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s u m m a r y
Downscaled and hydrologically modeled projections from an ensemble of 16 Global Climate Models suggest that ﬂooding may become more intense on the western slopes of the Sierra Nevada mountains, the
primary source for California’s managed water system. By the end of the 21st century, all 16 climate
projections for the high greenhouse-gas emission SRES A2 scenario yield larger ﬂoods with return periods
ranging 2–50 years for both the Northern Sierra Nevada and Southern Sierra Nevada, regardless of the
direction of change in mean precipitation. By end of century, discharges from the Northern Sierra Nevada
with 50-year return periods increase by 30–90% depending on climate model, compared to historical
values. Corresponding ﬂood ﬂows from the Southern Sierra increase by 50–100%. The increases in
simulated 50 year ﬂood ﬂows are larger (at 95% conﬁdence level) than would be expected due to natural
variability by as early as 2035 for the SRES A2 scenario.
Ó 2013 Elsevier B.V. All rights reserved.

1. Introduction
Hydrometeorological extremes often have major impacts on
human activities, water resources, agricultural activities, urban
infrastructure and ecosystems. Floods in particular damage human
infrastructure, take many lives globally and are one of the costliest
types of natural disaster in economic and human terms (Bouwer
and Vellinga, 2003). California, our focus here, has suffered many
severe ﬂoods historically (Kelley, 1998) with annual damages averaging over $350 million (Pielke et al., 2002). California is highly
vulnerable to ﬂoods because its dense communities and infrastructure in low lying areas (Lund, 2012).
California is characterized by a Mediterranean seasonal climate
with precipitation falling almost entirely in the Winter (December–February) and Spring (March–May) (Cayan et al., 1998). Floods
in California are typically associated with speciﬁc winter-spring
atmospheric circulations (Cayan and Riddle, 1992), and recent research suggests relationships of atmospheric rivers with the largest
ﬂoods in California (Ralph et al., 2006; Neiman et al., 2007;
Dettinger and Ingram, 2013). In response to continuing increases
in global greenhouse-gas emissions, California at the end of the
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twenty-ﬁrst century is projected to experience warming by
1.5–4.5 °C (Cayan et al., 2008a,b). There are uncertainties about
future changes in long-term average precipitation rates in
California (e.g., Dettinger, 2005; Cayan et al., 2008a,b). At the seasonal level, the ensemble mean projected changes in precipitation
for the mid-late 21st century have been shown to favor wetter
winters and drier springs (Pierce et al., 2013a). These winter
precipitation increases are largely driven by increases in daily
precipitation intensity more so than the number of days with precipitation (Pierce et al., 2013b). It is projected that even though the
overall frequency of precipitation events may decrease in many
areas of California, there may be increases in the largest precipitation events (Easterling et al., 2000; Pierce et al., 2013a, 2013b).
With more water vapor and heat in the atmosphere, it is anticipated that storms will yield greater peak precipitation rates, and
thus ﬂoods may become more intense in many areas (e.g., Trenberth, 1999; Milly et al., 2002; Kunkel et al., 2013). Indeed, there
is already observational evidence that precipitation extremes have
increased in many parts of the world (Groisman et al., 2005) and in
some cases these increases have been attributed to human driven
greenhouse gas increases (Min et al., 2011). However, as the polar
regions are expected to warm more quickly than the lower
latitudes, the equator-to-pole temperature differences would
decline (Jain et al., 1999) which generally is expected to weaken
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mid latitude storm tracks of the sort that brings California dangerous storms.
The combination of these two conﬂicting tendencies (more
moisture in the atmosphere yielding larger peak precipitation rates
and weakened storm tracks reducing the power and opportunities
for large storms) has left the future of ﬂooding in California uncertain. Several studies have projected possibilities of more ﬂoods in
California under climate change (e.g., Miller et al., 2003; Dettinger
et al., 2004, 2009; Anderson et al., 2006; Raff et al., 2009; Das et al.,
2011) but a more exhaustive evaluation of possible climatic futures
has been lacking.
We describe here, for two primary catchments in California, potential changes in annual maximum 3-day ﬂood discharges under a
wide range of projected climate changes provided by a large
ensemble of climate projections.
The 3-day peak ﬂow is a widely used measure for ﬂood planning
purposes in California, and one that has been used in prior climate
change impacts studies (CA DWR, 2006; Chung et al., 2009; Das
et al., 2011). Das et al. (2011) found a robust increase in 21st century 3-day peak ﬂow magnitudes based on output from three Global Climate Models (GCMs) using a single greenhouse gas emission
scenario and output from three GCMs. In this study we expand this
analysis to include two emissions scenarios, one with high (SRES
A2, as in Das et al., 2011) and one with lower atmospheric concentrations of greenhouse gases (SRES B1) through the 21st century,
and an ensemble of 16 GCMs (Table 1) from the World Climate Research Program’s (WCRP) Coupled Model Intercomparison Project
phase 3 (CMIP3), a number adequate to account for the effects of
the natural internal climate variability and most model-to-model
scatter among the GCMs. The study also performs a broader evaluation of how ﬂood changes track changes in annual streamﬂows
and precipitation. This evaluation is critical given continuing
uncertainties in projected annual precipitation in the study area.
Using this ensemble we are able to identify robust projections in
ﬂood magnitudes for different return periods. This analysis will
help quantify the changes in these ﬂoods in ways that are informative to policymakers as they contemplate design recommendations
for increases in the magnitudes of design ﬂoods (e.g., CA DWR,
2008) or changes in the design recurrence interval (Mailhot and
Duchesne, 2010) as adaptation responses to increased ﬂood risk.

