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Abstract

Shifts away from the historical hydroclimate in populated regions can have dire conse-
quences for water management. Regions like the state of California—where highly
engineered, geographically interconnected, and inflexible water management systems are
predicated on particular spatiotemporal patterns of water availability—are particularly
vulnerable to hydroclimate shifts. However, much of the analysis of hydroclimate sensitivity
to anthropogenic climate change has focused on gross metrics like annual mean precipita-
tion, which is highly uncertain at the regional scale. This perceived uncertainty has deterred
adaptation investments and quantitative integration of climate projection data into regional
water management. Here, we assess projected future shifts in the state of California in a
range of hydroclimate metrics critical to water management, using data from 10 statistically
downscaled global climate model and two emissions scenarios currently used by the state.
We find substantial inter-model agreement under both emissions scenarios—and > 80%
inter-model agreement under the more severe climate change scenario—across metrics that
collectively point toward an increasingly volatile, temporally concentrated, and extreme
precipitation future for the state. We show, via hydrologic and operations modeling, that
accounting for shifts in these more nuanced metrics reduces the projected reliability and
sustainability of current water management practices to a greater degree than would be
inferred from changes in total annual precipitation alone. These results highlight both the
viability and critical importance of incorporating climate change projections quantitatively
into water management decisions in California and other regions vulnerable to hydroclimate
shifts, and underscore the need to develop integrated climate-hydrologic-operations models
and decision-making protocols capable of accounting for all projected hydroclimate shifts.

Keywords Climate change - Water - California - Hydroclimate - Climate models - Downscaling
1 Introduction

California’s hydroclimate conditions have shifted since the mid-twentieth century, gener-
ating severe management challenges for the state’s highly engineered water storage and
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conveyance system and its groundwater reservoirs. Annual mean temperatures have in-
creased by 2 °C statewide (Bedsworth et al. 2018), springtime snow water storage has
declined by 10% (Mote et al. 2018), and the proportion of wintertime precipitation falling as
snow has decreased statewide (Knowles et al. 2006). The state’s 2012—2016 drought—its
most intense in a millennium (Griffin and Anchukaitis 2014)—had drastic consequences for
drinking water access, economic activity, and agricultural productivity. Although natural
variability played a role in the drought’s development (Mao et al. 2015; Williams et al.
2015), anthropogenic climate change intensified snowpack losses (Berg and Hall 2017),
moisture deficits (Diffenbaugh et al. 2015; Williams et al. 2015), and the overall atmo-
spheric patterns that contributed to the drought’s persistence (Swain et al. 2014; Wang et al.
2014). The drought’s intensification of long-term groundwater overdraft to record levels led
to critical water supply loss for rural communities (Lund et al. 2018). Consequently, in
2014, the state passed the Sustainable Groundwater Management Act (SGMA) requiring
overdrafted groundwater basins to achieve sustainability by the 2040s (Langridge et al.
2018). Shortly thereafter, record-breaking 2016—2017 winter precipitation and flooding
yielded significant infrastructure impacts—including the Oroville Dam crisis in early 2017
(White et al. 2018; Huang et al. 2018)—yet did not substantially replenish key groundwater
reservoirs (Langridge et al. 2018).

Despite the severe societal impacts of hydroclimate shifts, simulating impacts of climate
change on regional hydroclimate remains a major challenge in the climate modeling
community. Comprehensive assessments of regional hydroclimate behavior in global
climate models (GCMs) have primarily focused on gross precipitation metrics, such as
annual and monthly means and totals (Bedsworth et al. 2018; DWR 2019; Christensen et al.
2013), which remain highly uncertain. Spatially coarse-resolution GCMs, even when
downscaled and bias-corrected to higher regional resolutions, project both increases and
decreases in total annual precipitation in California (Supplementary Fig. 1). Though use of
climate data is increasing in the water sector, this uncertainty in gross regional precipitation
metrics has been interpreted in certain planning and policy contexts as precluding mean-
ingful quantitative integration of climate projection data into water planning, as discussed
for instance by Schwarz et al. (2018) and Ray et al. (2020) study. For example, one
groundwater sustainability plan submitted under SGMA cites the “conflicting results” on
total precipitation changes in coarse-resolution GCMs as motivation to use an unmodified
historical precipitation record as its expectation for future basin-wide precipitation condi-
tions IWVGA 2020), similar to issues identified in other plans submitted (Christian-Smith
etal. 2017).

However, process-level studies of future climate projections indicate a range of more
complex shifts in California hydroclimate that have substantial and, in many cases, stronger
implications for regional water management. Coarse-resolution GCM studies project increased
frequency of both extremely wet and extremely dry years (Berg and Hall 2015; Swain et al.
2018) due to climate change. Multiple studies indicate future increases in extreme and heavy
precipitation in California (Gershunov et al. 2019; Polade et al. 2017). There is widespread and
long-standing consensus on drastic snowpack loss with future climate change across modeling
techniques and emissions scenarios (Bedsworth et al. 2018; Fyfe et al. 2017; Gleick 1987,
Knowles and Cayan 2004; Lettenmaier and Gan 1990; Sun et al. 2015, 2019). Previous
generations of GCM output, meanwhile, demonstrated risk of increased flood flows and
changing seasonality of streamflows (Das et al. 2011a, 2011b, 2013) and precipitation
(Pierce et al. 2013a).
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These hydroclimate statistics are generally considered to be stronger determinants of
operational challenges and negative impacts to water users than long-term trends in annual-
or monthly-mean precipitation, but have not been quantitatively incorporated into most long-
term water management planning at the state to local level historically (Bedsworth et al. 2018).
The future behavior of these management-relevant statistics can be—in a number of important
contexts—entirely obscured by analysis of climate model projections narrowly focused on
annual or even monthly total or average precipitation changes (e.g., Swain et al. 2018).
Detailed efforts at quantitative climate data incorporation are present in the water sector
(e.g., Groves et al. 2015; Park et al. 2019; Ray et al. 2020; Steinschneider et al. 2019) and
represent an important advancement over decision-making based on the historical record, but,
with few exceptions, have not yet resulted in integration of climate projection data that
accounts for hydroclimatic shifts beyond mean annual or monthly precipitation and temper-
ature shifts into water decision-making. Operating rules of many key California surface
reservoirs continue to be based on statistics of reservoir inflow intensity and timing from early
twentieth-century observations (Eum et al. 2012). Climate change incorporation in groundwa-
ter sustainability planning, while mandated by the recent SGMA regulation, is not required to
be quantitative, and non-binding state guidance documentation focuses primarily on account-
ing for mean-state shifts in precipitation (SGMP 2018). Increased integration of relevant
climate projection data as part of a holistic water management strategy is likely to reduce
risks to water security.

