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Abstract: The study explores the potential changes in water year types and hydrological droughts as
well as runoff, based on which the former two metrics are calculated in the Central Valley of California,
United States, in the 21st century. The latest operative projections from four representative climate
models under two greenhouse-gas emission scenarios are employed for this purpose. The study
shows that the temporal distribution of annual runoff is expected to change in terms of shifting more
volume to the wet season (October–March) from the snowmelt season (April–July). Increases in
wet season runoff volume are more noticeable under the higher (versus lower) emission scenario,
while decreases in snowmelt season runoff are generally more significant under the lower (versus
higher) emission scenario. In comparison, changes in the water year types are more influenced by
climate models rather than emission scenarios. When comparing two regions in the Central Valley,
the rain-dominated Sacramento River region is projected to experience more wet years and less critical
years than the snow-dominated San Joaquin River region due to their hydroclimatic and geographic
differences. Hydrological droughts in the snowmelt season and wet season mostly exhibit upward and
downward trends, respectively. However, the uncertainty in the direction of the trend on annual and
multi-year scales tends to be climate-model dependent. Overall, this study highlights non-stationarity
and long-term uncertainty in these study metrics. They need to be considered when developing
adaptive water resources management strategies, some of which are discussed in the study.
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1. Introduction

There is growing evidence that global warming is changing the water cycle in terms of
altering the spatial and temporal distributions of water availability worldwide. Specifically,
changes in the magnitude, timing, frequency, and form of precipitation (rainfall/snowfall)
and runoff (rainfed runoff/snow melt/glacier melt) have been widely observed [1–9].
The changes are projected to intensify through the end of this century [10–15]. These changes
have profound impacts on water resources management, particularly in water-limited arid
or semi-arid environments, including the State of California, United States (U.S.).

As a globally important economy, California is the most populous State and one of
the most productive agriculture areas in the United States [16]. The State has built a vast
and complex water storage and transfer system to redistribute water from the wetter
northern half of the State to the drier southern half, which has a higher population and
water demand and, from the wet season to the dry season, when the demand is the highest
but precipitation is minimal, to support its population/agriculture and sustain its economy.
The system contains hundreds of dams, reservoirs, pumping and hydropower plants,
and thousands of kilometers of delivery aqueducts, canals, conduits, and tunnels [17,18].
Operations of the system are regulated by state and federal rules and decisions to ensure
that the flow and water quality standards are met for municipal, agricultural, and envi-
ronmental usage. These include the Water Right Decision 1641 (D1641) of the California
State Water Resources Control Board [19] and the more recent Biological Opinion (BO) of
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U.S. Fish and Wildlife Service [20], among others. The flow and water quality objectives
prescribed in D1641 and BO vary across different water year types (WYTs). WYTs are
classifications that designate the wetness or dryness (and thus water availability) of the
interested regions [21]. In California, five different types of water years are defined (wet,
above normal, below normal, dry, and critical) based on the wet season (October–March)
runoff and snowmelt season (April–July) runoff, together with preset runoff thresholds.
During the wet season, flood management is typically one of the highest priorities for water
managers; during the snowmelt season, water supply is normally a bigger concern. Before
snowmelt season starts or during the snowmelt season when the full April–July runoff is
not observable, the forecasted April–July runoff is applied instead. In operations, a set of
regression equations is used to forecast a range of April–July runoff volumes with different
occurrence probabilities (specifically a low, a most likely, and a high forecast with 90%,
50%, and 10% exceedance probabilities, respectively) to account for hydroclimatic uncer-
tainty in the period from the forecast time to the end of July [22–25]. In addition to WYTs
and flow volumes (e.g., with different exceedance probabilities), drought indices have
also been explored or applied to inform water operations, particularly drought response
and planning practices in California. These indices include the Palmer Drought Severity
Index [26], deciles [27], Standard Precipitation Index [28], Aggregate Drought Index [29],
Standardized Runoff Index [30], Standardized Precipitation-Evapotranspiration Index [31],
Multivariate Standardized Drought Index [32], and Groundwater Drought Index [33].

The determination and application of the water year classification, runoff quantiles,
and drought indices are based on the stationarity assumption that the future hydroclimate
in California would mimic the historical conditions. However, existing research has
reported non-stationary changes in hydroclimatic variables across the State. The changes
include warming [34,35], more rain versus snow in precipitation partition [36], declining
snowpack [3,37], earlier streamflow timing [38–40], among others. There is a strong
consensus that these changes are expected to manifest themselves in the future [41–43],
while there is much less certainty on the changing magnitudes that largely depend on
future greenhouse gas emissions [44,45]. A worldwide collaborative framework, titled
Coupled Model Intercomparison Project (CMIP), was designed to better understand future
climate uncertainty in a multi-model and multi-emission scenario context [46]. The CMIP
is developed in phases and it provides multi-model projected climate dataset (representing
the start-or-the-art climate science at the time when a specific phase is developed) to
support regional, national, and international assessment of climate change. The project is
currently in its sixth phase (CMIP6) [47]. However, phase five (CMIP5) is the most recent
completed and operative phase [48]. Based on downscaled CMIP5 climate projections
through the end the current century, California developed its latest (the fourth) climate
assessment (CCCA4) to guide statewide climate adaptive planning activities.

A number of studies have applied the CCCA4 dataset in assessing the potential
changes in California’s future hydroclimate and their impacts on the State’s water oper-
ations. Refs. [49,50] examined changes in precipitation and temperature. They reported
consistent warming across all of the climate models with large uncertainties in precipitation
changes on seasonal and annual scales. Refs. [51,52] investigated changes in future stream-
flow. They projected wetter wet season and drier dry seasons in the future. Refs. [53,54]
assessed the impacts of projected hydroclimatic changes on the State’s water system.
They concluded that, under the current system and operating rules, water deliveries
would become less reliable. Ref. [50] explored trends in the Standardized Precipitation-
Evapotranspiration Index and noted increasing meteorological drought risks across the
State particularly in dry regions. Nevertheless, no studies have analyzed the potential
changes in hydrological droughts, runoff quantiles, as well as water year type distribu-
tions in California based on the latest operative CCCA4 dataset. Ref. [21] evaluated how
climate change affects water year classification in the State. However, an older generation
of climate projections (from the third phase of CMIP, CMIP3) was utilized in that study.
CMIP5 has advances over CMIP3 in terms of model spatial resolution, concept of future
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radiative forcing, available variables, among others [55]. When compared to CMIP3 climate
projections, the CIMP5 projections have significant improvements on key Pacific climate
patterns and they show different climatic characteristics (wetter and warmer) in the Sierra
Nevada region of California [56,57].

The current study aims to fill this gap. Specifically, the study examines the potential
changes in water year type distribution, as well as hydrological drought and different
ranges of runoff (at temporal scales that are meaningful to practical water resources man-
agement operations in California) through the 21st century with non-stationary, but highly
uncertain, climatic conditions. The uncertainty in future climate is represented by a set
of climate models from the latest operative CMIP5 under two different greenhouse gas
emission scenarios. The rest of the paper is structured, as follows. Section 2 describes
the study area, variables, dataset, and metrics in detail. Section 3 presents the results and
findings of the study. Section 4 discusses the potential causes and implications of these
findings as well as future work. Section 5 summarizes the study.

2. Materials and Methods
2.1. Study Area

The Central Valley of California is a major water supply source for the State. It contains
the largest two river systems in the State, including the Sacramento River region on the
north and San Joaquin River region on the south (Figure 1). There is a large variation in
elevation in the Valley, which ranges from near sea level to about 3800 m. The Valley has
a Mediterranean-like climate, with hot/dry summers and cool/wet winters. The majority
of annual precipitation in the Valley occurs in the wet season (October–March). The high
elevations of the Valley typically receive more (than lower elevations) precipitation, due to
orographic effects during storms. The storm characteristics dictate the freezing elevation
above (below) which precipitation falls as snowfall (rainfall). Rainfall fuels winter runoff,
while the accumulated snow in high elevations melts out in the spring and early summer.
Rain runoff and snowmelt both drain to major reservoirs that serve multiple purposes,
including flood management (during the wet season) and water supply management (rest
of the year). In water planning and management practices, the California Department
of Water Resources (DWR) tracks the runoff of four major watersheds in the Sacramento
River region: Sacramento River above Bend Bridge (SBB), Feather River at Oroville (FTO),
Yuba River at Smartville (YRS), and American River at Folsom (AMF) as well as and four
important watersheds in the San Joaquin River region: Stanislaus River at New Melones
(SNS), Tuolumne River at Don Pedro (TLG), Merced River at Lake McClure (MRC), and
San Joaquin River at Millerton Lake (SJF). The sum of runoff from these four watersheds in
each region is used to represent the overall wetness of each region in practice.