2. Data, models and methods
2.1. Study area and data
The study area consists of the western slopes of the Northern
and Southern Sierra Nevada mountains (Fig. 1). The Sierra Nevada
are the primary sources of inﬂows to California’s Central Valley,
with about 40% of the State’s total ﬂows deriving from the range
(Morandi, 1998). Flows from the Sierra Nevada provide about
one-third of the water supplies serving about 25 million people
across the entire length of the State and irrigation supplies for at
least $36 billion/year in agriculture (Service, 2007; USDA, 2011).
However, in addition to being the largest water supply source for
the State, rivers from the Sierra Nevada have also, throughout history and prehistory, been the sources for devastating ﬂoods in the
Central Valley (Dettinger and Ingram, 2013). The management of
ﬂows from the range have always been challenged by the tension
between their value as water supplies and the risks they pose as
major ﬂood generators, a tension that may be greatly aggravated
if ﬂood risks increase with the changing climate.
The Northern Sierra catchment includes the drainage areas of
the Sacramento River at Bend Bridge, the Feather River at Oroville
and the Yuba River at Smartville. Streamﬂows from the Northern
Sierra feed into Sacramento River. The Southern Sierra catchment
is deﬁned here to consist of the tributary drainages of the San Joaquin River: the Stanislaus at New Melones Dam, the Tuolumne River at New Don Pedro, the Merced at Lake McClure, and the San
Joaquin at Millerton Lake.
We used observed, gridded ﬁelds of daily maximum and minimum temperature (Tmin, Tmax) and precipitation (P) from the Surface Water Modeling Group at the University of Washington
(http://www.hydro.washington.edu). The data have a spatial resolution of 1/8° (approximately 12 km per grid cell) and are derived
from two different sources: Maurer et al. (2002) and Hamlet and
Lettenmaier (2005). Both the Maurer et al. (2002) and Hamlet
and Lettenmaier (2005) datasets used US National Oceanic and
Atmospheric Administration (NOAA) Cooperative Observer
(Co-op) stations. However, the Hamlet and Lettenmaier (2005)
dataset focused more on the Historical Climatology Network
(HCN) (Easterling et al., 1996) subset of Co-op stations. HCN

Table 1
GCM modeling group, GCM name and GCM abbreviation used in this study.
GCM Modeling Group, Country

WCRP CMIP3
I.D.

GCM abbreviation used in
this study

Bjerknes Centre for Climate Research, Norway
Canadian Centre for Climate Modeling & Analysis, Canada

