335
Oswalt, S. N., Smith, W. B., Miles, P. D., & Pugh, S. A. (2019). Forest resources of the United States, 2017. USDA Forest Service General Tech-

nical Report WO-97. https://doi.org/10.2737/WO-GTR-97
Palmer, W. C. (1965). Meteorological drought.
Penn, C. A., Bearup, L. A., Maxwell, R. M., & Clow, D. W. (2016). Numerical experiments to explain multiscale hydrological responses to

mountain pine beetle tree mortality in a headwater watershed. Water Resources Research, 52(4), 3143–3161. https://doi.org/10.1002/
2015WR018300

Pielke R. A., Doesken N., Bliss O., Green T., Chaffin C., Salas J. D., Woodhouse C. A., Lukas J. J., Wolter K. (2005). Drought 2002 in colorado:
an unprecedented drought or a routine drought? pure and applied geophysics, 162(8-9), 1455–1479. https://doi.org/10.1007/s00024-005-
2679-6

Polain, J. D., Berry, H. L., & Hoskin, J. O. (2011). Rapid change, climate adversity and the next ‘big dry’: Older farmers' mental health.
Australian Journal of Rural Health, 19(5), 239–243. https://doi.org/10.1111/j.1440-1584.2011.01219.x

Price, J. I., McCollum, D. W., & Berrens, R. P. (2010). Insect infestation and residential property values: A hedonic analysis of the mountain
pine beetle epidemic. Forest Policy and Economics, 12(6), 415–422. https://doi.org/10.1016/j.forpol.2010.05.004

PRISM Climate Group (2012). 30-year normals.
Raheem N., Cravens A. E., Cross M. S., Crausbay S., Ramirez A., McEvoy J., Zoanni D., Bathke D. J., Hayes M., Carter S., Rubenstein M.,

Schwend A., Hall K., Suberu P. (2019). Planning for ecological drought: Integrating ecosystem services and vulnerability assessment.
WIREs Water, 6(4), https://doi.org/10.1002/wat2.1352

Rajagopalan B., Nowak K., Prairie J., Hoerling M., Harding B., Barsugli J., Ray A., Udall B. (2009). Water supply risk on the Colorado River:
Can management mitigate? Water Resources Research, 45(8), https://doi.org/10.1029/2008wr007652

Ranalli, A. J. (2004). A summary of the scientific literature on the effects of fire on the concentration of nutrients in surface waters. Retrieved
from http://www.usgs.gov/

20 of 24 WLOSTOWSKI ET AL.

 20491948, 2022, 1, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1571 by N

oaa D
epartm

ent O
f C

om
m

erce, W
iley O

nline L
ibrary on [14/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1061/(ASCE)WR.1943-5452.0000984
https://doi.org/10.1088/1748-9326/10/11/114016
https://doi.org/10.1111/1365-2745.12064
https://doi.org/10.1038/nbt.2875
https://doi.org/10.1111/j.1469-8137.2008.02436.x
https://doi.org/10.1111/j.1539-6924.2008.01013.x
https://doi.org/10.1111/j.1539-6924.2008.01013.x
https://doi.org/10.17265/2328-2169/2018.08.003
https://doi.org/10.1038/nature04312
https://doi.org/10.1016/j.jhydrol.2010.07.012
https://doi.org/10.1016/j.jhydrol.2010.07.012
https://doi.org/10.1016/j.earscirev.2014.11.010
https://droughtmonitor.unl.edu/Summary.aspx
https://droughtmonitor.unl.edu/Summary.aspx
https://doi.org/10.1175/bams-d-19-0067.1
https://doi.org/10.1175/bams-d-19-0067.1
https://doi.org/10.7930/NCA4.2018.CH13
http://www.ocio.usda.gov/sites/
https://doi.org/10.1016/j.envres.2014.03.014
https://doi.org/10.1289/ehp.8335
https://doi.org/10.2737/WO-GTR-97
https://doi.org/10.1002/2015WR018300
https://doi.org/10.1002/2015WR018300
https://doi.org/10.1007/s00024-005-2679-6
https://doi.org/10.1007/s00024-005-2679-6
https://doi.org/10.1111/j.1440-1584.2011.01219.x
https://doi.org/10.1016/j.forpol.2010.05.004
https://doi.org/10.1002/wat2.1352
https://doi.org/10.1029/2008wr007652
http://www.usgs.gov/