In this study, we focus on assessing a range of hydroclimate statistics that map to impacts
on water management within the suite of GCM data currently used in state-level assessments
and guidance documents (section 3.1). We investigate the impact of accounting for these shifts
on key water management outcomes (section 3.2-3.3) and show that their inclusion substan-
tially changes those outcomes, even in the absence of changes in total annual precipitation.
These findings point to a need for improved integration of climate planning in California’s
water management, including (1) more sophisticated incorporation of climate projection data
into water management and (2) the development of hydrologic and planning models, as well as
decision-making protocols, that are capable of accounting for the full range of hydroclimate
shifts that are projected for the state (section 4). The robustness of the findings for the complex
hydroclimate of California suggests that such analysis is warranted in other regions with
similar water supply challenges across the Western USA and Mediterranean climates
worldwide.

2 Data and methods

We focus on the behavior of a range of inter- and intra-annual hydroclimate statistics that
have historically determined the viability of key regional water management strategies
(section 2.1) in the suite of climate model data most widely used by the state of California
(section 2.2). At present, no statewide water resource planning model is configured to
simulate impacts of the full suite of these non-mean state shifts on the viability of water
systems operations. To assess the importance of accounting for these shifts in water
management, we therefore select two illustrative quantitative case studies—one focused
on the impact of extreme daily precipitation climate shifts on groundwater sustainability
(section 2.3) and one focused on the impact of seasonality shifts on the reliability of surface
reservoirs (section 2.4).
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2.1 Definition of hydroclimate metrics
2.1.1 Intra-annual hydroclimate metrics

Based on downscaled GCM output (section 2.2), we calculate a range of hydroclimate metrics
characterizing precipitation dynamics within a given water year. These include (1) the
concentration of precipitation into the climatologically wet cool season months (November—
March), (2) the fraction of total precipitation occurring as rain versus snow, (3) the total snow
water equivalent (SWE), (4) the frequency of rain-on-snow events, (5) the maximum 3-day
precipitation, (6) the concentration of precipitation into extreme days, and (7) the total
evapotranspiration. The first 3 metrics collectively encapsulate the changing viability of the
snowpack/surface reservoir model of western water management. The next three hydroclimate
metrics are drivers of flood risk and serve as indicators of potential high-frequency streamflow
variability—which directly informs the level of short-term retention and storage required to
effectively utilize streamflow and runoff. Finally, total evapotranspiration provides a metric of
the combined effects of temperature, moisture availability, and atmospheric water demand on
loss of water to the atmosphere. Full details on the calculation of each metric are provided in
the Supplementary materials.

We calculate these metrics at each grid point, in the state average, and averaged over the 11
California climate regions (Abatzoglou et al. 2009; Supplementary Fig. 37; Supplementary
Tables 1-2). We assess the change in each intra-annual metric between present-day (2006—
2035) and end-of-century (2070-2099) conditions as simulated by a given GCM.

2.1.2 Inter-annual hydroclimate metrics

In addition to within-year hydroclimate behavior, both extremely wet and extremely dry
years, as well as their sequencing in time, can stress water management and infrastructure.
The recent sequencing of extremely dry years (2011-2016) followed by an extremely wet
year (2016-2017) in California, for instance, resulted in increased flood and landslide risk
(Keanetal.2019; Oakley et al. 2018). Following the methodology of Swain et al. (2018), we
characterize the degree of precipitation volatility as captured by the frequency of very wet
and very dry winters—calculated as the number of years with November-to-March total
precipitation above the 80th percentile and below the 20th percentile of historical (1950—
2005) precipitation, respectively—and by the frequency of very wet winters followed by
very dry winters or vice versa. For each inter-annual metric, we calculate the change
between historical (1950-2005) and late-century (2044—2099) conditions as simulated by
each GCM. The time periods used for this analysis differ from those used in the intra-annual
analysis (section 2.1.1) because a longer time series is necessary to establish a sufficient
sample size for inter-annual metrics.

2.2 Analysis of downscaled global climate model data

We assess the above metrics in 10 GCMs, downscaled to 1/16th degree longitude by latitude
over California and bias-corrected using the Localized Constructed Analog (LOCA) method.
The 10 LOCA-downscaled GCMs are those identified by the California Climate Change
Technical Advisory Group (CCTAG) as having the highest skill at simulating key aspects of
California’s climate and are, therefore, those used in the 4th California Climate Assessment
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(Pierce et al. 2018). Full details on the LOCA methodology can be found in Pierce et al.
(2014). Within the LOCA dataset, we characterize inter-model agreement (e.g., Figs. 2, 3) by
assessing the number of models that produce changes of the same sign as the model-mean
change, similar to hydroclimate inter-model agreement metrics used by the IPCC (Kirtman
et al. 2013). Individual model simulation of metrics is shown in Supplementary Figs. 15-32.
Where we refer to “universal” inter-model agreement, 10 out of the 10 models analyzed
produce shifts of the same sign. Where we refer to “strong” inter-model agreement, at least 8
out of the 10 models analyzed produce shifts of the same sign. While inter-model agreement
on sign of change on its own may not be sufficient to inform all management decisions, we
view agreement on directionality of key hydroclimate shifts as sufficient to encourage
increased use of climate data in water decision-making.