Sacramento watersheds have lower elevations as compared to the San Joaquin water-
sheds, and, thus, are warmer in general [52]. Among four Sacramento watersheds, the me-
dian elevation varies from about 1357 m (SBB) to 1611 m (FTO). In contrast, the median eleva-
tion ranges from around 1549 m (MRC) to 2345 m (SJF) in San Joaquin watersheds. Overall,
Sacramento watersheds receive more precipitation and are geographically larger in size.
Therefore, the average total average annual runoff of Sacramento four rivers (21.6 billion m3)
is much larger when compared to that of the San Joaquin four rivers (7.1 billion m3). How-
ever, runoff from the San Joaquin watersheds is dominated by snowmelts, due to the
relatively higher watershed elevations. Snowmelt runoff, which is typically represented by
runoff of the snowmelt season from April–July, accounts for two-thirds of the annual total
runoff for San Joaquin four rivers (versus about one-third for Sacramento four rivers).

2.2. Study Variables and Dataset

This study focuses on Sacramento four rivers’ total runoff (SAC4) and San Joaquin four
rivers’ total runoff (SJQ4) at three temporal scales that are important to water operations
in California. These include the annual scale, wet season (October–March) scale, and
snowmelt season (April–July) scale. Runoff volumes at these three scales are applied in
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calculating operational water supply indices for Sacramento River region and San Joaquin
River region, which will be detailed in Section 2.3. When looking at projected trends in
hydrological drought (Section 3.3), the study also explores multi-year scales that range from
two to five years, since droughts historically occur at these multi-year scales in California.

Climate 2021, 9, x FOR PEER REVIEW  4 of 28 
 

 

annual  total runoff  for San  Joaquin  four rivers  (versus about one‐third  for Sacramento 

four rivers).   

 

Figure 1. Location map showing four rivers in the Sacramento River region and four rivers in the San Joaquin River region 

in the Central Valley of California. 

2.2. Study Variables and Dataset 

This study focuses on Sacramento four rivers’ total runoff (SAC4) and San Joaquin 

four rivers’ total runoff (SJQ4) at three temporal scales that are important to water opera‐

tions in California. These include the annual scale, wet season (October–March) scale, and 

snowmelt season (April–July) scale. Runoff volumes at these three scales are applied in 

calculating operational water supply indices for Sacramento River region and San Joaquin 

River region, which will be detailed in Section 2.3. When looking at projected trends in 

hydrological drought (Section 3.3), the study also explores multi‐year scales that range 

from two to five years, since droughts historically occur at these multi‐year scales in Cal‐

ifornia.   

Historical SAC4 and SJQ4 runoff data are derived from the monthly full natural flow 

record for each study watershed. Those are operational data that are quality‐controlled 

and generally available since the 1900s (data sources provided in Appendix A). The pro‐

jected SAC4 and SJQ4 runoff are obtained from the recently released California’s Fourth 

Climate Change Assessment (CCCA4; http://cal‐adapt.org/). CCCA4 provides “the scien‐

tific foundation for understanding climate‐related vulnerability at the local scale and in‐

forming resilience actions” across California [58]. CCCA4 produced a set of datasets for 

Figure 1. Location map showing four rivers in the Sacramento River region and four rivers in the San Joaquin River region
in the Central Valley of California.

Historical SAC4 and SJQ4 runoff data are derived from the monthly full natural flow
record for each study watershed. Those are operational data that are quality-controlled and
generally available since the 1900s (data sources provided in Appendix A). The projected
SAC4 and SJQ4 runoff are obtained from the recently released California’s Fourth Climate
Change Assessment (CCCA4; http://cal-adapt.org/). CCCA4 provides “the scientific
foundation for understanding climate-related vulnerability at the local scale and informing
resilience actions” across California [58]. CCCA4 produced a set of datasets for that pur-
pose. The datasets, including statewide daily downscaled (to 1/16th degree) precipitation
and temperature projections from 2006–2099 [59], as well as corresponding daily runoff
projections at each study watershed derived via the Variable Infiltration Capacity (VIC) hy-
drologic model (that is driven by those precipitation/temperature projections) [60]. Those
precipitation and temperature projections were generated via an ensemble of 32 general
circulation models (GCMs) that participated in the Coupled Model Intercomparison Project
Phase 5 (CMIP5) under two emission scenarios, named Representative Concentration Path-
ways (RCP) 4.5 (lower emission scenario) and RCP 8.5 (high emission scenario). The DWR
Climate Change Technical Advisory Group (CCTAG) rigorously evaluated available GCMs
and identified a subset of 10 GCMs for use in California water resources planning. These

http://cal-adapt.org/
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10 GCMs can “produce reasonably realistic simulations of global, regional, and California-
specific climate features” and they are deemed as “currently the most suitable for California
climate and water resource assessment and planning purposes” [52]. Out of those CCTAG-
selected 10 GCMs, CCCA4 further identified four representative priority GCMs spanning
the precipitation and temperature changes in all GCMs that closely simulate California’s
climate [61]. Those four GCMs include (1) a “cool/wet” model CNRM-CM5; (2) an “aver-
age” model CanESM2; (3) a “warm/dry” model HadGEM2-ES; and, (4) a “complement”
model MIROC5 that “is most unlike the first three models for the best coverage of different
possibilities” (referring to Table A1 in Appendix A for more information on the GCMs).
Seven metrics covering different seasonal and annual precipitation and temperature mea-
sures were utilized in selecting these four models out of 32 available models. Each model
was ranked for each of the seven metrics. A weighted rank was determined for each model
based on which selection was made. For a detailed explanation on the selection criteria and
procedure, the readers are referred to [61]. It is worth noting that, in climate change studies,
it is not uncommon to examine the mean of projections from an ensemble of climate models.
In the current study, since an “average” model (CanESM2) has already been included as
one of the study models, which was deemed to be representative of the average conditions
of all GCMs [61], no additional model-averaging was applied to avoid repetition.

To summarize, the study variables are derived via the following procedure:

(1) Daily precipitation and temperature projections under RCP4.5 and RCP 8.5 from an
80-year period (2020–2099) at each study watershed from these four GCMs are used
in order to drive the VIC model to generate corresponding runoff projections in the
same period.

(2) The runoff projections are bias-corrected to historical data. The bias-correction method
is detailed in [61]. Appendix A provides the sources of the bias-corrected runoff
projections.

(3) For each watershed, the bias-corrected daily runoff projection is aggregated to April–
July total runoff volume, October–March total volume, and annual total volume.

(4) For the Sacramento River region (San Joaquin River region), the corresponding total
runoff volumes from four rivers in the region are summed together to yield SAC4
(SJQ4) April–July total volume, October–March total volume, and annual total volume.
The resultant variables are utilized to determine the water year types as well as the
standardized streamflow index (explained in detail in the following Section 2.3).

(5) Changes are obtained by comparing those bias-corrected SAC4 and SJQ4 runoff
projections against the corresponding SAC4 and SJQ4 runoff observations during
an equal length of historical period from 1920–1999. Appendix A also provides the
sources of historical runoff data.

2.3. Study Metrics

This study investigates changes in the exceedance probabilities of seasonal (wet
and snowmelt seasons) and annual runoff, water year types, and a standard streamflow
drought index.