BCCR-BCM2.0
CGCM3.1
(T47)
CNRM-CM3
CSIRO-Mk3.0
GFDL-CM2.0
GFDL-CM2.1
GISS-ER
INM-CM3.0
IPSL-CM4
MIROC3.2
(medres)
ECHO-G
ECHAM5/
MPI-OM
MRICGCM2.3.2
CCSM3
PCM
UKMOHadCM3

bccr-bcm2.0.1
cccma-cgcm3.1.1

Meteo-France/Centre National de Recherches Meteorologiques, France
CSIRO Atmospheric Research, Australia
US Dept. of Commerce/NOAA/Geophysical Fluid Dynamics Laboratory, United States
US Dept. of Commerce/NOAA/Geophysical Fluid Dynamics Laboratory, United States
NASA/Goddard Institute for Space Studies, United States
Institute for Numerical Mathematics, Russia
Institut Pierre Simon Laplace, France
Center for Climate System Research (The University of Tokyo), National Institute for Environmental Studies, and Frontier
Research Center for Global Change (JAMSTEC), Japan
Meteorological Institute of the University of Bonn, Germany and Institute of Korea Meteorological Administration, Korea
Max Planck Institute for Meteorology, Germany
Meteorological Research Institute, Japan
National Center for Atmospheric Research, United States
National Center for Atmospheric Research, United States
Hadley Centre for Climate Prediction and Research/Met Ofﬁce, United Kingdom

cnrm-cm3.1
csiro-mk3.0.1
gfdl-cm2.0.1
gfdl-cm2.1.1
giss-model-e.r.1
inmcm3.0.1
ipsl-cm4.1
miroc3.2-medres.1
miub-echo-g.1
mpi-echam5.1
mri-cgcm2.3.2a.1
ncar-ccsm3.0.1
ncar-pcm1.1
ukmo-hadcm3.1
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Fig. 1. California’s Northern Sierra Nevada and Southern Sierra Nevada. The northern Sierra Nevada consists of the drainage areas from the Sacramento River at Bend Bridge
(1), the Feather River at Oroville (2) and the Yuba River at Smartville (3). The Southern Sierra Nevada consists of the drainage areas from the four main tributaries of the San
Joaquin river: the Stanislaus at New Melones Dam (4), the Tuolumne River at New Don Pedro (5), the Merced at Lake McClure (6) and the San Joaquin at Millerton Lake (7).

stations are chosen and corrected to eliminate most temporal inhomogeneities in Hamlet and Lettenmaier (2005), whereas the Maurer et al. (2002) dataset treated all stations more or less equally.
Both datasets use monthly Precipitation-elevation Regressions on
Independent Slopes Model (PRISM) data ﬁelds (Daly et al., 1994)
to adjust for elevation effects on precipitation. Wind speed was
interpolated to 1/8° from the National Centers for Environmental
Prediction/National Center for Atmospheric Research (NCEP–
NCAR) reanalysis (Kalnay et al., 1996) in both datasets.
The prospect of continued and intensifying climate change has
motivated the assessment of impacts at the local to regional scale,
which requires the use of downscaling methods to translate
large-scale General Circulation Model (GCM) output to regionally
more-relevant scales (Carter et al., 2007; Christensen et al.,
2007). Downscaling is typically categorized into two types:
dynamical, using a higher resolution climate model that better represents the ﬁner-scale processes and terrain in the region of interest; and statistical, where relationships are exploited between
large scale climate statistics and those at ﬁner scales (Fowler
et al., 2007). While dynamical downscaling has the advantage of
producing complete, physically consistent ﬁelds, its computational
demands preclude its common use when analyzing projections
from multiple GCMs in a climate change impact assessment; we
thus focus our attention on statistical downscaling.
The Bias Correction and Spatial Disaggregation (BCSD) technique used in this study was originally developed by Wood et al.

(2002) for using global model forecast output for long-range
streamﬂow forecasting. The technique was later adapted for
long-term climate projections (Wood et al., 2004). It has subsequently been widely used to downscale GCM output over regional
areas (e.g. Hayhoe et al., 2007; Pierce et al., 2013a), continents
(Maurer et al., 2007), and globally (e.g., Girvetz et al., 2009). The
method begins with a quantile mapping approach (Panofsky and
Brier, 1968) to correct for large scale biases in monthly precipitation and temperature, an approach that has been shown to be
effective in reducing biases in climate model output (Themeßl
et al., 2012) and speciﬁcally for studies of climate impacts on
hydrology (Boé et al., 2007). For each of the 12 months, cumulative
distribution functions (CDFs) are constructed for each GCM-scale
grid cell for both the gridded observations and each GCM for the
climatological period, 1950–1999 for this study. Using a monthly
time series, each month is taken in turn for the entire GCM simulation (through the 21st century), and the quantile determined
(independently for precipitation and temperature) using the CDF
for the GCM for the current month. Each variable is then mapped
to the same quantile for the observationally based CDF. For temperature the linear trend is removed prior to this bias correction
and replaced afterward, to avoid increasing sampling at the tails
of the CDF as temperatures rise. Since the projected changes in precipitation are generally within the bounds of historical observational variability, trend removal and replacement is not applied
to precipitation. The spatial disaggregation is as described by