We opt to use the LOCA dataset here primarily due to its wide adoption in state climate
assessments and guidance documentation (e.g., Bedsworth et al. 2018; DWR 2019; SGMP
2018), and secondarily due to its relatively higher fidelity at capturing shifts in extremes
compared with other downscaled climate datasets (Pierce et al. 2014, 2015). Other statistical,
dynamical, and hybrid downscaling methods have been applied to GCM data over California
to varying degrees of success (e.g., Hidalgo et al. 2008; Mearns et al. 2009; Walton et al. 2015;
Wood et al. 2002). The LOCA methodology is designed to improve retention of the changes in
extremes projected by climate models, while maintaining greater computational efficiency than
dynamical downscaling (Hagemann et al. 2011; Pierce et al. 2013b, 2015)—which may
contain residual biases from the regional climate models used.

The substantial validation, widespread use, and public accessibility of the LOCA dataset
make it a particularly important one in which to demonstrate and test the importance of
climate shifts critical to California water management. Existing LOCA validation (Pierce
n.d.; Vano et al. 2020) demonstrates minimal error between observations and the down-
scaled GCM representation of historical precipitation, minimum and maximum tempera-
ture, and diurnal temperature range (which are used to train the downscaling and bias
correction of the models) and minimal systemic bias between the coarse-resolution and
downscaled GCM output. Biases in the particular metrics analyzed in this study are also
generally minimal and non-systemic (see Supplementary materials for a full discussion).
The notable exception is at high elevation, where a minority of models overestimates SWE
and simulation of the driest 20th percentile of winters is wetter in the majority of models
than what manifested in the historical record.

The LOCA dataset provides downscaled GCM data for only the RCP 8.5 scenario, a “high
warming” scenario standardized by successive IPCC reports (van Vuuren et al. 2011), and the
RCP 4.5 emissions scenario, a “medium stabilization” scenario, though additional scenarios
are available in the CMIPS coarse-resolution GCM archive. We focus on results using RCP
8.5 downscaled data (see Supplementary materials for full discussion of the choice of
emissions scenario), but provide equivalent assessment of all metrics calculated here for
LOCA-downscaled GCM data using the RCP 4.5 emissions scenario (see Supplementary
Figs. 13 and 14 and Supplementary Table 2). Although perturbations and signal-to-noise ratios
are generally smaller under RCP 4.5 than RCP 8.5 assumptions, the key conclusions of our
analysis hold under both emissions scenarios. Without substantial additional policy to reduce
greenhouse gas emissions, the end-of-century shifts identified in both scenarios here are
expected to manifest, though the particular timing will depend on how rapidly emissions grow
in reality and on the true sensitivity of the climate system to greenhouse gas emissions (Forster
et al. 2020; Hausfather and Peters 2020).
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2.3 Application to regional groundwater sustainability

As a case study on the implications of shifts in hydroclimate statistics on groundwater
management, we assess the impact of a sample hydroclimate metric on groundwater budget
behavior in Northern California’s Scott Valley, using the Scott Valley Integrated Hydrologic
Model (SVIHM,; Tolley et al. 2019). The region was selected based on the availability of the
open-source SVIHM model, the presence of groundwater-dependent agriculture and ecosys-
tems, and minimal availability of imported water. The integrated SVIHM model consists of
three cascading sub-models: a streamflow regression model, soil water budget model, and
groundwater-surface water model. Additional information on the Scott Valley basin and the
formulation, calibration, and validation of SVIHM is provided in the Supplementary materials.

Using a historical differencing analysis, we focus on impacts of changes in extreme
precipitation statistics on the groundwater budget of Scott Valley, while holding constant all
other meteorological conditions and the availability and cost of surface and groundwater for
irrigation. This is a simplification of the consequences of predicted changes in hydroclimate
relevant to this region, which include shifts in evapotranspiration and snowpack, but allows us
to isolate the effects of change in a single statistic whose impact on groundwater sustainability
has had a relatively less coverage in the existing literature than statistics like mean annual
rainfall or snowmelt timing (e.g., Alam et al. 2019; Langridge et al. 2018). The change in the
proportion of annual precipitation falling on extreme days (section 2.1.1), as simulated under
RCP 8.5 conditions in the LOCA climate data (section 2.2), is used as a basis to modify the
historical inputs to SVIHM, which consists of historical hydrologic data for 1991-2018. Daily
precipitation is redistributed within each water year to achieve a 35% increase in the fraction of
annual precipitation occurring in the 5% most extreme precipitation days for each year, while
holding total annual precipitation fixed at its historical value (Supplementary Figs. 34 and 35;
see Supplementary materials for additional details). This increase is designed to test the upper
end of RCP 8.5 projections in the LOCA data for Scott Valley for this metric, which range
from a 0-38% increase with a mean of 12%. We then assess change in behavior of water
budget elements between this altered precipitation simulation and a simulation forced with the
baseline historical inputs to SVIHM from 1991 to 2018.

