Local Water Managers’ Perspectives on
Adapting to the New Normal

Kelley Sterle, Benjamin J. Hatchett, Loretta Singletary, and Greg Pohll

In the snow-fed Truckee-Carson river system, northern Sierra Nevada, water managers
are adapting to the “new normal” climate inclusive of increased hydroclimate variability,
warmer temperatures, and drought and flood extremes.

S

now-fed river system communities are highly
sensitive to climate change (IPCC 2014; USGCRP
2017) because the majority of their water supply
is derived from snow (Barnett et al. 2005; Mankin
et al. 2015; Li et al. 2017). A warmer climate shifts
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precipitation phase from snow to rain (Knowles
et al. 2006), altering snowpack dynamics, shifting
p eak streamf low timing, reducing groundwater
recharge, and increasing winter and spring flooding
(Mote et al. 2005; Stewart et al. 2005; McCabe et al.
2007; Jasechko et al. 2014; Trujillo and Molotch 2014;
Dettinger et al. 2015; Harpold et al. 2017a). Warmer
spring and summer temperatures further compound
these “snow droughts” (Harpold et al. 2017b; Hatchett
and McEvoy 2018) by increasing evapotranspiration
rates and irrigation water demand (Hatchett et al.
2015). This presents critical challenges in managing seasonal water supply and demand engineered
for stationary climate patterns (Milly et al. 2008;
Georgakakos et al. 2014).
Conducting case study research in snow-fed river
systems offers a unique opportunity to examine how
hydroclimate variability alters water supply and influences local climate adaptation across diverse and
competing water-use communities (McNeeley et al.
2016; Mills-Novoa et al. 2017; Sterle and Singletary
2017; Mostert 2018). Such climate adaptation
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Singletary and Sterle 2017, 2018). These interactions
seek to clarify stakeholders’ mental models (Beall
King and Thornton 2016), generate new knowledge
of river system function under climate change (Moser
and Ekstrom 2010; Cloutier et al. 2015; Prato 2015;
Meadow et al. 2015), and advance applied climate and
socio-hydrology research (Sivapalan et al. 2014; Klenk
et al. 2015; Fazey et al. 2018; Mostert 2018).
Inspired by this growing body of climate adaptation research, this article reports new findings part
of a 5-yr (July 2014–June 2019) collaborative modeling research program underway in the Truckee–
Carson river system in California and Nevada of the
western United States (Singletary and Sterle 2017,
2018). The program convenes an interdisciplinary
research team of hydrologists, climatologists, and
resources economists with key local water managers
who represent the diverse and competing water-use
communities in the river system. Annual interviews
are conducted with the same local water managers
to 1) assess shifts in climate adaptation strategies
and implementation barriers over time (Sterle and
Singletary 2017) and 2) identify and prioritize research activities presented at biannual Stakeholder
Affiliate Group workshops. Research activities include developing climate scenarios (Dettinger et al.
2017) and simulating locally identified adaptation
strategies using hydrologic and operations models
tailored to the river system1 (Morway et al. 2016;
Sterle et al. 2017).
Building on an already published comparative
analysis of interview data collected during the 2015
and 2016 consecutive drought years (e.g., Sterle and
Singletary 2017), we append and compare new data
collected from a third wave of interviews following
the 2017 historic wet year. We enhance this analysis
by including an assessment of recent (2012–17) hydroclimate variability in a historical (last 120 years) and
paleoclimate (greater than 120 years) context. In this
article, we examine the following research questions:
1) How does recent hydroclimate variability compare
to historical and paleoclimate climate records? 2)
How do water management challenges faced during wet years compare to challenges faced during
consecutive drought years? 3) How do local climate
adaptation strategies and implementation barriers
1