Redding, T., Winkler, R., Teti, P., Spittlehouse, D., Boon, S., Rex, J., Dubé, S., Moore, R. D., Wei, A., Carver, M., Schnorbus, M., Reese-
Hansen, L., & Chatwin, S. (2008). Mountain pine beetle and watershed hydrology. In Mountain Pine Beetle: From Lessons Learned to
Community-based Solutions Conference Proceedings, June 10-11, 2008. BC Journal of Ecosystems and Management, 9(3), 33–50. http://
www.forrex.org/publications/jem/ISS49/vol9_no3_MPBconference.pdf

Redmond, K. T. (2002). The depiction of drought. Bulletin of the American Meteorological Society, 83(8), 1143–1148. https://doi.org/10.1175/
1520-0477-83.8.1143

Reyes, J. J., & Elias, E. (2019). Spatio-temporal variation of crop loss in the United States from 2001 to 2016. Environmental Research Letters,
14(7), 074017. https://doi.org/10.1088/1748-9326/ab1ac9

Rhoades, C. C., Nunes, J. P., Silins, U., & Doerr, S. H. (2019). The influence of wildfire on water quality and watershed processes: New
insights and remaining challenges. International Journal of Wildland Fire, 28(10), 721–725. https://doi.org/10.1071/WFv28n10_FO

Richardson, R. B., & Loomis, J. B. (2005a). Climate change and recreation benefits in an alpine national park. Journal of Leisure Research,
37(3), 307–320. https://doi.org/10.1080/00222216.2005.11950055

Riebsame, W. E., Changnon, S. A., & Karl, T. (1991). Drought and natural resources management in the United States: impacts and implica-
tions of the 1987–89 drought. Westview Special Studies in Natural Resources and Energy Management (USA).

Roberts, D. C., Boyer, T. A., & Lusk, J. L. (2008). Preferences for environmental quality under uncertainty. Ecological Economics, 66(4),
584–593. https://doi.org/10.1016/j.ecolecon.2008.05.010

Royer, P. D., Cobb, N. S., Clifford, M. J., Huang, C. Y., Breshears, D. D., Adams, H. D., & Villegas, J. C. (2011). Extreme climatic event-
triggered overstorey vegetation loss increases understorey solar input regionally: Primary and secondary ecological implications. Journal
of Ecology, 99(3), 714–723. https://doi.org/10.1111/j.1365-2745.2011.01804.x

Rust, A. J., Hogue, T. S., Saxe, S., & McCray, J. (2018). Post-fire water-quality response in the western United States. International Journal of
Wildland Fire, 27(3), 203. https://doi.org/10.1071/WF17115

Safeeq M., Shukla S., Arismendi I., Grant G. E., Lewis S. L., Nolin A. (2016). Influence of winter season climate variability on snow-precipita-
tion ratio in the western United States. International Journal of Climatology, 36(9), 3175–3190. https://doi.org/10.1002/joc.4545

Saft, M., Peel, M. C., Western, A. W., & Zhang, L. (2016). Predicting shifts in rainfall-runoff partitioning during multiyear drought: Roles of
dry period and catchment characteristics. Water Resources Research, 52(12), 9290–9305. https://doi.org/10.1002/2016WR019525

Samoli, E., Analitis, A., Touloumi, G., & All, E. (2005). Estimating the exposure-response relationships between particulate matter and mor-
tality within the APHEA multicity project. Environmental Health Perspect, 113, 88–95.

Schoennagel, T., Veblen, T. T., Kulakowski, D., & Holz, A. (2007). Multidecadal climate variability and climate interactions affect subalpine
fire occurrence, Western Colorado (USA). Ecology, 88(11), 2891–2902. https://doi.org/10.1890/06-1860.1

Schwartz, J., Dockery, D., & Neas, L. (1996). Is daily mortality associated specifically with fine particles? Journal Air Waste Management
Association, 46, 927–939.