The California Department of Water Resources (DWR) adopts five water year types
in planning and management operations [21]. There are five different types, including
wet year (W), above normal year (AN), below normal year (BN), dry year (D), and critical
year (C). The classification is based on a water year index that is derived from full natural
flow measurements. For the Sacramento River region, the water year index (WYI) is
calculated as:

WYISAC = 40% × AJSAC4 + 30% × OMSAC4 + 30% ∗ WYISACPre (1)

where AJSAC4 and OMSAC4 represent the April–July runoff and October–March runoff of
Sacramento four rivers in the current water year (in the unit of million acre-feet, MAF);
WYISACPre is the water year index of the previous water year. If WYISACPre exceeds
10 MAF, then 10 MAF is be applied instead. A water year with WYISAC above 9.2 MAF
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(below 5.4 MAF) is classified as a wet year (critical year). Otherwise, when WYISAC
exceeds 7.8 MAF (less than 6.5 MAF), a water year is defined as an above normal year (dry
year). Finally, a year with WYISAC ranging from 6.5 to 7.8 MAF is designated as a below
normal year.

Similarly, the WYI for San Joaquin River region is determined as:

WYISJQ = 60% × AJSJQ4 + 20% × OMSJQ4 + 20% × WYISJQPre (2)

When compared with WYISAC, calculation of the WYISJQ applies 20% greater weight
to snowmelt period runoff and reduces the wet period runoff and the influence of the
previous year’s index by 10%. The WYISJQPre is capped at 4.5 MAF (rather than 10 MAF
for WYISACPre) [21]. The smaller cap in the previous year’s index and higher coefficient
for April–July runoff (mostly from snowmelt) reflect the relatively smaller annual runoff
received in more snow dominated San Joaquin River region (versus Sacramento River
region). Accordingly, the thresholds utilized in classifying water year types in San Joaquin
River regions are also different. A water year is designated as a wet (critical) year when
the calculated WYISJQ is over 3.8 MAF (below 2.1 MAF). Otherwise, when WYISJQ exceeds
3.1 MAF (less than 2.5 MAF), a water year is classified as an above normal year (dry year).
When WYISJQ ranges from 2.5 MAF to 3.1 MAF, the year is defined as a below normal year.

In addition to water year types, the runoff volumes with different exceedance probabil-
ities that guide water operations in California are further examined here. One operational
example is that in DWR’s official water supply forecasts [22], in addition to the most proba-
ble (median) forecast, a low forecast (with 90% exceedance probability) and a high forecast
(10% exceedance) are also issued. In light of that, this study further looks at changes in
runoff at seasonal (October–March and April–July) and annual scales that are represented
by different exceedance probabilities.

Finally, effective drought management is imperative in securing reliable water supply
and sustaining economic development in California. Standardized drought indices are
typically applied in supporting drought management practices in the State [62]. This study
examines the projected changes in a nonparametric drought index, titled Standardized
Streamflow Index (SSI), for SAC4 and SJQ4 at designated time scales. This index is cal-
culated via the Standardized Drought Analysis Toolbox (SDAT) of [63]. The SDAT uses
the empirical Gringorten plotting position for deriving the marginal distribution of the
target historical or projected runoff variable. The empirical probability of the variable
is then transformed into a standardized value. This method requires no assumption on
a parametric distribution function and, thus, no parameter estimation. Typically, a value of
SSI over 2 (less than −2) indicates extremely wet conditions (extreme droughts). Other-
wise, a value larger than 1 (smaller than −1) designates wet conditions (dry conditions).
SSI ranging from −1 to 1 indicates a neutral condition. This study further assesses the
trends in projected SSIs. For this purpose, the widely used non-parametric Mann–Kendall
test [64,65] is employed to assess the significance of a trend with a significance level of 0.05.
The non-parametric Theil–Sen approach [66,67] is utilized for determining the trend slope.

3. Results
3.1. Exceedance Probability

Figure 2 depicts the exceedance probability curves of the observed and projected
Sacramento four rivers’ (SAC4) total runoff volume on three temporal scales (water year,
October–March, and April–July). The sample size for each probability curve is 80, covering
1920–1999 for the observations and 2020–2099 for the projections, respectively. The “com-
plement” (MIROC5) and “warm/dry” (HadGEM2-ES) models project generally similar
annual (water year total) runoff as the historical baseline. Meanwhile, the “cool/wet”
(CNRM-CM5) and “average” (CanESM2) models both project higher annual runoff across
all of the exceedance probabilities under both emission scenarios (Figure 2a). However, for
October–March runoff, all of the models tend to project higher volumes than the historical
baseline under both emission scenarios (Figure 2b). This is particularly the case for the
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“cool/wet” model. Conversely, for April–July runoff, all models project lower than the
baseline volumes (Figure 2c). For a specific model, declines in the April–July runoff are
more pronounced under the higher emission scenario when compared to the lower emis-
sion scenario. In Sacramento River region, historical October–March runoff accounts for a
majority of the annual total runoff (red curves in Figure 2a,b). Projected decreases in April–
July runoff are outweighed by projected increases in October–March runoff (Figure 2b,c,
note the scale difference between these two panels), leading to overall increases in total
annual runoff projections. Comparing two emission scenarios, the “cool/wet” model and
the “average” model generally predict higher October–March runoff and lower April–July
runoff under the higher emission scenario. The “warm/dry” model projects more annual
and October–March runoff and less April–July runoff under the higher emission scenario,
while the results are mixed for the “complement” model across three time scales.
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Figure 2. Exceedance probability curves for observed and projected (a) water year; (b) October–March; and, (c) April–July
total SAC4 runoff volume. Note the scale difference in Y-axis across three panels.

Similarly, San Joaquin four rivers’ (SJQ4) total annual runoff is projected to increase
across nearly all of the exceendance probabilities via the “cool/wet” model (CNRM-CM5)
and the “average” model (CanESM2) (Figure 3a). The increases are generally larger for
higher flows with lower exceendance probabilities. Meanwhile, the “complement” model
(MIROC5) and “warm/dry” model (HadGEM2-ES) project similar annual runoff to the
the historical baseline. One difference from the Sacramento rivers (SAC4) is that the “com-
plement” projection on SJQ4 tends to be slightly drier than the corresponding baseline.
Similar to the Sacramento River region, the San Joaquin River region is expected to expe-
rience larger volumes of October–March runoff than the baseline in all of the projections
(Figure 3b). The increases are larger for runoff volumes with lower exceendance probability.
Different from the Sacramento River region, not all four models project decreases in the
April–July runoff (Figure 3). The “cool/wet” model projects increases under both of the
emission scenarios for the San Joaquin River region. The “average” model also projects
increases under the higher emission scenario. This difference highlights the geographic
differences between these two regions, which will be discussed in Section 4. Finally, under
the higher emission scenario, the “cool/wet” model projects higher October–March runoff
and lower April–July runoff, while the “average” model predicts higher runoff across all
three time scales, a result that is consistent with the Sacramento River region.

In brief, projections for both of the regions share some common features. The “cool/wet”
model and “average” model project increases in annual runoff and all four models project
increases in the October–March runoff for both regions under both emission scenarios. In
addition, under the higher emission scenario, the “cool/wet” model projects more (than
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historical baseline) October–March runoff and less April–July runoff, while the “average”
model projects increased runoff across all three time scales for both of the regions. There
are also some differences, a significant one of which is that while all models project de-
creases in April–July runoff in the Sacramento River region in most cases, the “cool/wet”
model projects increases in April–July runoff in the San Joaquin River region across most
exceedance probabilities, particularly under the lower emission scenario.
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Figure 3. Exceedance probability curves for observed and projected (a) water year; (b) October–March; and, (c) April–July
total SJQ4 runoff volume. Note scale difference in Y-axis across three panels.