The hydrologic models include the Modular Three-Dimensional Finite-Difference Ground-Water Flow Model
(MODFLOW), Precipitation Runoff Modeling System
(PRMS), Coupled Groundwater and Surface-Water Flow
Model (GSFLOW), and operations models include RiverWare
and MODSIM.
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strategies seek to moderate harm or exploit beneficial
opportunities (Adger et al. 2005) in response to climatic stimuli, such as extreme droughts and floods,
interannual variability, or changes in long-term average conditions (Smit et al. 2000). Strategies pursued
are not exclusive to any one river system (Bierbaum
et al. 2013) and ultimately relate to a system’s hydrologic, socioeconomic, and ecological components,
and its respective capacities to adapt (Adger et al.
2007; Moser and Boykoff 2013).
Implementation barriers that constrain or impede
adaptation, however, may be site-specific (Moser and
Ekstrom 2010; Eisenack et al. 2014). In the western
United States, for example, enhancing and diversifying water supply to meet growing water demand
may be limited by inherent water scarcity and overallocated water rights (Fuller and Harhay 2010;
Padowski and Jawitz 2012; Owen 2014). Adaptation
may be further constrained by lack of coordination
(Burnham et al. 2016), stemming from longstanding
conflict among diverse and competing water-use
communities (Barnett et al. 2014; Coleman et al.
2016). In the context of climate change, adapting to
snow droughts and atmospheric river (AR)-based
flooding (e.g., Ralph et al. 2004, 2006; Konrad and
Dettinger 2017) may be constrained by existing
prior appropriation based water law and related institutional arrangements (Kates et al. 2012; Gallaher
et al. 2013; Pulwarty and Maia 2015; McNeeley 2017).
Revising such practices may be further constrained
by climate uncertainty (Kates et al. 2012; Bierbaum
et al. 2013) associated with human and natural system response to climate change (Liu et al. 2007; Van
Loon et al. 2016), or the inability to downscale climate
projections to scales useful for adaptation planning
(Maurer and Hidalgo 2008; Vicuna et al. 2010; Maurer
et al. 2014). Thus, adaptation to climate change is
not one single strategy, but rather a set of diverse,
intersecting strategies that consider both climate and
nonclimatic stressors, such as population growth,
ecological change, and evolving water management
institutions (Thornton and Manasfi 2010).
A participatory research approach becomes useful
in this context to characterize local climate adaptation and implementation barriers and to identify
local science information needs (Morss et al. 2005;
Engle 2012; McNeeley 2014; Pulwarty and Maia 2015;
Burnham et al. 2016; Nava et al. 2016). Collaborative
modeling that relies on the systematic and iterative
interaction between researchers and key local stakeholders has the potential to harness local knowledge
and perspectives useful to prioritize research activities
(Langsdale et al. 2013; Beall King and Thornton 2016;

shift over time in the context of hydroclimate variability? 4) What science information is most useful
to support long-term climate adaptation at the river
system scale?
METHODS. The Truckee–Carson river system. The
Truckee–Carson river system encompasses an area
of 18,197 km 2 . The Truckee (195 km) and Carson
(211 km) rivers originate in snow-dominated headwaters in the Sierra Nevada of eastern California
and flow to terminal playa lakes in northwestern
Nevada (Fig. 1). The 3,000-m-high Sierra Nevada
creates a rain shadow effect resulting in a substantial climatic gradient in the river system, with an
alpine and subalpine forested environment in the
upper basin (>1,700 m) surrounding Lake Tahoe
(498 km 2) transitioning to arid desert in the terminal Great basin (1,200 m). Annual headwater
precipitation exceeds 1,700 mm, with nearly 90%
above 1,800 m observed falling as snow between
AMERICAN METEOROLOGICAL SOCIETY

November and April. The middle reaches receive less
than 400 mm of precipitation annually on average,
with lower reaches of the Carson River receiving
less than 125 mm. The majority of streamflow is
generated by spring snowmelt runoff from April to
July, with peak flows historically occurring in June,
before declining to baseflow in September (U.S. Bureau of Reclamation 2015). Thirty-year (1981–2010)
annual average temperatures for the region range
from 8.8°–20.5°C in the higher elevations in the
headwaters to 19.4°–34.7°C in the lower elevations
near the system terminus (WRCC 2016).
Water supply to meet diverse demands is highly
regulated through federal, tribal, state, and local prior
appropriation based water allocation and related institutionalized agreements that typify western water
law and assume a stationary climate (Milly et al.
2008). Local water utilities serving Reno-Sparks,
the largest urban area (population: 425,000), satisfy
water demand through conjunctive management
JUNE 2019
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Fig. 1. The Truckee–Carson river system of California and Nevada, noting the spatially variable impacts of
a warmer climate described by local water managers (Sterle and Singletary 2017). Graphic design by Kelley
Sterle and Ron Oden.

Hydroclimate assessment for water years 2012–17. To
place hydroclimate variability observed during water years2 2012–17 into historical and paleoclimate
contexts, the following station data were retrieved:
1) daily, quality-controlled precipitation, average
temperature, and snow water equivalent (SWE) from
the Carson Pass (2,546 m) and Tahoe City (2,072 m)
Snowpack Telemetery (SNOTEL) stations acquired
from the National Resources Conservation Service
(NRCS 2018a) and the gridMet product (Abatzoglou 2013); 2) GPS-measured coastal precipitable
water from Petaluma, California, as a proxy for AR
conditions acquired from SuomiNet (Ware et al.
2000; UCAR 2018); 3) brightband-derived snow
levels (White et al. 2010) from the NOAA Hydrometeorological Test Bed/California Department
of Water Resources (DWR)-supported snow level
radar located at Colfax, California, acquired from
the Earth Systems Research Laboratory (ESRL
2018); 4) daily streamflow for the Truckee River at
2