2.4 Application to reservoir operations

As an illustrative case study of the effects of change in hydroclimate statistics on surface water
operations, we characterize the influence of shifting monthly hydroclimate statistics on
Oroville Reservoir, the SWP’s largest reservoir, based on outputs published and validated
by Knowles et al. (2018). They project future unimpaired and impaired hydrology, reservoir
storage, and downstream managed flows in the Sacramento and San Joaquin basins based on
the same climate projection data used in this study, but aggregated at certain analysis steps to
relatively coarse (monthly) temporal resolution (see Supplementary materials for additional
details). The simulations assume that reservoir operations are held fixed into the future under
the currently used rule curves. The study produced monthly data on storage for individual
reservoirs in the two basins and monthly and resampled daily data on managed reservoir
outflows under the RCP 8.5 and RCP 4.5 future emissions scenarios in the 10 LOCA-
downscaled GCMs used here.

We overlay this data with an analysis of how the simulated climate shifts will impact the
long-term ability of Lake Oroville to serve its current water supply and flood control role. We
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use these outputs to assess monthly storage behavior at Lake Oroville at end-of-century (2070—
2099) under RCP 8.5 versus historical (1980-2009) conditions and compare it with changes in
reservoir outflows. Note that this historical baseline differs from that used to assess the intra-
annual and inter-annual metrics within the LOCA dataset (sections 2.1 and 2.2), and reflects
the historical definition used by Knowles et al. (2018). Publicly available hydrologic and
resource planning models available for the state of California are currently limited to monthly
time steps, precluding quantitative assessment of the impact of predicted changes in daily
hydroclimate statistics (e.g., change in maximum 3-day precipitation) that we assess as part of
this study. We therefore qualitatively combine the modeled shifts in monthly Oroville Reser-
voir operations with information on operational limitations and sub-monthly climate shifts
identified in our LOCA analysis (but not included in the model setup used by Knowles et al.
(2018)) to assess how the operations changes and the outlook of future reservoir function
would be further impacted by expected sub-monthly hydroclimate shifts.

3 Results
3.1 Critical shifts in California hydroclimate

Our analysis demonstrates strong agreement among climate models on unfavorable shifts in a
range of hydroclimate characteristics on which California water management is predicated,
despite continued uncertainty regarding future changes in statewide total annual precipitation
(Supplementary Fig. 1). In particular, the hydroclimate statistics assessed here point to high
certainty on a shift toward precipitation (1) arriving increasingly in liquid form (rain vs. snow)
and with greater intensity, (2) concentrated more narrowly into the climatologically wet winter
months, and (3) characterized by increased year-to-year volatility between overall dry and wet
water years. While patterns are more coherent in the more severe RCP 8.5 scenario, agreement
emerges in both emissions scenarios.

Models agree universally in both emissions scenarios on an increase in the fraction of total
yearly precipitation falling as rain rather than snow, necessitating greater flexibility of storage
and management of rainwater (Fig. 1d, Supplementary Fig. 13d, Supplementary Fig. 33d).
Notably, downscaled LOCA data from all models shows an increase in excess of 75% in RCP
8.5 and 40% in RCP 4.5 in the rain versus snow fraction across much of the Sierra Nevada and
southern Cascades. This coincides with universal projected snowpack loss (up to 100% loss
across many parts of the state in both scenarios; Fig. 1g, Supplementary Fig. 13g, Supple-
mentary Fig. 33g).

Models also agree under RCP 8.5 end-of-century conditions on a compression of yearly
precipitation into (a) extreme events, and (b) into the winter (vs. autumn/spring) season—with
implications for the growing need to simultaneously manage flood and drought risk. Models
simulate an increase exceeding 15% across central California in the fraction of yearly
precipitation that arrives in the form of extreme (>95th percentile of daily precipitation)
events (Fig. 1a), and 8 of 10 models show an increase in state-averaged extreme precipitation
(Supplementary Fig. 33a). Changes in maximum 3-day precipitation are generally smaller and
exhibit weaker inter-model agreement (Fig. 1b, Supplementary Fig. 33b). Areas of strong
inter-model agreement in both of these extreme metrics, however, tend to coincide with
regions of high climatological precipitation levels (see Supplementary Fig. 2). The fraction
of'total yearly precipitation arriving between November and March also increases, with strong
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Fig. 1 Spatial patterns and level of inter-model agreement of changes in intra-annual statistics. The 10 GCMs
assessed show strong agreement across much of the state in (a) fraction of total annual precipitation falling on
extreme (>95% percentile) days, (b) maximum 3-day precipitation, (¢) fraction of total annual precipitation
falling between November and March, inclusive, (d) ratio of total annual precipitation falling as rain versus snow,
(e) number of rain-on-snow days, (f) number of rain-on-snow days normalized by days with snow water
equivalent greater than 0, (g) cumulative annual snow water equivalent, and (h) cumulative annual evapotrans-
piration. Values shown are for percent changes between present-day (2006-2035) mean and RCP 8.5 end-of-
century (2070-2099) mean conditions relative to present-day conditions. Stippling indicates regions where over
80% of the models agree on the sign of change
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Fig. 2 Spatial patterns, state-averages, and level of inter-model agreement of changes in inter-annual statistics.
Spatial patterns and levels of inter-model agreement across the 10 GCMs are shown for (a) frequency of wet year
occurrence, (b) frequency of dry year occurrence, (¢) frequency of year-to-year whiplash (wet years immediately
followed by dry years or vice versa). Inter-model agreement calculated based on statewide average thresholds is
also shown (d, e, f) (horizontal displacement added to increase visibility of overlapping data points). Values
shown are for percent changes between historical (1950-2005) mean and RCP 8.5 late-century (2044-2099)
mean conditions relative to historical. Stippling in a—c¢ indicates grid cells in which over 80% of the models agree
on the sign of change

inter-model agreement across the entire state other than the Mojave Desert in the southeast
(Fig. 1c, Supplementary Fig. 33c), where the seasonal pattern of climatological rainfall differs
from the rest of the state. Given the uncertain, but generally minimal, projected changes in total
annual precipitation (Supplementary Fig. 1), this temporal concentration of precipitation across
multiple timescales also indicates more intense intervening dry periods during which water
demand in both human-managed and natural systems will rise. Notably, this agreement is not
yet present by end-of-century under RCP 4.5 conditions (Supplementary Fig. 13a—c), suggest-
ing that these shifts may be more difficult to discern in lower warming scenarios due to the low
signal-to-noise ratio created by intrinsically large background climate variability in this region.
However, universal inter-model agreement on increased evapotranspiration across much of the
state (Fig. 1h, Supplementary Fig. 13h. Supplementary Fig. 33h) also indicates a substantial
increase in water demand in both scenarios.