3.2. Water Year Type

Historically (1920–1999), wet years, near-normal years (including above normal and
below normal years), and dry conditions (containing both dry and critical years) are almost
evenly distributed in the Sacramento River (Figure 4a; Figure A1 in Appendix A). When
compared to wet years (33%), dry conditions occur slightly more frequently (36%), while
near-normal years are marginally less (31%). During the historical period (1920–1999), crit-
ical years account for about one-sixth (16%) of years. Under the “complement” (MIROC5)
lower emission projection (Figure 4b), both wet years and dry conditions are expected to
decrease by 7% and 8%, respectively, when compared to the historical baseline. Mean-
while, near-normal years are projected to increase, particularly for below normal years
(12% increase). For the same climate model under the higher emission scenario (Figure 4f),
slightly more wet years and dry conditions are projected. Like the “complement” model,
the “warm/dry” (HadGEM2-ES) model projects are fewer (than historical baseline) wet
years under both emission scenarios. However, more critical years are expected in the
“warm/dry” projections when compared to the historical baseline.

The “cool/wet” (CNRM-CM5) projection and “average” (CanESM2) projection are
strikingly different from that of the “complement” projection and “warm/dry” projection.
Under the lower emission scenario (Figure 4c,d), the wet years are expected to markedly
increase, while the dry conditions are projected to decline distinctly compared to the
historical baseline. When compared to the “average” model, the “cool/wet” model projects
even more wet years (62% versus 49%) and less critical years (4% versus 5%). The “average”
model projects more near-normal years (44%) than both the “cool/wet” model (29%) and
the corresponding historical baseline (31%). Under the higher emission scenario, the
“cool/wet” model projects fewer wet years and more near-normal years, while the changes
in dry conditions are minimal when compared to that of the lower emission scenario
(Figure 4g versus Figure 4c). The “average” model projects more wet years, more dry
conditions, and less near-normal years (Figure 4h versus Figure 4d).
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Figure 4. Historical and projected water year type distribution of SAC4.

Like the Sacramento River region, the San Joaquin River region observes nearly evenly
distributed wet, near-normal, and dry/critical years in the historical period (Figure 5a;
Figure A2 in Appendix A). However, it experiences slightly fewer wet years (3% less) and
more critical years (4% more). When compared to the historical baseline, both the “comple-
ment” model (MIROC5) and the “warm/dry” model (HadGEM2-ES) project fewer wet
years and significantly more critical years under both emission scenarios (Figure 5b,e,f,i).
Even fewer wet years are expected under the higher emission scenario and for the “com-
plement” model. Both of the models project that approximately 50% of years are expected
to be in dry or critical years (versus 34% in the historical baseline). Contrariwise, the
“cool/wet” model (CNRM-CM5) projects remarkably more wet years and fewer critical
years (Figure 5c,g). Particularly under the lower emission scenario, the wet years are pro-
jected to nearly double, while the critical years and the overall dry conditions are expected
to roughly decrease by half. The “average” model (CanESM2) also projects an increase
in wet years (Figure 5d,h). However, the increase is relatively milder when compared to
that of the “cool/wet” model, particularly under the lower emission scenario. In addition,
the declines in critical years and the overall dry conditions in “average” projections are
also smaller.

In summary, the near uniform historical distribution of wet years, near-normal years,
and dry (including critical) years in both Sacramento River and San Joaquin River regions
is projected to significantly change in almost all of the models and emission scenarios
analyzed here. In general, the “cool/wet” and “average” models project more frequent wet
years and less critical and dry years. Conversely, the “warm/dry” model project fewer wet
years and more critical years. The “complement” model projects fewer wet years overall.
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When comparing two regions, more critical years are consistently projected in the San
Joaquin Region across all the climate models under both emission scenarios.
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Figure 5. Historical and projected water year type distribution of SJQ4.

3.3. Standardized Streamflow Index

During the historical period (water year 1920–1999), there are slightly more dry
conditions (AJ SSI < 0 for 56% of the time) than wet conditions (AJ SSI > 0 for 44% of
the time) in the Sacramento River region (Figure 6a) in terms of the April–July Standard
Streamflow Index. There are two extremely wet cases (1952 and 1983) and two extremely
dry cases (1924 and 1977), respectively. The mean and variance of the index are −0.1 and
1.0, respectively (Table A2 in Appendix B). Except for the “cool/wet” model (CNRM-CM5)
under the lower emission scenario, dry conditions are projected to increase, ranging from
3% (“cool/wet” model under RCP 8.5) to 13% (“average” (CanESM2) and “warm/dry”
(HadGEM2-ES) models under RCP 8.5) in all other cases as compared to the historical
baseline. Extremely wet conditions are expected to consistently decrease across all models
under both emission scenarios. Both the “complement” and “cool/wet” models project
increases in the number of extreme dry conditions under both emission scenarios, so
does the “warm/dry” model under RCP 4.5. However, the increases (from 2 to 3) are
moderate. The mean index values generally become smaller. In general, under both of the
emission scenarios, the “warm/dry” (“cool/wet”) projections have the smallest (largest)
mean values. Only the “cool/wet” and the “warm/dry” projections under RCP 4.5 exhibit
higher than the baseline variability, as they have higher variance values.
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Historically, when measured by April–July SSI (Figure 7), the distribution of wet
(48%) and dry conditions (52%) over the San Joaquin River region is similar to that of the
Sacramento River region. The former has the same number of extremely dry conditions
(in 1924 and 1977) as the latter, but with one less extremely wet condition. The mean (−0.09)
and variance (0.94) of the index of the former are also similar to their counterparts of
the latter (Table A2 in Appendix B). Differently, “cool/wet” (CNRM-CM5) and “average”
(CanESM2) models both project more (than the baseline) or similar wet conditions under
both emission scenarios. The corresponding mean April–July SSI values are also larger
than the historical mean. These two models also project more extremely wet conditions.
Conversely, the other two models (“complement” (MIROC5) and “warm/dry” (HadGEM2-
ES) project more extremely dry conditions. However, the magnitudes of projected increases
or decreases in extreme conditions are generally small (e.g., up to two more extremely wet
years and up to one more extremely dry year). In terms of variability, both “cool/wet”
and “warm/dry” projections have higher than the baseline variance under both emission
scenarios. The SSI indices on the annual and October–March time scales (Figures A1–A4
in the Appendices A and B) share some similarities with April–July SSI for both regions.
Specifically, projected changes in extremely wet and dry conditions are not expected
to be dramatic. Nevertheless, there are also some noticeable differences. One major
difference is that more wet conditions are expected based on annual SSI and October–
March SSI. This is particularly the case for October–March SSI, where nearly all four models
project wetter than baseline conditions over both regions under both emission scenarios.
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These observations are generally in line with what the runoff exceedance probabilities in
Figures 4 and 5 have shown.
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In addition to the SSI time series that are depicted in Figures 6 and 7, the study
further examines the overall trend of historical and projected SSI indices. For projected SSI,
temporal scales that are longer than one year are also explored, as multi-year droughts are
not uncommon in California. Table 1 presents the corresponding trend slope information.
Table A3 of Appendix B provides the corresponding p-values. In the historical period
(1920–1999), SAC4 and SJQ4 SSIs have increasing trends on October–March and multi-
year (two to five years) scales, while the annual and April–July indices have decreasing
trends. The magnitude of the trend slope is the highest for both regions for April–July SSI.
However, all of the historical SSI trends are not shown to be statistically significant.

For the Sacramento River region, all of the models project downward trends in April–
July SSI, indicating that April–July is projected to become drier. The slopes that are associ-
ated with the “complement” model (MIROC5) and the “warm/dry” model (HadGEM2-ES)
under both emission scenarios are statistically significant. On annual and multi-year scales,
the “complement” model projections and “warm/dry” projections also exhibit downward
trends. In contrast, the “cool/wet” (CNRM-CM5) and “average” (CanESM2) models
project increasing trends. The increasing trends that are associated with the “average”
model are all statistically significant, along with the trends of the “cool/wet” projections
under the higher emission scenarios on multi-year scales. Regarding October–March SSIs,
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except for the “average” model and “warm/dry” model under the lower emission scenario,
increasing trends are projected in other cases.

Table 1. Trend slope of SSI indices (numbers in bold indicate statistically significant slopes).