Scott, D., & Lemieux, C. (2010). Weather and climate information for tourism. Procedia Environmental Sciences, 1(1), 146–183. https://doi.
org/10.1016/j.proenv.2010.09.011

Scott, D., Jones, B., & Konopek, J. (2007). Implications of climate and environmental change for nature-based tourism in the Canadian Rocky
Mountains: A case study of Waterton Lakes National Park. Tourism Management, 28(2), 570–579. https://doi.org/10.1016/j.tourman.
2006.04.020

Scott, D., & McBoyle, G. (2007). Climate change adaptation in the ski industry. Mitigation and Adaptation Strategies for Global Change,
12(8), 1411–1431. https://doi.org/10.1007/s11027-006-9071-4

Scott, D., McBoyle, G., Minogue, A., & Mills, B. (2006). Climate change and the sustainability of ski-based tourism in eastern North America:
A reassessment. Journal of Sustainable Tourism, 14(4), 376–398. https://doi.org/10.2167/jost550.0

Scott, D., Steiger, R., Rutty, M., Pons, M., & Johnson, P. (2019). The differential futures of ski tourism in Ontario (Canada) under climate
change: The limits of snowmaking adaptation. Current Issues in Tourism, 22(11), 1327–1342. https://doi.org/10.1080/13683500.2017.
1401984

Seager, R., Ting, M., Li, C., Naik, N., Cook, B., Nakamura, J., & Liu, H. (2012). Projections of declining surface-water availability for the
southwestern United States. Nature Climate Change, 3, 482–486. https://doi.org/10.1038/NCLIMATE1787

Shaman, J., Day, J. F., & Komar, N. (2010). Hydrologic conditions describe West Nile virus risk in Colorado. International Journal of Environ-
mental Research and Public Health, 7(2), 494–508. https://doi.org/10.3390/ijerph7020494

Sheppard, S., & Picard, P. (2006). Visual-quality impacts of forest pest activity at the landscape level: A synthesis of published knowledge and
research needs. Landscape and Urban Planning, 77(4), 321–342. https://doi.org/10.1016/j.landurbplan.2005.02.007

Sherriff, R. L., & Veblen, T. T. (2007). A spatially-explicit reconstruction of historical fire occurrence in the ponderosa pine zone of the Colo-
rado front range. Ecosystems, 10(2), 311–323. https://doi.org/10.1007/s10021-007-9022-2

Smith, A. B., & Matthews, J. L. (2015). Quantifying uncertainty and variable sensitivity within the US billion-dollar weather and climate
disaster cost estimates. Natural Hazards, 77(3), 1829–1851. https://doi.org/10.1007/s11069-015-1678-x

Smith, K. H., Tyre, A. J., Hamik, J., Hayes, M. J., Zhou, Y., & Dai, L. (2020). Using climate to explain and predict West Nile virus risk in
Nebraska. GeoHealth, 4(9), e2020GH000244. https://doi.org/10.1029/2020GH000244

Smith, L. T., Arag~ao, L. E. O. C., Sabel, C. E., & Nakaya, T. (2014). Drought impacts on children's respiratory health in the Brazilian Amazon.
Scientific Reports, 4(1), 1–8. https://doi.org/10.1038/srep03726

WLOSTOWSKI ET AL. 21 of 24

 20491948, 2022, 1, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1571 by N

oaa D
epartm

ent O
f C

om
m

erce, W
iley O

nline L
ibrary on [14/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.forrex.org/publications/jem/ISS49/vol9_no3_MPBconference.pdf
http://www.forrex.org/publications/jem/ISS49/vol9_no3_MPBconference.pdf
https://doi.org/10.1175/1520-0477-83.8.1143
https://doi.org/10.1175/1520-0477-83.8.1143
https://doi.org/10.1088/1748-9326/ab1ac9
https://doi.org/10.1071/WFv28n10_FO
https://doi.org/10.1080/00222216.2005.11950055
https://doi.org/10.1016/j.ecolecon.2008.05.010
https://doi.org/10.1111/j.1365-2745.2011.01804.x
https://doi.org/10.1071/WF17115
https://doi.org/10.1002/joc.4545
https://doi.org/10.1002/2016WR019525
https://doi.org/10.1890/06-1860.1
https://doi.org/10.1016/j.proenv.2010.09.011
https://doi.org/10.1016/j.proenv.2010.09.011
https://doi.org/10.1016/j.tourman.2006.04.020
https://doi.org/10.1016/j.tourman.2006.04.020
https://doi.org/10.1007/s11027-006-9071-4
https://doi.org/10.2167/jost550.0
https://doi.org/10.1080/13683500.2017.1401984
https://doi.org/10.1080/13683500.2017.1401984
https://doi.org/10.1038/NCLIMATE1787
https://doi.org/10.3390/ijerph7020494
https://doi.org/10.1016/j.landurbplan.2005.02.007
https://doi.org/10.1007/s10021-007-9022-2
https://doi.org/10.1007/s11069-015-1678-x
https://doi.org/10.1029/2020GH000244
https://doi.org/10.1038/srep03726


Spittlehouse, D. (2007). Influence of the mountain pine beetle on the site water balance of lodgepole pine forests. In: T Redding (Ed.), Pro-
ceedings of Mountain Pine Beetle and Watershed Hydrology Workshop: Preliminary Results of Research from BC, Alberta and Colorado.
pp. 25–26.