We also assess changes in the frequency of rain-on-snow events, which have historically
been drivers of major flood-related water management stress (Davenport et al. 2020). Because
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of the drastic declines in snowpack coverage projected by all models in both emissions
scenarios, the absolute number of rain-on-snow days also declines universally across the
models and across the state in both emissions scenarios (Fig. le, Supplementary Fig. 13e,
Supplementary Table 1, Supplementary Table 2, Supplementary Fig. 33¢). However, when
normalized for the presence of snow (i.e., when the number of days with rain occurring on
snow is normalized by the number of days when snow is present), the frequency of these
events increases with strong inter-model agreement statewide in both scenarios (Fig. 1f,
Supplementary Fig. 13f, Supplementary Fig. 33f). This indicates that, although the overall
risk of rain-on-snow events is likely to decline, during periods when snow is present, the risk
of these events could increase substantially.

Projected changes in inter-annual volatility of precipitation present a more nuanced
picture, but indicate that year-to-year swings between wet and dry water years will
increase. On a grid-cell-by-grid-cell basis, there is a strong agreement in increased
frequency of both wet years (Fig. 2a, Supplementary Fig. 14a) and dry years (Fig. 2b,
Supplementary Fig. 14b) in both emissions scenarios. There is also widespread inter-
model agreement in increased frequency of overall whiplash between dry and wet years
(i.e., a wet year followed by a dry year or vice versa; Fig. 2¢, Supplementary Fig. 14c) in
both scenarios. In RCP 8.5, the likelihood of these events as much as triples across parts
of Northern California, the Central Coast, and the Mojave Desert, with most regions
experiencing an increase of greater than 50%. The magnitude of shifts is generally
smaller in RCP 4.5, as expected given the lower degree of warming, but retains the
directionality and pattern of the RCP 8.5 changes.

There is lower, but still majority, inter-model agreement when the dry (below the 20th
percentile) and wet (above the 80th percentile) year thresholds are calculated in terms of state-
averaged precipitation rather than at each grid cell. Seven out of ten models in RCP 8.5 and
eight out of ten in RCP 4.5 show an increase in the number of statewide wet years (Fig. 2d,
Supplementary Fig. 14d). The change in the number of statewide dry years is more mixed
across models and smaller in the model-mean, though the majority of models (6 of 10 in RCP
8.5 and 7 of 10 models in RCP 4.5) project an increase in statewide dry years (Fig. 2e,
Supplementary Fig. 14¢). The increase in statewide occurrence of whiplash between very wet
and very dry years or vice versa, meanwhile, is robust in RCP 8.5 (7 of 10 models; Fig. 2f) but
inconclusive in RCP 4.5 (5 of 10 models; Supplementary Fig. 14f).

We note that aspects of these results are consistent with those in Swain et al. (2018)—who
also found a larger, geographically widespread, and more statistically robust increase in
extremely wet years than in extremely dry years under RCP 8.5 conditions. Swain et al.
(2018) also reported a large, geographically widespread, and statistically robust future increase
in dry-to-wet whiplash, though they did not assess total whiplash (i.e., both dry-to-wet and
wet-to-dry whiplash) as done here.

The societal impacts of dry-to-wet versus wet-to-dry whiplash events may not be symmet-
ric. For example, extremely wet conditions following prolonged dry spells have caused severe
runoff and debris flow impacts due to the prevalence of large wildfire burn scars and
desiccated soils (Oakley et al. 2018). On the other hand, sudden transitions from wet to dry
conditions, as occurred in Northern California from winter 20162017 to summer 2017, can
amplify wildfire risk due to the proliferation and subsequent rapid drying of fine fuels (grasses
and brush). However, the relatively small sample size and short time series provided by the
LOCA data limits its utility for assessing changing frequency of individual types of whiplash
(see Supplementary materials for additional discussion).
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3.2 Reductions in groundwater sustainability from shift in extremes

Our case study of Northern California’s Scott Valley demonstrates the impact of the shift
toward increased extreme precipitation projected by GCMs under RCP 8.5 conditions on
groundwater sustainability. We find that, although this shift may have minimal effects on total
budgets over a long-term average, it can meaningfully impact predicted water use behavior and
the sustainability of groundwater budgets during certain water years, even without changes in
total annual precipitation.

When the increased concentration of annual precipitation into extreme days seen in the
GCM projections is mimicked in the altered rainfall scenario, the key water budget compo-
nents of recharge and surface and groundwater irrigation increase (Fig. 3). All three of these
budget terms are greater in the altered scenario than those in the historical scenario in each
water year in the 28-year simulation period. The explanation for an increase in recharge is
straightforward: in the altered, more extreme scenario, the volume of water arriving on days
when crop evapotranspiration demand is already met increases. Thus, more water infiltrates
through the root zone on wet days. The increase in irrigation terms is somewhat less intuitive.
Because the total annual precipitation is held fixed between the altered and historical simula-
tions, the increase in precipitation on extremely wet days is counterbalanced by a correspond-
ing decrease in precipitation on all other rainy days. This results in an increase in the number of
drier days on which soil water is lower than plant demand, which triggers the application of
additional irrigation water.