104

T. Das et al. / Journal of Hydrology 501 (2013) 101–110

Wood et al. (2002), where the bias corrected GCM anomalies, expressed as a ratio (for precipitation) and shift (for temperature) relative to the 1950–1999 period at each large-scale GCM grid cell are
interpolated to the centers of 1/8° hydrologic model grid cells over
California. These factors are then applied to the 1950–1999 average gridded precipitation and temperature at the 1/8° scale. To recover daily values, for each month in the simulation a month is
randomly selected from the historic record (the same month is
used, so for a simulated January, a January is selected from the
1950–1999 period). Each day in that month’s precipitation is
scaled and temperature is shifted so that the monthly average
matches the bias-corrected, interpolated GCM monthly value.
The same historic month is used throughout the domain to preserve plausible spatial structure to daily storms.
Historical temperature and precipitation and downscaled
changes in the two catchments studied here had been examined
previously by Das et al. (2011). Two greenhouse gas emissions scenarios were studied here, the lower-emission B1 and higher-emission A2 pathways. The large ensemble of outputs from 16 GCMs
under the two pathways each allows us to assess two types of
uncertainty, the uncertainties due to unknown future greenhouse
gas concentrations and due to imperfect modeling of how climate
will respond (Hawkins and Sutton, 2009). This same set of GCM
runs has been used in other recent climate change studies in the
region (Ficklin et al., 2012; Pierce et al., 2013a).
2.2. Hydrologic model
The Variable Inﬁltration Capacity (VIC) hydrological model
(Liang et al., 1994; Cherkauer et al., 2003) was used to simulate
daily runoff and baseﬂow during the historical period and under
21st Century climate change conditions. The VIC model is a physically based, semi-distributed grid-based model that simulates
the processes, driven by spatially explicit descriptions of land surface topography, soils, and vegetation, controlling the generation of
runoff. It includes an energy balance snow accumulation and ablation model, which explicitly represents the interactions of snow
and vegetation. The model simulates three soil layers and 5 elevation bands to account for the effects of sub-grid variability in
topography. The VIC model was run at a daily time step in water
balance mode at 1/8° spatial resolution (approximately 12 km
per grid cell). The snow-model within the VIC was run at 1 h time
step. In this implementation, the VIC model was run over the study
area using the same parameterization as in prior work including
Maurer (2007), Barnett et al. (2008), Hidalgo et al. (2009), Maurer
et al. (2010), and Das et al. (2011). Prior work has assessed the VIC
model performance (with the same parameterization as in this
study), comparing observed ﬂows with those simulated by VIC
being driven by the gridded observed meteorology as used in this
study. For example, biases were below 10% for VIC simulation
streamﬂow for tributary rivers included in the study areas used
here (Maurer, 2007) and the correlation coefﬁcient between VIC
and observed streamﬂow was well above 0.9 (Hidalgo et al.,
2009). For the larger aggregated Northern Sierra Nevada and
Southern Sierra Nevada used in this study, we found for the
1950–1999 period observed streamﬂows were well simulated,
with biases below 5%. .
2.3. Methods
VIC simulated runoff and baseﬂow are combined and routed to
basin outlets obtain daily streamﬂows for the study by the method
of Lohmann et al. (1996). While some studies investigating climate
change impacts on ﬂooding look at changing frequencies of ﬂoods
of speciﬁed magnitude (e.g., Milly et al., 2002), we focus instead on
changes in the magnitude of ﬂoods with speciﬁed recurrence inter-

vals. As in Das et al. (2011), ﬁrst, for every member of the ensemble
of routed ﬂows, 3-day maximum discharges were identiﬁed for
every year. The probabilities of exceedance (assigned using the
Weibull plotting position) for various return periods were
estimated for 1951–1999, 2001–2049, and 2051–2099 using the
3-day maximum discharges. Since empirical Weibull plotting positions based on 50-year periods are inadequate by themselves to
estimate the probability of exceedence of relatively rare events,
we ﬁt them to a standard theoretical frequency distribution to
compare the ﬂood magnitudes for speciﬁc frequency events between the historic period, and the 2001–2049, and 2051–2099
periods. To do this, an inverse of the probability (frequency factor,
K; Chow et al., 1988) was calculated for each ensemble member
and study period. A log-Pearson type III distribution (USGS, 1981;
Reis et al., 2005; Grifﬁs and Stedinger, 2007) was assumed as the
theoretical distribution in the calculation. K values were plotted
against the base 10 logarithm of the 3-day streamﬂow maxima.
Flood discharges with different return periods ranging from 2 years
through 50 years were estimated for each of the periods for each
ensemble member from these log-Pearson type III frequency
estimates.