Stafford, E., Fey, N., & Vaske, J. J. (2017). Quantifying whitewater recreation opportunities in cataract canyon of the Colorado River, Utah:
Aggregating acceptable flows and hydrologic data to identify Boatable days. River Research and Applications, 33(1), 162–169. https://doi.
org/10.1002/rra.3049

Stanke, C., Kerac, M., Prudhomme, C., Medlock, J., & Murray, V. (2013). Health effects of drought: A systematic review of the evidence. PLoS
Currents. https://doi.org/10.1371/currents.dis.7a2cee9e980f91ad7697b570bcc4b004

Steiger, R., Scott, D., Abegg, B., Pons, M., & Aall, C. (2019). A critical review of climate change risk for ski tourism. Current Issues in Tourism,
22(11), 1343–1379. https://doi.org/10.1080/13683500.2017.1410110

Stewart, I. T. (2009). Changes in snowpack and snowmelt runoff for key mountain regions. Hydrological Processes, 23(1), 78–94. https://doi.
org/10.1002/hyp.7128/full

Stowell J. D., Geng G., Saikawa E., Chang H. H., Fu J., Yang C.-E., Zhu Q., Liu Y., Strickland M. J. (2019). Associations of wildfire smoke
PM2.5 exposure with cardiorespiratory events in Colorado 2011–2014. Environment International, 133, 105151. https://doi.org/10.1016/j.
envint.2019.105151

Sturm, M., Goldstein, M. A., & Parr, C. (2017). Water and life from snow: A trillion dollar science question. Water Resources Research, 53,
3534–3544. https://doi.org/10.1002/2017WR020840

Sullivan, A., White, D. D., & Hanemann, M. (2019). Designing collaborative governance: Insights from the drought contingency planning
process for the lower Colorado River basin. Environmental Science & Policy, 91(October 2018), 39–49. https://doi.org/10.1016/j.envsci.
2018.10.011

Sumner, C., & Lockwood, J. (2020). Visitor perceptions of Bark beetle impacted forests in Rocky Mountain National Park, Colorado. Conser-
vation and Society, 18(1), 50. https://doi.org/10.4103/cs.cs_18_77

Swetnam, T. W., & Betancourt, J. L. (1990). Fire-southern oscillation relations in the southwestern United States. Science, 249(4972), 1017–
1020. https://doi.org/10.1126/science.249.4972.1017

Tedim F., Leone V., Amraoui M., Bouillon C., Coughlan M., Delogu G., Fernandes P., Ferreira C., McCaffrey S., McGee T., Parente J.,
Paton D., Pereira M., Ribeiro L., Viegas D., Xanthopoulos G. (2018). Defining Extreme Wildfire Events: Difficulties, Challenges, and
Impacts. Fire, 1(1), 9. https://doi.org/10.3390/fire1010009

Thomas, D. S. K., Wilhelmi, O. V., Finnessey, T. N., & Deheza, V. (2013). A comprehensive framework for tourism and recreation drought
vulnerability reduction. Environmental Research Letters, 8(4), 44004. https://doi.org/10.1088/1748-9326/8/4/044004

Turco, M., Rosa-C�anovas, J. J., Bedia, J., Jerez, S., Mont�avez, J. P., Llasat, M. C., & Provenzale, A. (2018). Exacerbated fires in Mediterranean
Europe due to anthropogenic warming projected with non-stationary climate-fire models. Nature Communications, 9(1), 1–9. https://doi.
org/10.1038/s41467-018-06358-z

U.S. Environmental Protection Agency. (2017). Multi-model framework for quantitative sectoral impacts analysis. A Technical Report for the
Fourth National Climate Assessment. Retrieved from https://cfpub.epa.gov/si/si_public_record_Report.cfm?dirEntryId=335095

Udall, B., & Overpeck, J. (2017). The twenty-first century Colorado River hot drought and implications for the future. Water Resources
Research, 53, 2404–2418. https://doi.org/10.1002/2016WR019638.Received