Scenarios OM AJ WY Two-Year Three-Year Four-Year Five-Year

SAC4 Historical 0.005 −0.008 −0.001 0.003 0.004 0.004 0.005

MIROC5
(complement)

RCP 4.5 −0.002 −0.011 −0.005 −0.011 −0.016 −0.019 −0.022

RCP 8.5 0.004 −0.013 −0.002 −0.002 −0.004 −0.002 −0.004

CNRM-CM5
(cool/wet)

RCP 4.5 0.005 −0.001 0.004 0.005 0.007 0.008 0.007

RCP 8.5 0.007 −0.008 0.005 0.009 0.008 0.009 0.009

CanESM2 (average)
RCP 4.5 0.009 −0.003 0.008 0.010 0.009 0.001 0.011

RCP 8.5 0.011 −0.002 0.010 0.013 0.015 0.018 0.020

HadGEM2-ES
(warm/dry)

RCP 4.5 −0.004 −0.012 −0.007 −0.008 −0.011 −0.014 −0.016

RCP 8.5 0.001 −0.011 −0.004 −0.003 −0.007 −0.009 −0.010

SJQ4 Historical 0.004 −0.005 −0.002 0.002 0.002 0.002 0.000

MIROC5
(complement)

RCP 4.5 −0.003 −0.010 −0.008 −0.013 −0.019 −0.023 −0.027

RCP 8.5 0.002 −0.011 −0.006 −0.009 −0.009 −0.012 −0.015

CNRM-CM5
(cool/wet)

RCP 4.5 0.004 −0.002 0.002 0.000 0.001 0.000 0.000

RCP 8.5 0.008 −0.005 0.004 0.004 0.005 0.006 0.007

CanESM2 (average)
RCP 4.5 0.008 0.006 0.007 0.006 0.006 0.005 0.006

RCP 8.5 0.018 0.008 0.015 0.018 0.021 0.024 0.025

HadGEM2-ES
(warm/dry)

RCP 4.5 0.001 −0.008 −0.005 −0.008 −0.011 −0.014 −0.016

RCP 8.5 0.007 −0.008 −0.002 −0.004 −0.006 −0.007 −0.008

For San Joaquin River region, except for the “average” model (CanESM2), all of the
models project decreasing trends in April–July SSIs under both emission scenarios. How-
ever, only the “complement” (MIROC5) projections are statistically significant. On annual
and multi-year scales, similar to those of the Sacramento River region, the “complement”
model and “warm/dry” model (HadGEM2-ES) project decreasing trends in SSIs while it is
the opposite for the “cool/wet” model (CNRM-CM5) and “average” model. Only trends
of the “complement” model are mostly statistically significant, along with trends of the
“average” model under the higher emission scenario and most trends of the “warm/dry”
model under the lower emission scenario. For October–March SSIs, increasing trends
(wetter) are projected, with the exception of the “complement” model under the lower
emission scenario. In terms of magnitude, the trend slope values of the “average” (“com-
plement”) model are generally larger than that of the “cool/wet” (“warm/dry”) model.
Projections under the higher emission generally have larger (smaller) slope values than
their lower emission scenario counterparts for the “cool/wet” model and “average” model
(the “complement” model and the “warm/dry” model).

In summary, the projected changes in SSI vary across different climate models and
emission scenarios, as well as across different temporal scales. Overall, April–July SSIs
and October–March SSIs tend to decline and increase throughout the projection period,
respectively, highlighting the non-stationarity in these projections. The “complement” model
and “warm/dry” model generally project negative (i.e., drier) trends in SSIs on annual and
multi-year scales, while it is the opposite for the other two models. Despite these differences,
projected changes in the number of extremely wet conditions and extreme drought are not
substantial according to all four models under both of the scenarios in both study regions.
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4. Discussion
4.1. Attribution of Potential Changes

This study indicates that water year types, annual and seasonal runoff volumes,
and hydrological droughts through the end of this century are expected to change from
the corresponding historical baselines. The changes vary across different projection
models under different emission scenarios. Some of the changes are common to both
the Sacramento River region and San Joaquin River region, while the others are region-
specific. These changes stem from projected changes in the precipitation and temperature,
which are the basis of runoff projections, as well as the geographic differences between
two regions.

All four GCMs suggest non-stationary increases in the October–March temperature
over both of the regions. The increases are more noticeable under the higher emission
scenarios than in the lower emission scenarios (Table 2; Figures A7 and A8, and Table A4 in
Appendix B). Previous studies have reported that future warming is expected to elevate the
freezing elevation, leading to more precipitation falling as rainfall rather than snowfall [8],
earlier snowmelt [68], and more winter runoff [38,39]. October–March precipitation is also
projected to increase in most models, with greater increases expected under the higher
(versus lower) emission scenario. The compound effect of warming and increases in
precipitation is to increase runoff during October–March, particularly under the higher
emission scenario, which confirms what Figures 2b and 3b show.

Table 2. The mean of historical (1920–1999) and projected (2020–2099) precipitation and temperature
data at annual and seasonal scales.

Scenarios
Precipitation (mm) Temperature (◦C)

OM AJ WY OM AJ WY

SAC4 Historical 820 169 1018 4.5 13.8 9.8

MIROC5
(complement)

RCP 4.5 858 135 1027 5.4 15.5 11.1

RCP 8.5 864 142 1039 6.1 16.0 11.8

CNRM-CM5
(cool/wet)

RCP 4.5 1064 166 1275 5.9 15.7 11.4

RCP 8.5 1090 165 1294 6.9 16.7 12.5

CanESM2
(average)

RCP 4.5 996 162 1219 6.1 16.1 11.8

RCP 8.5 1045 159 1287 7.1 17.3 13.0

HadGEM2-ES
(warm/dry)

RCP 4.5 807 147 991 6.0 16.2 11.8

RCP 8.5 848 146 1029 7.2 17.4 13.1

SJQ4 Historical 869 166 1060 3.5 11.7 8.3

MIROC5
(complement)

RCP 4.5 838 130 998 4.7 14.0 10.1

RCP 8.5 839 126 990 5.4 14.7 10.8

CNRM-CM5
(cool/wet)

RCP 4.5 1127 151 1317 4.9 14.0 10.1

RCP 8.5 1138 149 1325 6.0 15.0 11.2

CanESM2
(average)

RCP 4.5 1016 145 1211 5.2 14.0 10.4

RCP 8.5 1157 142 1364 6.3 15.3 11.6

HadGEM2-ES
(warm/dry)

RCP 4.5 876 137 1048 5.0 14.5 10.4

RCP 8.5 879 142 1054 6.3 15.5 11.7

April–July runoff largely comes from snowmelt, as 1 April is typically deemed as the
date when snowpack peaks in the mountainous areas of California [69]. The projected non-
stationary warming in the wet season likely leads to earlier snowpack peak and melting [70],
resulting in a smaller-than-usual snowpack on 1 April and, thus, less April–July runoff.
This is particularly the case under the higher (versus lower) emission scenario where higher
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warming is projected. April–July precipitation also contributes to runoff during this period.
On average, all four GCMs project non-stationary decreases in the April–July precipitation
under both emission scenarios for both regions (Table 2). This confirms the decline in
April–July runoff across nearly all of the exceedance probabilities in Sacramento River
region, as shown in Figure 2c. However, in the San Joaquin River region, the “cool/wet”
model suggests mostly increases in April–July runoff (Figure 3c). The apparent difference is
most likely attributable to differences in the regions’ elevations. Because Sacramento River
watersheds are generally lower, a increasing freezing elevation that is caused by warming
likely caps most parts of these watersheds, depending on the magnitude of warming, and
leads to significantly reduced snowpack accumulation. In contrast, the higher elevation
of San Joaquin River watersheds makes them more resilient to a rising freezing elevation.
Figure 8 depicts the trends in historical and projected 1 April snow water equivalent (SWE)
for both of the regions. Historically, the Sacramento River region has a downward trend,
while the San Joaquin River region has a slightly upward trend, although both trends are
not statistically significant. During the projection period (2020–2099), all four GCMs project
significant decreasing trends in 1 April SWE in the Sacramento River region, particularly
under the higher emission scenarios where greater warming is expected (versus the lower
emission scenario). In comparison, for the San Joaquin River region, only one model
(“complement”) projects a significant negative trend under the lower emission scenario
and three models (all but the “average” model) suggest a significant negative trend under
the higher emissions scenario. This result suggests that the San Joaquin River region is
less hydrologically sensitive in a warming climate as compared with the Sacramento River
region, a finding that is replicated in previous studies [52,71,72].