3. Results
The ﬂood frequency curves obtained using VIC driven by downscaled historical climate models fall reasonably well within the
spread of those obtained when VIC is driven by the Maurer et al.
(2002) and Hamlet and Lettenmaier (2005) observational data sets
(Fig. 2). In the remainder of the paper we proceed using only the
Hamlet and Lettenmaier (2005) data set, since our ﬂood results
using the two observed data sources are not different at the 5% signiﬁcance level based on the two-sample Kolmogorov–Smirnov test
(Haan, 2002).
The 16 GCM simulations of historic and projected (SRES A2)
annual 3-day peak ﬂows are shown in Fig. 3, wherein the high variability of year-to-year values of 3-day peak ﬂows is evident. Nonetheless, the median of the ensemble has more high values later in
the 21st century than in the historic period for Northern Sierra. The
75th percentile of the ensemble increases considerably later in the
21st century than in the historic period for both the Northern and
Southern Sierra Nevada, with larger increases in the latter. The
25th percentile, by contrast, does not display an obvious trend in
either basin. What this indicates is that variability in peak ﬂow
projections among ensemble members increases through the
21st century, but this increased variability is manifested in one
direction – toward more model projections for extreme high peak
ﬂows. To quantify these changes in the context of a peak ﬂow
events used in engineering design, Fig. 4 shows the 50-year peak
3-day ﬂoods for the Northern and Southern Sierra for the SRES
A2 emissions scenario in two 49-year windows. A 50-year ﬂood
is of practical interest because it surpasses many thresholds in natural and managed systems, and because the rising potential for
ﬂood damages due to exceeding capacities of roadway and urban
storm drainage systems.
Most notable in Fig. 4 is that, among the early 21st century GCM
projections (bottom panels), only three of 16 ensemble members
yield declines in the 50-year ﬂood events from the Northern Sierra,
and only two in the southern Sierra. This consensus of increasing
ﬂood magnitudes occurs even though approximately half of the
projections yielded reduced mean precipitation rates (relative to
the late 20th century historic period), as indicated by the colors of
the dots in Fig. 4. By the second half of the 21st century (top panels,
Fig. 4), all 16 projections yield increased 50-year ﬂood magnitudes.
Fig. 5 summarizes the results for other return periods, and
shows that this ﬁnding is not limited to the 50-year event. With
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Fig. 2. Flood frequency curves constructed using 3-days annual maximum
streamﬂows for Northern Sierra and Southern Sierra from VIC simulations as
simulated by downscaled climate model meteorologies and observational meteorologies. In the plots, blue color curves are from model simulated historical period
(1951–1999). Green color curve is from Hamlet and Lettenmaier (2005) observational driven simulation. Red color curve is from Maurer et al. (2002) observational
driven simulation. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)