USGCRP. (2018). D.R. Reidmiller, C.W. Avery, D.R. Easterling, K.E. Kunkel, K.L.M. Lewis, T.K. Maycock, & B.C. Stewart (Eds.). Impacts,
risks, and adaptation in the United States. Fourth National Climate Assessment, Volume II. https://doi.org/10.7930/NCA4.2018

Van Houtven, G., Powers, J., & Pattanayak, S. K. (2007). Valuing water quality improvements in the United States using meta-analysis: Is the
glass half-full or half-empty for national policy analysis? Resource and Energy Economics, 29(3), 206–228. https://doi.org/10.1016/j.
reseneeco.2007.01.002

Van Loon, A. F. (2015). Hydrological drought explained. Wiley Interdisciplinary Reviews: Water, 2(4), 359–392. https://doi.org/10.1002/wat2.
1085

Van Loon A. F., Gleeson T., Clark J., Van Dijk A. I. J. M., Stahl K., Hannaford J., Di Baldassarre G., Teuling A. J., Tallaksen L. M.,
Uijlenhoet R., Hannah D. M., Sheffield J., Svoboda M., Verbeiren B., Wagener T., Rangecroft S., Wanders N., Van Lanen H. A. J. (2016).
Drought in the Anthropocene. Nature Geoscience, 9(2), 89–91. https://doi.org/10.1038/ngeo2646

Van Loon A. F., Stahl K., Di Baldassarre G., Clark J., Rangecroft S., Wanders N., Gleeson T., Van Dijk A. I. J. M., Tallaksen L. M.,
Hannaford J., Uijlenhoet R., Teuling A. J., Hannah D. M., Sheffield J., Svoboda M., Verbeiren B., Wagener T., Van Lanen H. A. J. (2016).
Drought in a human-modified world: reframing drought definitions,understanding, and analysis approaches. Hydrology and Earth Sys-
tem Sciences, 20(9), 3631–3650. https://doi.org/10.5194/hess-20-3631-2016

Vanat, L. (2020). 2020 International report on snow & mountain tourism: Overview of the key industry figures for ski resorts. Retrieved from
https://vanat.ch/ski-resorts-english

Veblen, T. T., Kitzberger, T., & Donnegan, J. (2000). Climatic and human influences on fire regimes in ponderosa pine forests in the Colo-
rado front range. Ecological Applications, 10(4), 1178–1195. https://doi.org/10.1890/1051-0761(2000)010[1178:CAHIOF]2.0.CO;2

Vins, H., Bell, J., Saha, S., & Hess, J. (2015). The mental health outcomes of drought: A systematic review and causal process diagram. Inter-
national Journal of Environmental Research and Public Health, 12(10), 13251–13275. https://doi.org/10.3390/ijerph121013251

Viviroli D., Dürr H. H., Messerli B., Meybeck M., Weingartner R. (2007). Mountains of the world, water towers for humanity: Typology, map-
ping, and global significance. Water Resources Research, 43(7), 1–13. https://doi.org/10.1029/2006wr005653

22 of 24 WLOSTOWSKI ET AL.

 20491948, 2022, 1, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1571 by N

oaa D
epartm

ent O
f C

om
m

erce, W
iley O

nline L
ibrary on [14/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/rra.3049
https://doi.org/10.1002/rra.3049
https://doi.org/10.1371/currents.dis.7a2cee9e980f91ad7697b570bcc4b004
https://doi.org/10.1080/13683500.2017.1410110
https://doi.org/10.1002/hyp.7128/full
https://doi.org/10.1002/hyp.7128/full
https://doi.org/10.1016/j.envint.2019.105151
https://doi.org/10.1016/j.envint.2019.105151
https://doi.org/10.1002/2017WR020840
https://doi.org/10.1016/j.envsci.2018.10.011
https://doi.org/10.1016/j.envsci.2018.10.011
https://doi.org/10.4103/cs.cs_18_77
https://doi.org/10.1126/science.249.4972.1017
https://doi.org/10.3390/fire1010009
https://doi.org/10.1088/1748-9326/8/4/044004
https://doi.org/10.1038/s41467-018-06358-z
https://doi.org/10.1038/s41467-018-06358-z
https://cfpub.epa.gov/si/si_public_record_Report.cfm?dirEntryId=335095
https://doi.org/10.1002/2016WR019638.Received
https://doi.org/10.7930/NCA4.2018
https://doi.org/10.1016/j.reseneeco.2007.01.002
https://doi.org/10.1016/j.reseneeco.2007.01.002
https://doi.org/10.1002/wat2.1085
https://doi.org/10.1002/wat2.1085
https://doi.org/10.1038/ngeo2646
https://doi.org/10.5194/hess-20-3631-2016
https://vanat.ch/ski-resorts-english
https://doi.org/10.1890/1051-0761(2000)010%5B1178:CAHIOF%5D2.0.CO;2
https://doi.org/10.3390/ijerph121013251
https://doi.org/10.1029/2006wr005653