Climate 2021, 9, x FOR PEER REVIEW  15 of 28 
 

 

April–July runoff largely comes from snowmelt, as 1 April is typically deemed as the 

date when snowpack peaks  in  the mountainous areas of California  [69]. The projected 

non‐stationary warming in the wet season likely leads to earlier snowpack peak and melt‐

ing [70], resulting in a smaller‐than‐usual snowpack on 1 April and, thus, less April–July 

runoff. This  is particularly  the case under  the higher  (versus  lower) emission  scenario 

where higher warming  is projected. April–July precipitation also contributes  to  runoff 

during  this period. On average, all  four GCMs project non‐stationary decreases  in  the 

April–July precipitation under both emission scenarios  for both regions  (Table 2). This 

confirms the decline in April–July runoff across nearly all of the exceedance probabilities 

in Sacramento River region, as shown  in Figure 2c. However,  in the San Joaquin River 

region, the “cool/wet” model suggests mostly increases in April–July runoff (Figure 3c). 

The apparent difference is most likely attributable to differences in the regions’ elevations. 

Because Sacramento River watersheds are generally lower, a increasing freezing elevation 

that is caused by warming likely caps most parts of these watersheds, depending on the 

magnitude of warming, and  leads  to significantly reduced snowpack accumulation.  In 

contrast, the higher elevation of San Joaquin River watersheds makes them more resilient 

to a rising freezing elevation. Figure 8 depicts the trends in historical and projected 1 April 

snow water equivalent (SWE) for both of the regions. Historically, the Sacramento River 

region has a downward trend, while the San Joaquin River region has a slightly upward 

trend, although both trends are not statistically significant. During the projection period 

(2020–2099), all  four GCMs project significant decreasing  trends  in 1 April SWE  in  the 

Sacramento River region, particularly under the higher emission scenarios where greater 

warming  is expected  (versus  the  lower emission  scenario).  In  comparison,  for  the San 

Joaquin River region, only one model (“complement”) projects a significant negative trend 

under the lower emission scenario and three models (all but the “average” model) suggest 

a significant negative trend under the higher emissions scenario. This result suggests that 

the San Joaquin River region is less hydrologically sensitive in a warming climate as com‐

pared with the Sacramento River region, a finding that is replicated in previous studies 

[52,71,72].   

 

Figure 8. Trend Slope of 1 April Snow Water Equivalent for (a) SAC4 and (b) SJQ4 during historical 

(1930–1999) and projected periods (2020–2099) under different scenarios. Value in the bracket rep‐

resents the corresponding p‐value. H: historical; MIL: MIROC5 RCP 4.5; MIH: MIROC5 RCP 8.5; 

CNL: CNRM‐CM5 RCP 4.5; CNH: CNRM‐CM5 RCP 8.5; CaL: CanESM2 RCP 4.5; CaH: CanESM2 

         
-1.5

-1

-0.5

0

S
lo

pe
 (

m
m

/y
ea

r)

(a)

(0.78) (<0.001)

(<0.001)

(0.001)

(<0.001)

(0.002)

(<0.001)

(0.008)

(<0.001)

H MIL MIH CNL CNH CaL CaH HaL HaH
-3

-2

-1

0

1

S
lo

pe
 (

m
m

/y
ea

r)

(b)(0.90)

(0.01)
(<0.001)

(0.08)

(<0.001)

(0.91)

(0.05)

(0.36)

(<0.001)

Scenarios
Figure 8. Trend Slope of 1 April Snow Water Equivalent for (a) SAC4 and (b) SJQ4 during historical
(1930–1999) and projected periods (2020–2099) under different scenarios. Value in the bracket
represents the corresponding p-value. H: historical; MIL: MIROC5 RCP 4.5; MIH: MIROC5 RCP 8.5;
CNL: CNRM-CM5 RCP 4.5; CNH: CNRM-CM5 RCP 8.5; CaL: CanESM2 RCP 4.5; CaH: CanESM2
RCP 8.5; HaL: HadGEM2-ES RCP 4.5; HaH: HadGEM2-ES RCP 8.5. Appendix A provides the
corresponding data source.
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Any changes in October–March and April–July runoff will drive changes in annual
runoff, water year types, and hydrological droughts. Collectively, they account for over
95% of total annual runoff for both regions during the historical period. Their values
dominate the hydrological drought index calculation and water year type classification.
With regard to hydrological droughts, the projected decreases in April–July runoff and
increases in October–March runoff explain the overall negative trends in April–July SSIs
and positive trends in October–March SSIs in both regions under both emission scenarios
(Figures 6 and 7; Table 1). However, on the annual scale and multi-year scale, the projected
changes in SSIs vary with different climate models.

Regarding water year types, the water year index (based on which water year type is
determined) for Sacramento River region consists of 40% of April–July runoff and 30% of
October–March runoff (Equation (1)). In comparison, for the San Joaquin River region, these
ratios are 60% and 20%, respectively (Equation (2)). The study indicates that the October–
March runoff is projected to increase for both regions, particularly for the “cool/wet”
model and the “average” model. The study also shows that April–July runoff is expected
to decrease (with a few exceptions for the San Joaquin River region). Historically, the
October–March runoff and April–July runoff account for about tw-thirds of annual runoff
in Sacramento River region and San Joaquin River region, respectively. As such, increases
in October–March and decreases in the April–July runoff have different implications for
the two regions. For the Sacramento River region, increases in October–March runoff
are expected to outweigh projected decreases in April–July runoff, although the weight
that is assigned to the latter in water year index calculation (Equation (1)) is 10% higher
(versus nearly one-third lower in its contribution to annual runoff), leading to generally
higher water year indices. For San Joaquin River region, however, decreases in April–July
runoff are expected to largely dominate increases in October–March runoff, since (1) the
contribution to annual runoff from the former is almost twice of that from the latter; and
(2) the weight of the former (Equation (2)) is three times of that for the latter. Thus, the
resulting water year indices for the San Joaquin River region are expected to decline, when
compared to the historical baseline. These observations explain what has been illustrated in
Figures 4 and 5 that, in comparison with the San Joaquin River region, under any emission
scenario via any climate model, the Sacramento River region is projected to have (1) more
wet years; (2) more near-normal years (including above normal and below normal years);
and, (3) less critical years. Despite these differences, there are some similarities between
two regions that are climate model specific as different models project considerably different
future climate conditions (Table 2; Figures A7 and A8). Specifically, under “cool/wet” and
“average” projections, both of the regions are projected to experience more (than historical
baseline) wet years and less critical and dry years; under “warm/dry” projections, it is
the opposite (Figures 2 and 3). These uncertainties in future water year typing that are
rooted in climate models are somehow different from the findings reported in a previous
study [21], which projected (1) more (than the historical baseline) dry and critical years
while less normal and wet years in the Sacramento River region; and, (2) consistently more
(than the historical baseline) critical years in the San Joaquin River region throughout the
current century. In comparison, the current study suggests that there is less certainty among
different climate models on future changes in water year types. However, it is worth noting
that these two studies are not directly comparable in terms of that (1) the current study uses
climate projections from the latest operative climate models in the CMIP5 project (versus
CMIP3 projections in the [21] study) that are specifically selected for planning studies
in California (CCCA4); and, (2) the current study uses the observed (versus simulated
in the [21] study) water year types as the historical baseline in comparison; and, (3) the
current study examines the changes in a 80-year period (versus 50-year in the [21] study),
which provides more samples for each of five categories of water year types.
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4.2. Implications and Future Work