The increase in water budget terms occurs to different degrees during different water years,
and the strongest predictor of the degree of increase is the original concentration of the rainfall
in time. This is illustrated by water years 2010 and 2015 (Fig. 3). Both years received a total
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Fig. 3| Changes in groundwater budget terms due to increased extreme precipitation. Water use behavior in the
California Scott Valley shows higher sensitivity to redistribution of annual precipitation toward extreme days in a
water year with evenly spread precipitation (2010, yellow) than one with wintertime concentrated precipitation
(2015, dark brown). These two water years experienced total annual precipitation close to the average of the full
1991-2018 period analyzed (blue), illustrating the importance of understanding the impacts of climate shifts on
water behavior in individual water years. Column values represent the absolute change between the historical
simulation and the altered precipitation simulation. Numbers shown above columns indicate the percent change
relative to the historical simulation
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annual depth of rainfall near the average for the historical time series, but the degree of
temporal concentration was greater in 2015 than 2010 (maximum rainfall density of 36% of
annual in 30 days in 2015, and 25% of annual in 2010; Supplementary Fig. 34). We
hypothesize that the more evenly spread rainfall in 2010 is relatively vulnerable to disruption
by increased frequency of extremes. Conversely, in 2015, the rainfall concentration is already
relatively extreme, so the rainfall redistribution has a smaller impact on the additional number
of days when irrigation was necessary. This highlights the need for high spatiotemporal
resolution understanding of climatological water supply, projected hydroclimate shifts, and
water use behavior in order to constrain groundwater sustainability under climate change.

These results likely represent a conservative estimate of the sensitivity of groundwater
basins to such hydroclimate shifts. Many regions are projected to experience substan-
tially larger increases in the fraction of precipitation falling during extreme events than
Scott Valley under RCP 8.5 conditions (Fig. 1a). Many of the regions containing basins
categorized as critically overdrafted by the California Department of Water Resources
(DWR 2015) lie in regions like the San Joaquin Valley where shifts in extreme precip-
itation are projected to be 5-10 times greater than those in Scott Valley. Additionally, by
design, the simulations tested here do not incorporate changes in temperature and
atmospheric evaporative demand that are expected to lead to increased evapotranspira-
tion rates with future climate change (e.g., Fig. 1h) or other hydroclimate shifts, which
are projected to further stress groundwater sustainability. Alam et al. (2019), for exam-
ple, identify an average 31-39% increase in groundwater loss rate in the California
Central Valley due to climate changes in monthly hydroclimate statistics, though they do
not assess the sub-monthly hydroclimate shifts assessed here. The emergence of ground-
water budget sensitivity to temporal precipitation distribution that we demonstrate here
for the Scott Valley groundwater basin is therefore a strong indicator of likely sensitivity
in more heavily impacted basins.

3.3 Reduced reservoir storage from changing inflow and seasonality dynamics

Our case study of Lake Oroville, currently the largest storage facility in the California State
Water Project, illustrates the impact of shifts in monthly precipitation statistics on storage
dynamics and the extent to which these shifts are likely to reduce storage reliability. Figure 4
shows the change in Lake Oroville’s monthly storage and outflow conditions under end-of-
century (2070-2099) RCP 8.5 conditions versus historical (1980-2009) conditions. These
changes reflect several of the monthly precipitation metrics assessed in this study—including
changes in the concentration of wintertime precipitation, precipitation type, and
evapotranspiration—but not those associated with daily precipitation statistics, such as chang-
es in 3-day maximum precipitation, rain-on-snow event frequency, or concentration of extreme
precipitation.

Our analysis indicates a substantial reduction in the ability of Lake Oroville to provide
storage capacity under RCP 8.5 conditions due to these monthly shifts alone. Storage declines
by roughly 17% averaged over the year, and losses are greatest in the months in which
climatological storage in the reservoir is lowest (>35% in September and October; Fig. 4).
This indicates that the storage losses will intensify the seasonal cycle of water availability in
addition to decreasing availability overall. The loss of storage occurs despite an overall
increase in inflows (Knowles et al. 2018) and a small model-mean increase in overall
precipitation over the catchment area (Supplementary Fig. 1; Knowles et al. 2018).
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Oroville Reservoir Storage and Outflow Changes
by End-of-Century (2070-2099)
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Fig. 4 Changes in Oroville storage and outflows due to climate change. Lake Oroville shows substantial changes

in monthly-mean storage seasonality and amount (red curve) and reservoir outflows (blue curve) due to monthly-
mean climate changes between historical (1980-2009) and RCP 8.5 end-of-century (2070-2099) conditions

Long-term trends in storage are impacted by how effectively the reservoir can retain water
given the timing of inflows relative to when the competing demands of flood prevention and
water supply must be met. The reduction in storage is driven largely by concentration of
inflows into the already wet winter months (Knowles et al. 2018), when currently used
reservoir operations rules (which are held fixed in the simulations) require excess flows to
be released for flood protection purposes. This hydrologic signal aligns with the 5-10%
increase in concentration of precipitation into November—March across the entirety of
Oroville’s catchment area seen in our analysis of the LOCA output (Fig. 1¢) and also captures
monthly-mean shifts in the timing of snowmelt driven by increasing wintertime temperatures
as simulated by RVIC (see Supplementary materials). The increased concentration of inflows
and consequent requirement for increased wintertime releases is reflected in the increase in
outflows in January—March (Fig. 4). The resulting reduction in annual average storage is
aligned with other studies that show similar reductions in Oroville carryover storage under
future climate conditions (Ray et al. 2020).