3
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Vista (site 10350000) and the Carson River, where
f lows were summed between the East Fork near
Gardnerville (site 10309000) and West Fork at
Woodfords (site 10310000) to provide an estimate of
natural unimpaired flows above the Upper Carson
Valley, acquired from the U.S. Geological Survey
(USGS 2018); and 5) soil moisture percent acquired
for Lovelock, Nevada, from the Natural Resource
Conservation Service’s Soil Climate Analysis Network (SCAN) (NRCS 2018b). Regional millennial- to
centennial-scale paleoclimate context is provided
through comparison of observed precipitation and
temperature anomalies with those estimated by
paleohydroclimate studies for past megadrought
(Hatchett et al. 2015, 2016) and pluvial periods
(Barth et al. 2016; Hatchett et al. 2018).
Interviews with local water managers. As part of the
collaborative modeling research program (Singletary
and Sterle 2017), the interdisciplinary research team
conducts annual semi-structured interviews with
the same 12 key water managers who comprise a
Stakeholder Affiliate Group that meets regularly and
voluntarily. These managers were identified through
a stakeholder analysis (Prell et al. 2009; Reed et al.
2009) and selected based on their local knowledge
and perspectives as representatives of the urban
(n = 3), agricultural (n = 4), environmental (n = 3), and
regulatory (n = 2) water-use communities distributed
geographically from headwaters to terminus.
Following the 2017 water year, researchers asked
the same open-ended questions during one-hour
semi-structured phone interviews with key water
managers.3 Briefly, interview questions aimed to 1)
understand water management challenges during the
2017 water year, 2) discuss existing and identify new
adaptation strategies and implementation barriers
faced, 3) gather input on locally identified alternative
water management strategies to inform model simulations, and 4) identify science information needs to
support long-term adaptation (Table 1). Researchers
used an interview guide with probes for each question
to clarify managers’ responses. These included asking
for examples specific to individual experiences and
perspectives. To encourage more complete responses,
question items (excluding probes) were emailed to
each manager one week in advance of scheduled
interviews.

Water years, as opposed to calendar years, refers to 1 October to 30 September. Dates inclusive of the hydroclimate assessment
are 1 Oct 2011 to 30 Sep 2017.
Interview data collection and analyses consistently followed human subject research protocols that were reviewed and approved by the University of Nevada, Reno Office of Research Integrity.
JUNE 2019
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of upstream Truckee River surface water reservoirs
and regional groundwater aquifers. In contrast, Lake
Tahoe communities (year-round resident population
of 54,000 versus 300,000 on peak visitation days; ADE
2018), Carson City (population: 55,000), and other
smaller communities in the river system rely almost
entirely on groundwater. The network of upstream
reservoirs is unique to the Truckee River, as the Carson River lacks upstream storage.
The majority of irrigated agriculture exists in the
Upper Carson Valley (40,000 acres, 162 km2), where
irrigators rely almost exclusively on snowmelt for
water supply, and below Lahontan Reservoir in the
Newlands Irrigation Project (57,000 acres, 230 km2).
The Newlands Irrigation Project was the first Federal
desert reclamation project in the United States (1906)
and features the Truckee Canal, which facilitates an
interbasin transfer of Truckee River surface flows
away from the natural terminus at Pyramid Lake
(487 km 2). Located on sovereign reservation land,
Pyramid Lake provides habitat for the endangered
(Cui-ui) and threatened (Lahontan cutthroat trout)
fish species. Diverted Truckee River surface flows,
stored in Lahontan Reservoir, supplement Carson
River flows to the Newlands Irrigation Project and
also support riparian wetlands on the Stillwater National Wildlife Refuge (Wilds 2014).

Table 1. Phone interview questions administered in 2017, including probes.
Open-ended questions
Q1

Can you briefly describe water management challenges faced during this most recent water year?
Probe: How did this historic wet year impact your organization’s water management compared to previous drought years?

Q2

What is your organization currently doing to adapt to climate change? In implementing these strategies, do you face
any barriers? Please explain.
Probe: Are any of these strategies/barriers new for your organization?

Q3

To help prioritize research and modeling activities, please rate the viability (viable, not viable, neutral) of each of the
following alternative water management strategies as it pertains to the river system. Please explain your selection.
a. Reoperate Truckee River reservoirs to allow for earlier storage
b. Construct surface water reservoir on the Upper Carson River

Q4

What science information is most useful to support long-term adaptation?
Probe: Is there any other water- or climate-related information that might be useful?