From a scientific point of view, the findings of the study highlight that (1) uncertainties
in climate change science (as represented by different climate models) have considerable im-
plications on changes in water year classification and hydrological droughts; and, (2) when
and where changes in runoff volumes and hydrological droughts (represented by trends)
manifest themselves in major water supply regions in California as a result of a changing
climate. The first point above underlines the importance of selecting climate models that
represent the start-of-the-art climate science in this type of analysis. The current study
utilizes four priority climate models that were recommended in California’s Fourth Climate
Change Assessment, which was based on CMIP5 projections. In fact, the newer CMIP6
projections are available at a considerably coarse spatial scale, although their use has been
largely limited to the research community at this point [47]. California’s next (fifth) climate
assessment is in the scoping phase, and it is expected to downscale and tailor CMIP6 projec-
tions for planning and management practices in the State. We will update the analysis based
on newer climate projections once they become available. The second point underscores that
stationarity will most likely not hold valid in a changing climate. Indices that are calculated
under the stationarity assumption will become less informative further into the future
when higher warming and larger changes (i.e., stronger non-stationarity) in precipitation
are projected. As discussed in [21], weights that are assigned to different predictors in
calculating water year indices (Equations (1) and (2)) or the threshold values applied in
classifying water year types may need to be updated in order to reflect a changing climate.
California Department of Water Resources is conducting a comprehensive study to develop
“adaptative” water year indices for both Sacramento River and San Joaquin River regions
by exploring a wide range of future possible and plausible climate conditions. This work
will be presented in a follow-up study.

From a practical standpoint, the findings of this study can inform decision-makers
in long-term water resources planning. For instance, this study indicates that wet season
runoff is projected to increase in both the Sacramento River and San Joaquin River regions
in the four representative models used. This indicates greater (than the historical) flooding
risks in both of the regions. In light of this, it is imperative to increase the resilience of the
current system to big floods. Another option is to divert flood water to recharge ground-
water. The potential benefits include flood risk reduction, land subsidence mitigation,
ecosystem enhancement, drought preparedness, among others. California Department
of Water Resources recently proposed an integrated water resource management strategy
that uses flood water for managed aquifer recharge on agricultural lands [73]. The State is
in the early phase of implementing this strategy. As another example, this study shows
that the April–July runoff is projected to increase in most cases, particularly for less snow-
dominated Sacramento River region. This implies increased drought risk and less reliable
water supply in spring and summer. In the most recent 2012–2015 statewide drought, the
State successfully explored various drought responses, including water conservation and
water transfer, using alternative water supply resources [74].

5. Conclusions

This study highlights the non-stationarity and long-term uncertainty in key variables
typically applied in guiding water resources planning and management in the State of Cal-
ifornia, United States. These variables include water year types as well as runoff volumes
and hydrological droughts at temporal scales that are meaningful to water operations.
Specifically, the study indicates that the temporal distribution of annual runoff is expected
to change in terms of shifting more volume to wet season from snowmelt season for
both major water supply regions in California. Increases in wet season runoff volume
are more noticeable under the higher (versus lower) emission scenario, while decreases
in the snowmelt season runoff are generally more significant under the lower (versus
higher) emission scenario. In comparison, changes in water year types are more influenced
by climate models, rather than emission scenarios. “Cool/wet” and “average” models
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both project more wet years and less critical years for both regions throughout the end
of this century, while the “warm/dry” model projects more critical years and less wet
years. When comparing two regions, generally speaking, the Sacramento River region is
expected to experience more wet years and less critical years than the San Joaquin River
region, due to their hydroclimatic and geographic differences. Hydrological droughts in
future snowmelt season and wet season exhibit upward and downward trends in most
scenarios, respectively. However, changing directions in hydrological droughts on annual
and multi-year scales tend to be climate-model and scenario dependent.

These findings suggest that adaptive water resources management strategies need
to take considerable uncertainty in future climate and the more certain hydro-climatic
non-stationarity into account. In light of these findings, California Department of Water
Resources (DWR) is exploring climate-adaptive water year typing methods and assessing
their potential impacts on the current water classification system and water operations in
the State. DWR is also developing plans to reduce flood risks and increase water supply
reliability. These efforts will be reported in our following-up studies.
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Appendix A. Historical Data and GCM Information

Data Sources:

(a) Historical full natural flow record
SBB: http://cdec.water.ca.gov/dynamicapp/staMeta?station_id=SBB
FTO: http://cdec.water.ca.gov/dynamicapp/staMeta?station_id=FTO
YRS: http://cdec.water.ca.gov/dynamicapp/staMeta?station_id=YRS
AMF: http://cdec.water.ca.gov/dynamicapp/staMeta?station_id=AMF
SNS: http://cdec.water.ca.gov/dynamicapp/staMeta?station_id=SNS
TLG: http://cdec.water.ca.gov/dynamicapp/staMeta?station_id=TLG
MRC: http://cdec.water.ca.gov/dynamicapp/staMeta?station_id=MRC
SJF: http://cdec.water.ca.gov/dynamicapp/staMeta?station_id=SJF

(b) Historical precipitation and temperature https://www.esrl.noaa.gov/psd/data/
gridded/data.livneh.html

(c) Historical snow water equivalent https://cdec.water.ca.gov/reportapp/javareports?
name=PAGE6

(d) California Fourth Climate Change Assessment streamflow projections https://cal-
adapt.org/tools/streamflow/

(e) California Fourth Climate Change Assessment precipitation and temperature projec-
tions https://cal-adapt.org/data/loca/

(f) California Fourth Climate Change Assessment snow water equivalent projections
https://cal-adapt.org/tools/snowpack

http://cdec.water.ca.gov/dynamicapp/staMeta?station_id=SBB
http://cdec.water.ca.gov/dynamicapp/staMeta?station_id=FTO
http://cdec.water.ca.gov/dynamicapp/staMeta?station_id=YRS
http://cdec.water.ca.gov/dynamicapp/staMeta?station_id=AMF
http://cdec.water.ca.gov/dynamicapp/staMeta?station_id=SNS
http://cdec.water.ca.gov/dynamicapp/staMeta?station_id=TLG
http://cdec.water.ca.gov/dynamicapp/staMeta?station_id=MRC
http://cdec.water.ca.gov/dynamicapp/staMeta?station_id=SJF
https://www.esrl.noaa.gov/psd/data/gridded/data.livneh.html
https://www.esrl.noaa.gov/psd/data/gridded/data.livneh.html
https://cdec.water.ca.gov/reportapp/javareports?name=PAGE6
https://cdec.water.ca.gov/reportapp/javareports?name=PAGE6
https://cal-adapt.org/tools/streamflow/
https://cal-adapt.org/tools/streamflow/
https://cal-adapt.org/data/loca/
https://cal-adapt.org/tools/snowpack
https://cal-adapt.org/tools/snowpack
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Figure A1. Historical water year type classification in the Sacramento River region.
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Figure A2. Historical water year type classification in the San Joaquin River region.

Table A1. GCMs selected for this study 1.

Model ID Model Name Model Institution

Cool/wet CNRM-CM5 Centre National de Recherches Météorologiques/Centre Européen de
Recherche et de Formation Avancée en Calcul Scientifique

Average CanESM2 Canadian Centre for Climate Modeling and Analysis

Warm/dry HadGEM2-ES Met Office Hadley Centre/Instituto Nacional de Pesquisas Espaciais

Complement MIROC5
Atmosphere and Ocean Research Institute (The University of Tokyo), National

Institute for Environmental Studies, and Japan Agency for Marine-Earth
Science and Technology

1 Adapted from [61].
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Table A2. Mean and variance of seasonal and annual SSI indices.