the exception of the 2-year return period, at least 75% of all ensemble members yielded increased ﬂood magnitudes for all recurrence
intervals tested. Again this is despite the fact that the projections
are more or less evenly divided between increases and decreases
in mean annual precipitation and streamﬂow.
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Fig. 6 shows the evolution of the ensemble of 50-year ﬂood estimates through the 21st century. The ensemble median ﬂood magnitude increases progressively through the 21st century, more so in
the southern Sierra and under the SRES A2 emission scenario than
in the northern Sierra or under B1 emissions. For the 49-year window centered near 2030 under SRES A2 emissions, the ensemblemedian 50-year, 3-day ﬂood ﬂows have increased by more than
the 95% conﬁdence interval of natural variability in both Northern
and Southern Sierra Nevada. The natural variability was characterized from VIC responses to a 750-year control climate simulation
by National Center for Atmospheric Research Parallel Climate Model (PCM) described by Barnett et al. (2008). This suggests that, in
the median, change in ﬂood magnitudes may arise that would be
conﬁdently attributable to the human-induced greenhouse gas levels of the SRES A2 scenario within a few decades. For the SRES B1
emissions pathway, this degree of increase in peak ﬂows is not attained until late in the 21st century for the Southern Sierra, and is
not achieved during the 21st century for the Northern Sierra. This
illustrates the potential beneﬁts in terms of reduced ﬂooding from
reducing emissions but also shows the uncertainties that arise because we do not yet know what will be the future pathway that
emissions follow.
Under the SRES A2 scenario, for the Northern Sierra, the 25th
percentile ensemble range exceeds the 5% signiﬁcance line for
ﬂood changes by early in the 21st century, indicating that more
than 75% of the ensemble members yield 50-year ﬂood increases
by the 49-year window centered on 2025. For the Southern Sierra,
this threshold is exceeded by 2005–2010. Although this might appear to suggest that we have likely already passed the time when
50-year ﬂood peaks should have increased in magnitude (as we are
presently much closer to the SRES A2 pathway; Friedlingstein et al.,
2010), for such relatively rare events as the 50-year ﬂood, with
only a 2% chance of occurring in any year, detecting this change
in the observational record may not be possible for years or decades. Also, of course, we are not at the end of the 49-year window
centered on 2005–2010.
To examine the major driver for these changes in ﬂood magnitude, Fig. 7 shows changes in precipitation over various intensity
thresholds. The dominant change in precipitation is an increase
in intense rain events, rather than in the number of days with rainfall. Whether precipitation falls as rain or snow also has a strong
bearing on the potential for ﬂooding, and observations indicate
that changes toward a greater proportion of precipitation falling
as rain instead of snow are occurring in this region (Knowles
et al., 2006). The number of winter days with precipitation occurring as snow divided by the total number of winter days with precipitation, in the period November through March, was calculated

Fig. 3. VIC simulated 3-days annual maximum streamﬂows as driven by downscaled meteorologies from 16 global climate models. The median (red line) and 25th and 75th
percentiles (gray shading) are shown from the simulated streamﬂows distribution among the 16 models. Black color horizontal lines represent median (solid black line), 25th
and 75th percentiles (dotted black lines) computed over the climate model simulated historical time period 1951–1999. Results are smoothed using low pass ﬁlter shown
from high emission scenario (SRES A2). Left) for Northern Sierra Nevada, Right) for Southern Sierra Nevada. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)
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Fig. 4. Percentage change in 50-year (2% exceedence) ﬂood ﬂows computed from VIC simulations driven by downscaled meteorologies from 16 global climate models.
Changes are computed with respect to model simulated historical period 1951–1999 for each of the simulations. The solid vertical lines show the ensemble-median changes.
25th and 75th percentiles values are represented by dotted vertical lines. Climate models on y-axis are sorted by projected changes in mean annual precipitation, with driest
at bottom and wettest at top. Dry models (that project decreasing annual precipitation) are indicated with reddish dots and wet models with blue. Results are shown from the
high emission scenario (SRES A2). Result for ipsl-cm4.1 for Southern Sierra Nevada is not shown because the result is out of the range considered in the plot. Left panels: for
Northern Sierra Nevada. Right panels: for Southern Sierra Nevada. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version
of this article.)
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computed only from historical observed meteorologies driven VIC simulation. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)
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Fig. 7. Top panels: Percentage changes in (downscaled) precipitation amount above selected thresholds, from 16 global climate models. Bottom panels: Percentage changes
in numbers of days with having precipitation above selected daily thresholds. Changes are relative to model-simulated historical 1951–1999 periods. For each of the selected
thresholds, ﬁlled squares represent ensemble medians, and vertical whiskers extend from 25th to the 75th percentile of the 16 projections. Changes in the period 2001–2049
and 2051–2099 are shown side by side. Results are shown from high emission scenario (SRES A2). Left panels are for Northern Sierra Nevada, and right panels are for Southern
Sierra Nevada.

following a procedure implemented in VIC (Cherkauer et al., 2003)
using days when portion of the precipitation falls as liquid rainfall
or portion of the precipitation turns into snow as compared to total

wet days (days with precipitation larger than 0.1 mm). This
deﬁnition, based on air temperatures, is a proxy for the fractions
of precipitation that are frozen and unfrozen (snow and rain)
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Fig. 8. Changes in annual snow days as a percentage of wet days computed from downscaled global climate model precipitation and temperature. The percentage is
calculated from period 1951–1999. The results are averaged over 49-years segments of the 21st century. The heavier solid color vertical line shows the median changes
computed from the total model populations. 25th and 75th percentiles values are represented by dotted line. Results are shown from high emission scenario (SRES A2).
Climate models in y-axis are sorted based on projected change in mean annual temperature: lowest warming (bottom) and highest warming (top). Left panels: for Northern
Sierra Nevada. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