Phone interviews were recorded using an audiosound laboratory at the University of Nevada, Reno
and transcribed verbatim within 24 h. Transcripts
were then analyzed using constant comparison
analysis (Glaser and Strauss 1999), a grounded theory
approach useful to compare responses in order to
examine shifts over time (Rossman and Rallis 2016;
Thorne 2016; Creswell and Poth 2017). Responses
were descriptively coded using a codebook that the
authors developed for previous waves of interviews
[for additional details on codebook development,
see Sterle and Singletary (2017)]. This facilitated a
comparison of the total number of managers who
identified particular adaptation strategies and implementation barriers each year. The authors conducted
an intercoder reliability assessment (Kurasaki 2000)
to finalize codes assigned to each response, identify
heterogeneities based on managers’ locations and/or
water management roles and responsibilities in the
river system, and select quotes that illustrate managers’ individual and shared perspectives.
RESULTS. In this section, we first report results of
a hydroclimate assessment in the river system that
places recent variability in a historical and paleoclimate context. Then, using a third wave of interview
data, we 1) describe managers’ water-management
challenges following the historic wet year, 2) examine
shifts in adaptation strategies and implementation
barriers, and 3) present requested model simulations
and additional science information useful to inform
long-term adaptation. Water managers’ direct quotes
are presented to provide context, further illustrating
variance across the water-use communities within
the basin. Unless otherwise noted, “years” refers to
water years.
AMERICAN METEOROLOGICAL SOCIETY

Recent hydroclimate variability in a historical and paleoclimate context. Figure 2a presents annual SWE between
2012 and 2017 and temperature anomalies, calculated
for each wet/cool season (November–March) and
dry/warm season (June–September). The multiyear
drought from 2012 to 2016 was notable for its low
Sierra Nevada snowpack, measuring the lowest on
record during 2015 and paired with anomalously
warm wet season temperatures (+2.5°C) (Fig. 2a)
(Williams et al. 2015; Belmecheri et al. 2016; Mote
et al. 2016). Precipitation anomalies were estimated
to be similar to average conditions during centennialscale medieval megadroughts (Hatchett et al. 2015), a
time when many western Great Basin lakes reached
low levels (Stine 1994; Kleppe et al. 2011). While
2016 featured near-normal snowpack, warmer late
winter and spring temperatures created late-onset
warm snow drought conditions and an early peak
in snowmelt runoff (as indicated by the SWE lines
declining earlier than average) (Fig. 2a) (Hatchett
and McEvoy 2018).
Average precipitation conditions spanning the
twentieth century are estimated to be nearly as wet
as any time during the past 4,000 years in the western
Great Basin (Hatchett et al. 2015, 2018). Figures 2b–h
illustrate hydroclimate conditions during 2017, the
wettest year in the past century across much of the
western Great Basin. An unprecedented number (53;
34% higher than average 1949–2017) of AR events
made landfall along the California coast during
2017, with numerous landfalls during the October–February period (light blue bars in Figs. 2b–h).
An estimated 33 ARs traversed the Sierra Nevada,
bringing abundant precipitation to the rain shadow
in northwestern Nevada (CNAP 2017). Many of these
ARs had high-elevation snow levels (Fig. 2c), which
JUNE 2019
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c. Implement managed aquifer recharge in the Upper Carson Valley
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Fig . 2. Recent hydroclimate variability in the Truckee–Carson river system. (a) Water years 2012–17 snow
water equivalent and mean temperature anomalies (relative to 1979–2017 long-term averages) measured at
Carson Pass (red line) and Tahoe City (blue line). (b)–(h) Water year 2017 illustrating Oct–Feb precipitable
water at the California coast and Carson Pass; snow levels at Colfax, California; streamflow for the Truckee
and Carson Rivers; and soil moisture percent (4-cm depth) at Lovelock, Nevada. Light blue shaded bars
correspond to atmospheric river conditions measured at Tahoe City based upon the AR catalog developed
following Rutz et al. (2014).
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Water management challenges following the historic
wet year. During interviews following the 2017 water
year, managers explained that as compared to drought
years, “wet years with flooding are more instantaneous, whereas drought is a very slow moving process”, leading to a different set of “equally problematic” water management challenges. Managers across
the river system emphasized the damage caused by
the January and February AR events (Fig. 2f; flood
events 2 and 3, respectively), describing how high
flows washed out roads and surface water delivery
diversions. Localized flooding also clogged stormdrains and inundated culverts, “wreaking havoc for
our public works department.” Additional negative
impacts included weed infestation and increased soil
erosion, particularly in areas with recent wildfire.
Regardless of impacts experienced, several managers
described climate in the region as “boom or bust”
AMERICAN METEOROLOGICAL SOCIETY