Vose, J. M., Peterson, G. M., Domke, G. M., Fettig, C. J., Joyce, L., Keane, R. E., Luce, C. H., Prestemon, J. P., Band, L. E., Clark, J. S.,
Cooley, N. E., D'Amato, A. & Halofsky, J. E. (2018). Forests. In Impacts, Risks, and Adaptation in the United States: Fourth National Cli-
mate Assessment, Volume II [Reidmiller, D.R., C.W. Avery, D.R. Easterling, K.E. Kunkel, K.L.M. Lewis, T.K. Maycock, and B.C. Stewart
(eds.)]. U.S. Global Change Research Program, Washington, DC, USA, pp. 232–267. https://doi.org/10.7930/NCA4.2018.CH6

Vose, J. M., Clark, J. S., Luce, C. H., & Patel-Weynand, T. (2019). Effects of drought on forests and rangelands in the United States. In
J.M. Vose, D.L. Peterson, C.H. Luce, & T. Patel-Weynand (Eds.), General Technical Report WO-93b. Washington, DC: US Department of
Agriculture, Forest Service, Washington Office. https://doi.org/10.2737/WO-GTR-98

Wall, N., & Hayes, M. (2016). Drought and health in the context of public engagement. https://doi.org/10.1007/978-3-319-30626-1_10
Walters, G., & Ruhanen, L. (2015). From White to Green. Journal of Hospitality & Tourism Research, 39(4), 517–539. https://doi.org/10.1177/

1096348013491603
Wang, S.-Y., Gillies, R. R., Jin, J., & Hipps, L. E. (2009). Recent rainfall cycle in the Intermountain region as a quadrature amplitude modula-

tion from the Pacific decadal oscillation. Geophysical Research Letters, 36(2), n/a-n/a. https://doi.org/10.1029/2008GL036329
Wang, Y., Xie, Y., Dong, W., Ming, Y., Wang, J., & Shen, L. (2017). Adverse effects of increasing drought on air quality via natural processes.

Atmospheric Chemistry and Physics, 17(20), 12827–12843. https://doi.org/10.5194/acp-17-12827-2017
Ward, F. A., Roach, B. A., & Henderson, J. E. (1996). The economic value of Water in recreation: Evidence from the California drought.

Water Resources Research, 32(4), 1075–1081. https://doi.org/10.1029/96WR00076
Denver Water. (2016). Drought response plan. Retrieved from http://www.denverwater.org/
Water Shortage Action Plan. (2020). Retrieved from https://www.fcgov.com/utilities/img/site_specific/uploads/final-wsap-effective-may-1-

2020.pdf?1600112735
Weghorst, K. M. (1996). The reclamation drought index: Guidelines and practical applications. Lakewood, CO.
Weiler, M., Scheffler, C., & Tautz, A. (2009). Development of a hydrologic process model for mountain pine beetle affected areas in British

Columbia. Vancouver, Canada.
Wells, N., Goddard, S., & Hayes, M. J. (2004). A self-calibrating Palmer drought severity index. Journal of Climate, 17(12), 2335–2351. https://

doi.org/10.1175/1520-0442(2004)017<2335:ASPDSI>2.0.CO;2
Westerling, A. L., Gershunov, A., Brown, T. J., Cayan, D. R., & Dettinger, M. D. (2003). Climate and wildfire in the western United States.