(Das et al., 2009, 2011). The ensemble climate model projections
show fewer snowy days in the future, as compared to historical
period simulations (Fig. 8).
4. Discussion and conclusions
This study investigated potential changes in magnitude of
ﬂoods of various return periods in the Sacramento-San Joaquin Valleys that might arise from projected warmer temperatures and
changes in precipitation in the 21st Century. Recognizing uncertainties in current climate-change projections, we evaluate ﬂoods
in an ensemble of climate projections from 16 GCMs forced by
two future emission scenarios each. Those projections were statistically downscaled and used to force a macroscale hydrologic model of the Northern and Southern Sierra Nevada. Taken together, the
resulting ensemble of hydrologic projections suggests increased
projected ﬂood risk in the Northern and Southern Sierra under
large majorities of future climate projections, regardless of
whether the projected climate is wetter or drier on average. The increases are caused by combinations of changing storm intensities
and retreating snowlines.
Our principal ﬁndings are:
 The ensemble of climate model projections used here suggests
drier conditions for Southern Sierra by end of the 21st century.
For Northern Sierra about half of climate model projections
show wetter and about half of projection suggest drier conditions. However the changes are small compared to the intermodel variability.

 By the end of the 21st century, all climate model projections
yield larger 3-day ﬂood magnitudes for both the Northern and
Southern Sierra Nevada, regardless of the direction of change
in mean precipitation. In the Northern Sierra, the 50-year ﬂood
ﬂows increase (relative to simulated historical values) by
30–90%; in the Southern Sierra, by 50–100%. These changes
would be large enough to pose important challenges in terms
of infrastructure and ﬂood management. For example, following
standard engineering design ﬂood frequency analysis (USGS,
1981), conﬁdence limits are assigned to design ﬂoods; for the
two composite basins included in this study, the upper 95%
conﬁdence interval of the 50-year design ﬂood is 43–59% above
the mean. Thus, adapting to the projected increases in 50-year
ﬂood ﬂows would be comparable to designing, using historic
observations, for the 95% upper conﬁdence limit (or higher)
rather than the mean 50-year design ﬂow.
 The ensemble-median 50-year ﬂood magnitude increases progressively through the 21st century, with markedly larger
increases in the southern Sierra and under the higher greenhouse gas emission scenario. Under the SRES A2 emissions scenario, by the 49-year period centered on 2025–2035, the
increase in the ensemble-median 50-year, 3-day ﬂood peak
has increased to exceed the 95% conﬁdence range of historical
natural variability.
Changes in ﬂood magnitudes associated with climate changes
may pose challenges in California since California’s reservoir system is designed to provide not only water storage but also ﬂood
protection. Thus, more severe ﬂoods would require maintaining
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ﬂood reserve volume in key reservoirs, meaning that valuable
water might have to be released. This raises the potential for failures of aging levee systems and for disruptions of freshwater conveyances throughout the Central Valley and into southern
California. Although uncertainties exist in all steps of this analysis,
we have used a large (32 member) ensemble of projections to explore many possible futures to support the conclusion that it is
highly likely that ﬂood magnitudes will increase signiﬁcantly as
climate changes in the current century, especially if greenhouse
gas emissions remain along a higher trajectory. Notably, the results
here are based on GCMs that participated in the CMIP3. With
CMIP5 results becoming available, future researchers may wish
to compare this analysis with corresponding CMIP5 results. However, there is a strong agreement in temperature projections and
general agreement in precipitation projections between the CMIP3
and the CMIP5 in most regions including California, so that differences in ﬂood results may not be large (Knutti and Sedlácek, 2012;
Langenbrunner and Neelin, 2013). The present ensemble represents a wide range of futures that nearly all result in increased
ﬂood probabilities; CMIP5 futures for the most part are expected
to fall within much the same ranges. Even with CMIP5, there will
remain many inherent uncertainties shared with earlier assessment results (e.g. Knutti and Sedlácek, 2012). The likelihoods of
increasing ﬂood risks appear to be quite real, and planning and
investments for ﬂood management in California will beneﬁt from
anticipating such changes.
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