with water management a “real balancing act in order
to stay ahead of the game.”
Whether 2017 brought drought relief varied depending on managers’ location and management
role in the river system. For example, urban and
regulatory managers described 2017 as a year of “just
enough water” to recharge aquifers and fill surface
water reservoirs allowing them to start with “a clean
slate.” Most environmental managers explained how
flooding revitalized riparian areas and wetlands,
and enhanced rangeland forage conditions. As one
stated, “a few years of dry followed by one year of
very wet…the transition was beautiful.” For others,
2017 was a year of “too much water.” For example,
Upper Carson Valley agricultural managers noted
how flood-inundated fields affected harvest timing: “We probably harvested 30 to 45 days later [late
July to early August].” Because fields and diversion
ditches were so inundated, “you couldn’t really fix
things or assess the damage until much later…until
water [flows] finally dropped [in July].” For lower
Truckee River environmental managers, flows were
“too great” to manage downstream fisheries, damaging diversion infrastructure and weirs along the way.
Agricultural managers at the system terminus did not
declare drought relief, emphasizing how the combination of diverted floodwater and “hot [summer]
temperatures” resulted in “still not enough water.”
As one manager explained, “those 100 degree [°F]
summer days just kept coming and the evaporation
was pretty incredible.”
Shifts in adaptation strategies and implementation barriers. Adaptation strategies and implementation barriers described by managers in 2017, as compared to
2015 and 2016, revealed increasing adaptation efforts,
with some barriers emerging and others diminishing.
Figure 3 presents adaptation strategies (Fig. 3a) and
implementation barriers (Fig. 3b) described by water
managers, appending the 2017 results to the existing
2015 and 2016 analyses (e.g., Sterle and Singletary
2017). As illustrated in Fig. 3a, we first observe that
managers’ efforts to manage for water demand diminished over time (n = 4). Following the drought
of 2015, managers indicated that moving forward,
water demand management must be paired with additional adaptation strategies (Sterle and Singletary
2017). For example, urban water managers described
how climate data estimating the evaporative loss from
surface water reservoirs could inform future revisions
to drought planning.
Regardless of the drought relief (or lack thereof)
experienced in 2017, managers explained that this
JUNE 2019
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produced streamflow responses in both the Truckee
(Fig. 2d) and Carson (Fig. 2h) rivers.
While the 2017 AR events helped to “bust” the
2012–16 drought (e.g., Dettinger 2013), they also
contributed to cool season flooding, particularly on
the Carson River (see flood event markers in Fig. 2f).
From December to February, intense precipitation
events (Fig. 2h) paired with high-elevation snow
levels (Fig. 2c) melted existing snowpack. Associated
flooding was observed on many smaller creeks and
tributaries, inundating the lower-elevation valleys
and increasing soil moisture (Fig. 2e). Notably, the
second Carson River flood event (Fig. 2f) corresponds
with the abrupt rise in soil moisture and the onset
of pluvial lake filling in January. Although record
precipitation was observed throughout the region,
only the highest elevations (>2,800 m) observed record snowpack due to many storms having relatively
high-elevation snow levels (Fig. 2c).
The precipitation anomalies observed during 2017,
approximately 200% of normal, are comparable to
precipitation estimated during the cooler deglacial
period approximately 16,000 years ago when large
pluvial lakes, such as Lake Lahontan, existed across
the Great Basin (Munroe and Laabs 2013; Barth et al.
2016). Larger lakes, and thus wetter and cooler conditions, are interpreted to have occurred coincident
with the penultimate deglaciation at approximately
150,000 years ago (Reheis 1999). Thus, precipitation
anomalies during 2012–17 span the range of historical
variability and also demonstrate precipitation magnitudes consistent with the wettest and driest conditions captured in the paleoclimate record spanning
the past 150,000 years.

high-flow year did not “completely shift their [adaptation] strategies away from drought.” As compared
to previous drought years, the same number of water
managers described efforts to: enhance water supply
(n = 9) and collect data to monitor climate impacts (n
= 12). Urban water managers’ described new strategies to enhance and diversify water supply to “create
a more robust [water] system prepared for [economic
and municipal] growth and changing climate conditions.” These managers described initiatives to meet
emergent industrial water demand through reclaimed
surface water and growing municipal demand
through groundwater exploration and expanded
water delivery networks. Meanwhile, agricultural
and environmental managers described collaboration
system-wide to “prioritize [water delivery] infrastructure [improvements] to be able to move water better
during drought years.” Regulatory water managers
described hiring new staff to monitor groundwater
change to improve their understanding of water
supply and demand. Lake Tahoe water managers
described using available climate information in local environmental planning to ensure that their new
regulatory structure is “really flexible and adaptive
to incorporate both extreme drought and flooding.”
Additionally, as illustrated in Fig. 3a, comparatively more water managers (n = 12) described efforts
to examine revisions to existing water management
practices. That is, existing water management practices tied to stationary climate patterns were cited
more often by water managers (n = 12) as a barrier in
2017 as compared to previous drought years (Fig. 3b).
Truckee River urban managers, for example, cited
upstream reservoir’s fixed calendar date operations
based on historical snowmelt and streamflow timing as “no longer applicable.” Agricultural managers
1038 |
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at the system terminus also noted how this shift in
timing affects their date-based annual irrigation
season determination: “We perform that [determination] in early spring, but if the forecasts are off, like
they’ve been these past years, it causes us to revise
that determination.” As another manager explained,
“It’s the mismatch in timing that has us concerned.”
Carson River water managers discussed the need for
new management strategies to address “the lack of
long-term upstream storage options.” As one urban
manager explained, “Mother Nature’s snowpack reservoir used to provide storage in the upper [Carson]
watershed. We’re having to bring someone in to look
at future storage because we will need it when we
lose snowpack.”
All managers (n = 12) described the importance of
improved collaboration and coordination necessary
to facilitate adaptation (Fig. 3a), with a lack of coordination mentioned less often as a barrier compared to
previous years (Fig. 3b). For example, communicating
flood risk factors and coordinating mitigation measures in 2017 were critical to minimize flood impacts.
For Truckee River managers, mandatory releases from
flood control reservoirs coincident with AR events
resulted in “dangerously high” Truckee River flows
and standing water throughout the floodplain east
of Reno–Sparks. Upstream water managers worked
with downstream managers to closely monitor National Weather Service forecasts and to assess risks
and damages to physical assets, including access roads
and water conveyance and diversion infrastructure.
Similarly, Carson River managers coordinated efforts across the system to mitigate “irreversible flood
damage” by diverting flood water away from the city
of Fallon (population: 8,500) to Carson Lake and the
Carson Sink (see the sidebar “The Big Dig: Channeling
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Fig. 3. Shifts in (a) adaptation strategies and (b) implementation barriers over the 3-yr period (water years 2015,
2016, and 2017). To create this figure, coded data from 2017 were appended to 2015 and 2016 data presented
in Sterle and Singletary (2017).