Bulletin of the American Meteorological Society, 84(5), 595–604. https://doi.org/10.1175/BAMS-84-5-595
Westerling, A. L., Hidalgo, H. G., Cayan, D. R., & Swetnam, T. W. (2006). Warming and earlier spring increase Western U.S. forest wildfire

activity. Science, 313(5789), 940–943. https://doi.org/10.1126/science.1128834
Whelan, R. J. (1995). The ecology of fire. Cambridge University Press.
Wilhelmi, O. V., Hayes, M. J., & Thomas, D. S. K. (2008). Managing drought in mountain resort communities: Colorado's experiences. Disas-

ter Prevention and Management: An International Journal, 17(5), 672–680. https://doi.org/10.1108/09653560810918676
Wilhite, D. (2000). Chapter 1. Drought as a natural hazard. In Concepts and definitions. Drought Mitigation Center Faculty Publications.
Wilhite, D., & Pulwarty, R. (2005). D. White, Drought and Water Crises: Lessons Learned and the Road Ahead. Drought and Water Crises.

(389–398). Boca Raton, FL: Taylor & Francis. https://doi.org/10.1201/9781420028386.pt4
Wilhite, D. A., & Buchanan-Smith, M. (2005). Drought as a natural Hazard: Understanding the natural and social context. In D. A. Wilhite

(Ed.), Drought and Water crises: Science, technology, and management issues (pp. 3–29). CRC Press.
Wilhite, D. A., & Glantz, M. H. (1985). Understanding: The drought phenomenon: The role of definitions. Water International, 10(3),

111–120. https://doi.org/10.1080/02508068508686328
Winchell, T. S., Barnard, D. M., Monson, R. K., Burns, S. P., & Molotch, N. P. (2016). Earlier snowmelt reduces atmospheric carbon uptake

in midlatitude subalpine forests. Geophysical Research Letters, 43(15), 8160–8168. https://doi.org/10.1002/2016GL069769
Wise, E. K. (2012). Hydroclimatology of the US Intermountain West. Progress in Physical Geography: Earth and Environment, 36(4), 458–479.

https://doi.org/10.1177/0309133312446538
Wobus C., Small E. E., Hosterman H., Mills D., Stein J., Rissing M., Jones R., Duckworth M., Hall R., Kolian M., Creason J., Martinich J.

(2017). Projected climate change impacts on skiing and snowmobiling: A case study of the United States. Global Environmental Change,
45, 1–14. https://doi.org/10.1016/j.gloenvcha.2017.04.006

Worral, J., Egeland, L., Eager, T., Mask, R., Johnson, E., Kemp, P., & Shepperd, W. (2007). Sudden aspen decline in Southwest Colorado: Site
and stand factors and a hypothesis on etiology. Proceedings of the 55th Annual Western International Forest Disease Work Conference,
Vol. 4, pp. 1–5.

Worrall, J. J., Egeland, L., Eager, T., Mask, R. A., Johnson, E. W., Kemp, P. A., & Shepperd, W. D. (2008). Rapid mortality of Populus
tremuloides in southwestern Colorado, USA. Forest Ecology and Management, 255(3–4), 686–696. https://doi.org/10.1016/j.foreco.2007.
09.071

Wright, B., Stanford, B. D., Reinert, A., Routt, J. C., Khan, S. J., & Debroux, J. F. (2014). Managing water quality impacts from drought on
drinking water supplies. Journal of Water Supply: Research and Technology - AQUA, 63(3), 179–188. https://doi.org/10.2166/aqua.
2013.123

Wu, S., Bates, B., Zbigniew Kundzewicz, A. W., & Palutikof, J. (2008). Intergovernmental panel on climate change WMO UNEP climate change
and water. IPCC Working Group II.

Xing, Y. F., Xu, Y. H., Shi, M. H., & Lian, Y. X. (2016). The impact of PM2.5 on the human respiratory system. Journal of Thoracic Disease,
8(1), E69–E74. https://doi.org/10.3978/j.issn.2072-1439.2016.01.19