Because the modeling setup used by Knowles et al. (2018) assumes that reservoir opera-
tions will not be modified in the future, it is possible that some portion of the projected storage
losses could be regained by modifying the reservoir’s operating rules to allow for additional
storage of wintertime inflow. However, storing the increased February outflows (0.18 MAF),
for example, would require use of approximately 30% of the average Oroville reservoir
capacity currently reserved for flood control in February (US Army Corps of Engineers
1970) thereby increasing operational risks of catastrophic dam overtopping. Additionally,
the model framework used here does not simulate the impact of changing risk of extreme
multi-day precipitation events on reservoir management, which our analysis indicates increases
by 20% or more across most of Oroville’s catchment area (Fig. 1 a and b) under RCP 8.5
conditions, and which would necessitate an increase rather than decrease in the reservoir
capacity held empty to protect against flood (see also section 4). These factors, along with
regulatory barriers to reservoir reoperations (e.g., Shibatani 2015), indicate that modifying
reservoir operations may not be sufficient to regain the projected loss of storage and summer-
time water availability at Oroville under a more severe future trajectory of climate change.
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4 Implications for water management and decision-making

The analysis presented here has multiple implications for regional water management under
climate change and for the generation of climate projection information and its integration into
water decision-making processes, both in California and in a broader context. The inter-model
agreement on critical hydroclimate shifts assessed here indicates major challenges to the
traditional model of Western US water management. Our case studies show that directly
incorporating this more nuanced range of projected hydroclimate shifts, rather than continuing
classical methods that utilize only or primarily statistics of the historical period, is likely to
assist in mitigating climate risks to water supply operations and sustainability. The overall
findings demonstrate a need for increased investment in tools and processes to expand detailed
climate planning in the water sector.

These results show strong model consensus that future precipitation in California will come
in fundamentally different forms for which the current water management system is under-
optimized, even without substantial or high certainty changes in the total amount of precip-
itation the state receives. In combination, the shifts projected by climate models imply an
increased need for management of liquid-phase precipitation in concentrated time periods.
Combined with uncertain (but generally small) projected changes in total annual precipitation
(Supplementary Fig. 1), this also implies that intervening dry periods (e.g., between extreme
events and between the wet winter seasons) will intensify. Indeed, recent evidence suggests
that some of these non-mean state hydroclimate shifts, including drought intensification due to
warming (Diffenbaugh et al. 2015; Williams et al. 2015), warming of atmospheric river storms
(Gonzales et al. 2019), autumn/spring drying (Swain et al. 2018), and increasing inter-seasonal
“precipitation whiplash” (Anenberg et al. 2019), are already well underway.

Without changes in water management strategies, the current California water management
system will be less able to capture and utilize future water in these new forms. The projected
transition from snow to rain and the attendant loss of snowpack that manifests in both
emissions scenarios indicate that the traditional snowpack-surface reservoir-conveyance par-
adigm of management will be increasingly untenable under climate change—a challenge that
is already emerging not just in California but also throughout the American West (Fyfe et al.
2017; Bureau of Reclamation 2016; Wang et al. 2018). The increased risk of rain-on-snow
events when snowpack is present—as well as the overall trend toward more intense precip-
itation with larger-storm total accumulations—will necessitate improved flood management
and utilization of reservoir releases to preserve water supply benefits in healthy snowpack
years.

Multiple factors point to a need for increased flexibility of storage. Increased year-to-year
precipitation volatility and the general increase in precipitation intensity suggest that any
additional liquid water capacity must not only be capable of storing increased water volumes
for longer periods but must also be able to operate safely under increasingly extreme inflow
conditions. The transition from snow to rain may also result in less predictability in the
geographic distribution of runoff available for storage. The physical processes underlying
the natural snowpack reservoir have historically provided predictability in both the timing and
spatial distribution of runoff, since both temperature seasonality and topography constrain
where and when snowpack occurs and melts (Kapnick and Delworth 2013; Kapnick and Hall
2010). As precipitation is increasingly delivered as rain rather than snow, the geographic
distribution of runoff may become increasingly stochastic (He et al. 2019)—again requiring
more distributed and flexible liquid water storage.
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Our case study of Oroville Reservoir (section 3.3) under the severe climate change
conditions captured by RCP 8.5 end-of-century shows that the state’s second largest reservoir
will receive water at less beneficial times, necessitating difficult tradeoffs between maintaining
flood control and protecting water supply. Although such impacts will likely be reduced under
less severe climate change, the methodology of Knowles et al. (2018) leveraged here does not
explicitly account for increases in extreme inflows during relatively short-duration (i.e., sub-
monthly) storm events that could result in additional storage losses relative to the historical
baseline. During extremely wet periods, the strict “rule curves” under which California’s
largest dams operate dictate water releases that sacrifice long-term storage capacity to ensure
dam safety and adequate flood control buffers for downstream regions (e.g., Eum et al. 2012).
Given an expected increase in peak inflows during storm events (from increased rain vs. snow
dominance of precipitation and larger overall watershed precipitation volumes), substantial
additional losses of surface reservoir storage capacity are plausible in addition to those we
report here—though more research is needed to provide a quantitative estimate.