THE BIG DIG: CHANNELING FLOODWATERS TO THE GREAT BASIN

T

forecasts and coordinate efforts under
the Governor’s emergency declaration.
These diverse groups worked together
to clear the Carson River channel
of sandbars and debris, and prepare
irrigation diversions and canals for
precautionary drawdowns to manage
Lahontan Reservoir levels. However, it
was not enough. Managers realized that
to mitigate “irreversible flood damage”
a new diversion channel was needed.
A 17-mile and roughly 60-foot-wide
channel, referred to as “the Big Dig,”
was built to divert approximately
3,000 cfs (85 cms) away from the
city of Fallon to Carson Lake, the

Stillwater National Wildlife Refuge,
and eventually to its natural terminus
at the Carson Sink (Fig. SB1). It was
“very very concerted, a symphony of
forecasting tools and personnel.” As
one manager reflected, “as a result
of the Big Dig…we achieved roughly
a four-fold increase in Carson River
[flow capacity] from 325 cfs (9 cms) to
1200 cfs (34 cms). We moved as much
as a million acre-feet of water through
this system this year. And recall our
[annual] demand for agricultural irrigation below Lahontan is only 200,000
acre-feet (247 Mm3). We did this without hurting anybody in line.”

Fig. SB1. Lower Carson River and Lahontan Valley flood mitigation efforts. (top left) Big Dig excavation (Carlton
2017). (bottom left) Channel diverting flows from Lahontan Reservoir (Spillman 2017). (right) Newlands Irrigation Project, Sentinel 2 overpass from 6 Jun 2017. Right inset: Newlands Irrigation Project, Landsat 8 overpass
from 29 Jul 2015. Overpass images courtesy of the Truckee-Carson Irrigation District.

floodwaters to the Great Basin”). These managers
demonstrated how improved management coordination among diverse water-use communities, motivated
by recent winter and spring flood events, can serve to
accomplish common goals.
Compared to previous drought years, fewer managers (n = 3) referred to climate uncertainty as a barrier to
adaptation (see Fig. 3b), exemplifying recent variability
as the “new normal” climate for which they should
plan—“we are headed toward more drought and more
flood.” Managers defined the new normal as “wetter
AMERICAN METEOROLOGICAL SOCIETY

weather patterns,” “really dry years followed by really
wet years,” “winter floods with snowpack only in the
highest elevations,” “incredible evaporation amounts,”
and “warmer winters and hotter springs.” To handle
this “flashier climate,” environmental and agricultural
managers emphasized “natural solutions,” explaining
that in 2017 Upper Carson and Lower Truckee River
floodplain restoration projects provided a “proof of
concept.” These managers noted that if upstream and
downstream water users invest in continued restoration to reconnect the river to the floodplain, it will “give
JUNE 2019
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he February snowmelt runoff
forecast for the Upper Carson
River basin indicated that Lahontan
Reservoir (295,500 acre-feet, or
365 Mm3) and the Newlands Irrigation
Project would receive nearly 3 times
its capacity—“a volume of water far
greater than ever before. We knew we
had a lot of water coming our way.”
On 10 February 2017, the Governor of
Nevada declared a state of emergency.
Beginning in February, urban, agricultural, environmental, and regulatory
water managers and stakeholders along
the Carson River and below Lahontan Reservoir met weekly to review

[the river system] a higher chance of success during
extended periods of baseflow and more frequent flood
events like we had this year.” That is, continuing to
protect the floodplain will help dissipate high flows
and mitigate damage downstream.