WLOSTOWSKI ET AL. 23 of 24

 20491948, 2022, 1, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1571 by N

oaa D
epartm

ent O
f C

om
m

erce, W
iley O

nline L
ibrary on [14/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.7930/NCA4.2018.CH6
https://doi.org/10.2737/WO-GTR-98
https://doi.org/10.1007/978-3-319-30626-1_10
https://doi.org/10.1177/1096348013491603
https://doi.org/10.1177/1096348013491603
https://doi.org/10.1029/2008GL036329
https://doi.org/10.5194/acp-17-12827-2017
https://doi.org/10.1029/96WR00076
http://www.denverwater.org/
https://www.fcgov.com/utilities/img/site_specific/uploads/final-wsap-effective-may-1-2020.pdf?1600112735
https://www.fcgov.com/utilities/img/site_specific/uploads/final-wsap-effective-may-1-2020.pdf?1600112735
https://doi.org/10.1175/1520-0442(2004)017%3C2335:ASPDSI%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2004)017%3C2335:ASPDSI%3E2.0.CO;2
https://doi.org/10.1175/BAMS-84-5-595
https://doi.org/10.1126/science.1128834
https://doi.org/10.1108/09653560810918676
https://doi.org/10.1201/9781420028386.pt4
https://doi.org/10.1080/02508068508686328
https://doi.org/10.1002/2016GL069769
https://doi.org/10.1177/0309133312446538
https://doi.org/10.1016/j.gloenvcha.2017.04.006
https://doi.org/10.1016/j.foreco.2007.09.071
https://doi.org/10.1016/j.foreco.2007.09.071
https://doi.org/10.2166/aqua.2013.123
https://doi.org/10.2166/aqua.2013.123
https://doi.org/10.3978/j.issn.2072-1439.2016.01.19


Yoder, J. K., Ohler, A. M., & Chouinard, H. H. (2014). What floats your boat? Preference revelation from lotteries over complex goods.
Journal of Environmental Economics and Management, 67(3), 412–430. https://doi.org/10.1016/j.jeem.2014.03.001

Yusa, A., Berry, P., Cheng, J., Ogden, N., Bonsal, B., Stewart, R., & Waldick, R. (2015). Climate change, drought and human health in
Canada. International Journal of Environmental Research and Public Health, 12(7), 8359–8412. https://doi.org/10.3390/ijerph120708359

Zeff, H., Characklis, G. W., & Thurman, W. (2020). How do Price surcharges impact Water utility financial incentives to pursue alternative
supplies during drought? Journal of Water Resources Planning and Management, 146(6), 04020042. https://doi.org/10.1061/(ASCE)WR.
1943-5452.0001228

Zeff, H. B., Kasprzyk, J. R., Herman, J. D., Reed, P. M., & Characklis, G. W. (2014). Navigating financial and supply reliability tradeoffs in
regional drought management portfolios. Water Resources Research, 50(6), 4906–4923. https://doi.org/10.1002/2013WR015126

Zektser, S., Lo�aiciga, H. A., & Wolf, J. T. (2005). Environmental impacts of groundwater overdraft: Selected case studies in the southwestern
United States. Environmental Geology, 47, 396–404. https://doi.org/10.1007/s00254-004-1164-3

How to cite this article: Wlostowski, A. N., Jennings, K. S., Bash, R. E., Burkhardt, J., Wobus, C. W., & Aggett,
G. (2022). Dry landscapes and parched economies: A review of how drought impacts nonagricultural
socioeconomic sectors in the US Intermountain West. Wiley Interdisciplinary Reviews: Water, 9(1), e1571. https://
doi.org/10.1002/wat2.1571

24 of 24 WLOSTOWSKI ET AL.

 20491948, 2022, 1, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1571 by N

oaa D
epartm

ent O
f C

om
m

erce, W
iley O

nline L
ibrary on [14/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.jeem.2014.03.001
https://doi.org/10.3390/ijerph120708359
https://doi.org/10.1061/(ASCE)WR.1943-5452.0001228
https://doi.org/10.1061/(ASCE)WR.1943-5452.0001228
https://doi.org/10.1002/2013WR015126
https://doi.org/10.1007/s00254-004-1164-3
https://doi.org/10.1002/wat2.1571
https://doi.org/10.1002/wat2.1571

	Dry landscapes and parched economies: A review of how drought impacts nonagricultural socioeconomic sectors in the US Inter...
	1  MOTIVATION
	2  DEFINING DROUGHT
	3  DROUGHT IN THE IMW
	4  SECTOR-SPECIFIC DROUGHT IMPACTS
	4.1  Public water utilities
	4.1.1  Water supply
	4.1.2  Water demand
	4.1.3  Utility finances

	4.2  Forest resources
	4.2.1  Tree health
	4.2.2  Large wildfires

	4.3  Recreation and tourism
	4.3.1  Winter sports
	4.3.2  Rafting, boating, and fishing
	4.3.3  Parks and tourism

	4.4  Public health
	4.4.1  Water quality and water-related diseases
	4.4.2  Air quality and dust-related diseases
	4.4.3  Mental health


	5  CONCLUSION
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	  DATA AVAILABILITY STATEMENT

	REFERENCES