Scenarios
AJ OM WY

Mean Variance Mean Variance Mean Variance

SAC4 Historical −0.10 1.00 −0.04 1.03 −0.07 1.01

MIROC5
(complement)

RCP 4.5 −0.32 0.83 0.05 1.06 −0.07 1.01

RCP 8.5 −0.10 1.08 0.37 0.97 0.27 1.10

CNRM-CM5
(cool/wet)

RCP 4.5 −0.24 0.75 0.23 0.89 0.12 0.92

RCP 8.5 −0.30 1.02 −0.10 1.12 −0.18 1.10

CanESM2 (average)
RCP 4.5 −0.32 0.85 0.09 1.05 −0.06 1.01

RCP 8.5 −0.24 0.93 0.35 1.00 0.24 1.09

HadGEM2-ES
(warm/dry)

RCP 4.5 −0.32 0.85 0.26 1.13 0.13 1.25

RCP 8.5 −0.36 0.85 0.04 1.16 −0.10 1.06

SJQ4 Historical −0.09 0.94 −0.02 0.98 −0.08 0.97

MIROC5
(complement)

RCP 4.5 −0.28 0.86 0.00 1.07 −0.16 1.04

RCP 8.5 0.12 1.15 0.36 0.96 0.24 1.11

CNRM-CM5
(cool/wet)

RCP 4.5 0.00 0.89 0.24 0.86 0.11 0.93

RCP 8.5 −0.21 1.07 −0.02 1.27 −0.12 1.24

CanESM2 (average)
RCP 4.5 −0.31 0.86 0.02 1.11 −0.20 0.93

RCP 8.5 0.02 1.11 0.36 0.98 0.22 1.11

HadGEM2-ES
(warm/dry)

RCP 4.5 0.05 1.19 0.34 1.02 0.20 1.19

RCP 8.5 −0.23 1.03 0.07 1.24 −0.10 1.17

Table A3. p-values of trends in SSI indices presented in Table 1.

Scenarios OM AJ WY Two-Year Three-Year Four-Year Five-Year

SCA4 Historical 0.256 0.057 0.896 0.654 0.519 0.443 0.333

MIROC5
(complement)

RCP 4.5 0.764 0.004 0.275 0.011 <0.001 <0.001 <0.001

RCP 8.5 0.337 <0.001 0.749 0.738 0.535 0.663 0.479

CNRM-CM5
(cool/wet)

RCP 4.5 0.196 0.906 0.250 0.191 0.070 0.059 0.121

RCP 8.5 0.095 0.035 0.264 0.033 0.024 0.021 0.009

CanESM2 (average)
RCP 4.5 0.036 0.526 0.057 0.037 0.050 0.035 0.021

RCP 8.5 0.006 0.522 0.024 0.004 0.002 <0.001 <0.001

HadGEM2-ES
(warm/dry)

RCP 4.5 0.389 0.003 0.131 0.055 0.012 0.002 0.002

RCP 8.5 0.948 0.006 0.381 0.409 0.092 0.036 0.023

SJQ4 Historical 0.399 0.261 0.719 0.783 0.790 0.810 0.994

MIROC5
(complement)

RCP 4.5 0.522 0.006 0.046 0.001 <0.001 <0.001 <0.001

RCP 8.5 0.759 0.001 0.118 0.035 0.026 0.003 <0.001

CNRM-CM5
(cool/wet)

RCP 4.5 0.287 0.724 0.729 0.954 0.906 0.963 0.970

RCP 8.5 0.044 0.227 0.381 0.361 0.171 0.082 0.057

CanESM2 (average)
RCP 4.5 0.041 0.168 0.125 0.133 0.200 0.244 0.290

RCP 8.5 <0.001 0.057 <0.001 <0.001 <0.001 <0.001 <0.001

HadGEM2-ES
(warm/dry)

RCP 4.5 0.875 0.069 0.272 0.043 0.013 0.003 0.001

RCP 8.5 0.145 0.056 0.724 0.354 0.112 0.098 0.092
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Table A4. Slopes of trends in precipitation and temperature (bold number indicates that trend is statistically significant).

Scenarios
Precipitation (mm/Year) Temperature (Deg. C/Decade)

OM AJ WY OM AJ WY

SCA4 Historical 2.52 0.00 2.52 0.06 0.00 0.05

MIROC5
(complement)

RCP 4.5 −1.02 −0.40 −1.46 0.17 0.29 0.25

RCP 8.5 −0.54 −0.21 −0.28 0.41 0.46 0.45

CNRM-CM5
(cool/wet)

RCP 4.5 −0.30 0.28 0.33 0.30 0.28 0.30

RCP 8.5 3.39 −0.39 3.39 0.59 0.64 0.63

CanESM2 (average)
RCP 4.5 3.51 0.05 3.62 0.18 0.22 0.22

RCP 8.5 5.98 0.00 6.62 0.53 0.66 0.64

HadGEM2-ES
(warm/dry)

RCP 4.5 0.09 −0.18 −0.23 0.34 0.33 0.36

RCP 8.5 −0.12 −0.85 −0.47 0.57 0.74 0.69

SJQ4 Historical 1.33 −0.10 1.27 0.03 −0.05 −0.01

MIROC5
(complement)

RCP 4.5 −1.26 −0.26 −2.22 0.20 0.32 0.27

RCP 8.5 −1.34 −0.49 −1.64 0.44 0.49 0.48

CNRM-CM5
(cool/wet)

RCP 4.5 −2.19 0.33 −1.18 0.31 0.28 0.30

RCP 8.5 1.80 −0.50 1.52 0.59 0.70 0.63

CanESM2 (average)
RCP 4.5 2.38 0.03 2.31 0.19 0.16 0.20

RCP 8.5 7.65 0.03 8.60 0.55 0.59 0.59

HadGEM2-ES
(warm/dry)

RCP 4.5 0.16 −0.06 −0.37 0.35 0.32 0.36

RCP 8.5 0.61 −0.86 0.24 0.57 0.72 0.67Climate 2021, 9, x FOR PEER REVIEW  24 of 28 
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Figure A7. Historical (water year 1920–1999) and projected (water year 2020–2099) annual precip-
itation (first row), October–March precipitation (second row), and April–July precipitation (Third
Row) for SAC4 (first column) and SJQ4 (second column). H: historical; MIL: MIROC5 RCP 4.5;
MIH: MIROC5 RCP 8.5; CNL: CNRM-CM5 RCP 4.5; CNH: CNRM-CM5 RCP 8.5; CaL: CanESM2
RCP 4.5; CaH: CanESM2 RCP 8.5; HaL: HadGEM2-ES RCP 4.5; HaH: HadGEM2-ES RCP 8.5. The
corresponding data source provided in Appendix A.
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Figure A8. Historical (water year 1920–1999) and projected (water year 2020–2099) annual tem-
perature (first row), October–March temperature (second row), and April–July temperature (Third
Row) for SAC4 (first column) and SJQ4 (second column). H: historical; MIL: MIROC5 RCP 4.5;
MIH: MIROC5 RCP 8.5; CNL: CNRM-CM5 RCP 4.5; CNH: CNRM-CM5 RCP 8.5; CaL: CanESM2
RCP 4.5; CaH: CanESM2 RCP 8.5; HaL: HadGEM2-ES RCP 4.5; HaH: HadGEM2-ES RCP 8.5. The
corresponding data source provided in Appendix A.

Acronyms and Abbreviations

AJ April–July
AMF American River at Folsom
AN Above Normal Years
BN Below Normal Years
BO Biological Opinion
CCCA4 California’s Fourth Climate Change Assessment
CMIP Coupled Model Intercomparison Project
D1641 Water Right Decision 1641
DWR California Department of Water Resources
FTO Feather River at Oroville
GCM General Circulation Model
MAF Million Acre-feet
MRC Merced River at Lake McClure
OM October–March
RCP Representative Concentration Pathways
SAC Sacramento Four Rivers
SBB Sacramento River above Bend Bridge
SDAT Standardized Drought Analysis Toolbox
SJF San Joaquin River at Millerton Lake
SJQ4 San Joaquin Four Rivers
SNS Stanislaus River at New Melones
SSI Standardized Streamflow Index
SWE Snow Water Equivalent
TLG Tuolumne River at Don Pedro
VIC Variable Infiltration Capacity Model
WYI Water Year Index
WYT Water Year Type
YRS Yuba River at Smartville
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