Collectively, these findings highlight the risks created by inflexibility in surface reservoir
siting and capacity, which may be increasingly misaligned with runoff availability as
California’s precipitation becomes increasingly volatile, temporally concentrated, and extreme.
Increased conjunctive use of surface water and groundwater, investments in distributed
groundwater recharge, and stormwater capture and reuse all provide opportunities for in-
creased flexibility, liquid water storage, and utilization of flood flows (DWR 2018). In
particular, the projected emergence of both increased precipitation intensity (results herein;
Swain et al. 2018) and increased surface aridity (e.g., Cook et al. 2015; Williams et al. 2015)
highlight the potential promise of practices like flood-managed aquifer recharge (FloodMAR,;
Ghasemizade et al. 2019) in which “excess” surface water is diverted during (or in anticipation
of) flood flow events and transported to designated groundwater recharge basins—allowing
dam operators to maintain flood control while bolstering resilience to future drought events via
groundwater banking. Ultimately, the design and assessment of California water management
strategies must fully account for shifts in non-mean state hydroclimate statistics in ways that
accommodate future increases in both flood and drought risk.

Our case studies demonstrate the benefits of enhanced consideration of the full suite of
projected hydroclimate shifts in water planning to reduce risks of under- or mal-adaptation to
climate change. Our Scott Valley case study indicates that water decision-making that does not
account for even modest increases in precipitation intensity is likely to misrepresent key
groundwater sustainability metrics, such as total irrigation demand and aquifer recharge. The
response of an individual groundwater system to increased precipitation extremity will depend
on an array of factors, including types of land use, total aquifer storage capacity, and basin-
wide soil infiltration rates. However, the sensitivity of key groundwater budget terms demon-
strated here for a single basin and metric highlights the importance of a more systematic and
comprehensive analysis of the sensitivity of other groundwater basins and to other projected
climate shifts not captured by current protocols. Currently, consideration of shifts in daily
precipitation statistics is not recommended or facilitated as part of the statewide groundwater
sustainability planning under SGMA regulations. Suggested datasets and guidance documen-
tation also do not fully account for shifts in the seasonality of precipitation, precipitation type,
or inter-annual variability (SGMP 2018). However, as our analysis demonstrates that even the
shift toward more extreme precipitation on its own can markedly reduce the sustainability of
the groundwater budget, we argue that this represents a substantial weakness of SGMA
implementation in its current form.
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Similarly, there is currently no California state-level resource planning model available
capable of capturing the impacts of shifts in daily precipitation statistics—such as the changes
in extreme precipitation fraction, 3-day maximum precipitation, or rain-on-snow events
identified in this study—on the operations and viability of reservoirs, conveyance, and the
state water system in general (Knowles et al. 2018). Major water crises in the last decade, such
as the 2017 Oroville Dam spillway failure, resulted from high-intensity, relatively short-
duration, and generally warm storm events (Huang et al. 2018; White et al. 2018), which
our metrics indicate increase in likelihood with climate change. These concentrated precipita-
tion events also increase the need for flood releases, necessitating new investments to maintain
flood protection and utilize flood flows. The absence of publicly available operations and
hydrologic models capable of accounting for the shifts in daily precipitation statistics projected
by GCMs thus creates a major gap in planning for climate change in the water sector.

The implications of the shifts identified here for water management will vary depending on
the lifespan and risk tolerance associated with a given decision. Our results indicate that
unfavorable shifts in the ratio of rain versus snow, the amount of snowpack, the risk of rain-on-
snow events, evapotranspiration, and year-to-year volatility of precipitation can be reliably
expected to emerge within the next 50-80 years under both trajectories of future human
emissions currently being considered in state of California planning. Current investments in
water infrastructure, which may have a 50-100-year lifespan, can be expected to be subject to
these shifts. Agreement in metrics associated with extreme daily precipitation and seasonality
of precipitation emerges by end-of-century only in the RCP 8.5 scenario in the dataset used
here, and would likely emerge to a lesser extent and/or at a later date on the “stabilized” RCP
4.5 emissions trajectory. However, to the extent that water decision-making should be
protective given the societal risks of under-planning, increased consideration of these shifts
in water management is warranted.

5 Conclusions

The results presented here have important implications for securing water supplies under
changing climate conditions and encourage increased interaction between the climate and
water management enterprises broadly. As we show here in the context of California’s
hydroclimate, despite extensive research indicating substantial projected hydroclimate shifts,
lingering perceptions of uncertainty and a historic mismatch between the type of water analysis
conducted by climate modelers and by regional water managers have limited quantitative
inclusion of climate change projections in regional water planning, though promising efforts
are emerging (e.g., Ray et al. 2020; Steinschneider et al. 2019). Our analysis demonstrates that,
while inter-model agreement for future total annual precipitation changes is low, there is strong
inter-model agreement in response to both more and less severe climate change scenarios for
key non-mean state shifts that bear more directly on the viability of regional water manage-
ment strategies. Although our results indicate that the severity and timing of projected shifts
will depend on the trajectory of future human emissions, most shifts emerge even under the
less severe climate change scenario by end-of-century.

We additionally show that integrating these shifts into hydrologic and resource planning
models substantially changes water management metrics, such as groundwater sustainability
and reliability of reservoir storage, even in the absence of changes in total precipitation. The
results indicate both (1) that quantitatively integrating high spatial and temporal resolution
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climate projection information into regional water infrastructure and management decisions
will be necessary in order to anticipate and avoid negative outcomes for water supply
reliability and 2) that inter-model agreement on key metrics is sufficient to enable this.

California’s water future will be characterized neither by perpetual scarcity nor by wide-
spread abundance. Instead, the region will likely experience both ends of the hydroclimatic
spectrum with greater intensity. To accommodate these emerging shifts in regional
hydroclimate, dynamic and flexible strategies for managing California’s water will be critical
in ensuring resilience in a warming world. While the metrics we assess here are motivated by
existing examples of water management stress, other valuable metrics certainly exist. This
work demonstrates the importance of assessing these decision-relevant metrics, as opposed to
gross/mean-state metrics. Such an approach is necessary in order to both reveal additional and/
or unexpected stresses on water management outcomes and to make climate data more usable
by and relevant to the water management community.
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