Fig. 4. Viability rating of each of three locally identified alternatives to water management (n = 12): (a)
reoperate Truckee River reservoirs to allow for earlier storage, (b) construct surface water reservoir on
the Upper Carson River, and (c) implement managed
aquifer recharge in the Upper Carson valley.
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DISCUSSION. Recent hydroclimate variability
across the Truckee–Carson river system provided
a unique opportunity to assess the significance of
these climate conditions in order to better interpret
shifts in local water managers’ local climate adaptation strategies and implementation barriers. Within
a 6-yr period (water years 2012–17), the range of
historical variability was defined by a very dry period
and a very wet period (Fig. 2a), with both wet and dry
extremes characteristic of the range of hydroclimate
magnitudes on centennial to millennial time scales
(Hatchett et al. 2015; Barth et al. 2016). The extreme
variability observed during this period is consistent
with abundant AR landfalls and record wet precipitation (2017) and conversely, the rarity of AR landfalls
(2012–15), which drive hydroclimate variability in the
Truckee–Carson river system (Dettinger et al. 2011;
Rutz et al. 2014). However, as evidenced by geomorphic indicators, such as terminal lake levels and the
presence of terrestrial plants in present-day water
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Model simulations and science information to inform
long-term adaptation. To help inform model simulations, researchers asked managers to rate the viability
of three local water management strategies identified
previously. Managers responded differently to each,
and posed several follow-up questions to researchers (Fig. 4). Four managers (n = 12) rated reservoir
reoperations on the Truckee River as viable, with
five rating neutral, explaining that simulations of
reoperations would help clarify how earlier storage
might enhance water supply across the system. As
one manager said, “These [operating] rules were set
in 1980 and based on the previous 30 years of hydrology…the data are 60–70 years old. It just doesn’t work
anymore.”
In discussing strategies on the Carson River,
managers described Carson River storage options
like managed aquifer recharge (MAR) that are “in the
ground” as comparatively more viable than building
surface water reservoirs. Four managers (n = 12) rated
MAR as viable, compared to zero managers rating a
reservoir on the Upper Carson River as viable (Sterle
et al. 2018, manuscript submitted to J. Water Resour.
Plann. Manage.). As one manager said, “This is no
longer the age of dam construction. I’m pulling my
teeth…it’s just not going to happen.” Researchers
described MAR as having the potential to enhance
long-term groundwater sustainability if excess flows
during high water years (such as 2017) were diverted
to artificially recharge aquifers (Niswonger et al.
2017). Regardless of rating, however, all managers

cautioned that while MAR may be physically feasible, this strategy is prohibitive under existing prior
appropriation-based water law (i.e., the Alpine Decree). Managers requested that researchers prioritize
simulations of MAR to help clarify the following:
“Where in the Upper Carson Valley could you do
this to ensure long-term water storage? How could
this work under existing water law? What would
need to be changed? What are the implications for
downstream users, including flows diverted from the
Truckee River?” As one manager stated, “Modeling
is the only real tool we have to assess whether it’s
[adaptation] really going to work or not.” Managers
encouraged researchers to examine these strategies
using hypothetical yet plausible climate scenarios
similar to recently observed conditions (Dettinger
et al. 2017).
Managers described additional science-based
information useful to support their long-term adaptation planning. This included support in translating
climate change projections to local planning time
scales (i.e., 5–10 years) and analyses to reaffirm
to what extent recently observed conditions are
indicative of the new normal climate expected for
the region. For example, regulatory managers asked
“What does a 2°C warmer climate mean for the 1-h
20-yr storm criteria, or other similar [engineering]
project design standards?” Environmental managers
requested similar climate information useful to revise
water quality targets, including total maximum daily
load (TMDL) and Lake Tahoe clarity (see the sidebar
“Lake Tahoe: An indicator of change”).
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LAKE TAHOE:
AN INDICATOR OF CHANGE

T

he headwaters of the Truckee River, Lake Tahoe
(191 mi2 , 490 km2), is a deep (1000 ft, 300 m) freshwater lake sitting at 1900 m in the Sierra Nevada. The lake
is known for its iconic clarity and world-class tourism,
visited by roughly three million people per year. Climate
change poses a different set of challenges for Lake Tahoe
water managers, focused less on water supply and more
on increased wildfires and deteriorating water quality. As
one manager reflected, “What’s interesting is in the dry
2015 year, we had warmer lake [Tahoe] temperatures and
little runoff, which was warm when it entered the lake.
So, we ended up with diminished clarity due to increased
algal blooms because of this warmer water. Then, in
2016, the ‘normal’ snowpack year, we had more warm
temperatures and really bad summer clarity due to algal
blooms. But we realized, the species of algae has changed.
So, what is our new summer clarity target number?”
Also unique to Lake Tahoe water managers is
maintaining an economically viable community based on
seasonal tourism and upholding a public perception that
“Tahoe is a good vacation destination even if high water
years means less beach and drought means less skiing.”
Recent snow droughts have inserted water availability
into discussions, not for environmental habitat or municipal uses (which is groundwater sourced), but for the ski
industry: “They use a ton of water to make snow…will it
always be available?”

Improved communication and coordination may
have occurred as a result of 2017 flooding conditions
that required cooperation among otherwise competing water-use interests (see Fig. 3), resulting in
managers describing lack of coordination as a barrier
less often. We speculate that improvements may also
be the result of manager’s participation in the larger
collaborative modeling research program that brings
together managers from diverse water-use communities with longstanding and historical water conflicts
(Singletary and Sterle 2017). Biannual Stakeholder
Affiliate Group workshops are designed to create a
forum for social learning and information exchange
(Allen et al. 2017; Dilling and Berggren 2015) where
key water managers and researchers review interview
results and prioritize model simulations that examine
viable strategies to adapt to salient hydroclimate conditions. Simulations include exploring water supply
benefits under earlier Truckee River reservoir storage
(Sterle et al. 2018, manuscript submitted to J. Water
Resour. Plann. Manage.) and MAR during wet years
to increase groundwater sustainability in the upper
Carson River valley (Niswonger et al. 2017).
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bodies (Hatchett 2018), past climate extremes were
also characterized by centennial-scale persistence of
drought conditions.
A significant finding from our comparison of a
third wave of interview data collected following the
2017 water year reveals that despite a historic wet year
and regardless of level of drought relief experienced,
managers continued adaptation efforts outlined during previous drought years. Similar to case studies in
snow-fed river systems elsewhere, water managers
described motivation to continue their adaptation
efforts as climate conditions altered the timing and
availability of water supply (Alauddin and Sarker
2014; Roco et al. 2014; Feola et al. 2015; Yung et al.
2015; Doll et al. 2017), exacerbated existing management challenges, and revealed limitations in existing
water management practices (Travis 2014; BerrangFord et al. 2011; Bierbaum et al. 2013). Comparison
of these data also reveal that over this time period,
managers referred to climate uncertainty as an implementation barrier less often illustrating a sense of
acceptance that they have already experienced the
“new normal” conditions for which they should be
planning.
To validate managers’ perspectives on the new
normal climate, we extended the hydroclimate assessment to examine whether recent variability is
indicative of projected future climate. While substantial interannual precipitation variability exists in
the region (Dettinger et al. 2011; Ralph and Dettinger
2012; Dettinger 2016), the recent 2012–17 period illustrates the range of hydroclimate extremes anticipated to intensify under climate change (Cayan et al.
2010; Swain et al. 2018; Dettinger et al. 2018). Climate
model projections suggest an increase in AR strength
(Lavers et al. 2015; Espinoza et al. 2018) and heavy
precipitation days (Pierce et al. 2013) as well as an
increase in dry days (Polade et al. 2014). Should these
projections be realized, it would result in increased
hydroclimate variability, particularly when combined
with background increases in temperature, further
enhancing drought impacts (Cook et al. 2015) and decreasing water supply. Water supply will be impacted
further by shifts in precipitation phase from snow
to rain (Hatchett et al. 2017) that alter streamflow
(Berghuijs et al. 2014) and temperature and humidity
changes that influence snowmelt processes (Barnhart
et al. 2016; Harpold and Brooks 2018). The likely scenario of persistent drought punctuated by occasional
extreme wet years superimposed upon warming
background temperatures (e.g., Hatchett et al. 2016)
will necessitate adaptive strategies to optimize water
availability and mitigate winter and spring flooding.

CONCLUDING REMARKS. Increased hydroclimate variability in snow-fed river systems is expected
to become more commonplace under continued
warming (Polade et al. 2017; Swain et al. 2018).
Between water years 2012 and 2017, hydroclimate
variability observed in the Truckee–Carson river
system coincided with measurable shifts in local
climate adaptation strategies and implementation
barriers. Managers in such delicately balanced river
systems will need to continue exploring adaptation
and related management strategies that enhance water availability during times of drought and manage
flooding risk during heavy precipitation years (Baker
et al. 2018). Truckee–Carson river system managers
and researchers will continue to collaborate to assess
the viability of locally identified alternative water
management catered for nonstationary climate.
Our research contributes to a growing body of
climate adaptation literatures and illustrates the
potential outcomes of interdisciplinary research
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that integrates local knowledge with applied climate
research. As a result, researchers can prioritize research and modeling activities to ensure results are
useful (Dessai et al. 2005; Meadow et al. 2015; Parris
et al. 2016; Prokopy et al. 2017). We encourage participatory and interdisciplinary research approaches
in other snow-fed river systems to support adaptive
water management under climate change (Klenk et al.
2015; Verkerk et al. 2017; Fazey et al. 2018).
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