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Abstract The sensitivity of California precipitation to El Nifio intensity is investigated by applying a
multimodel ensemble of historical climate simulations to estimate how November-April precipitation
probability distributions vary across three categorizations of El Nifio intensity. Weak and moderate El Nifio
events fail to appreciably alter wet or dry risks across northern and central California, though odds for wet
conditions increase across southern California during moderate El Nifio. Significant increases in wet probabilities
occur during strong El Niflo events across the entire state. In California’s main northern watershed regions,
simulations indicate an 85% chance of greater than normal precipitation and a 50% probability of at least 125%
of normal. Our results indicate that both the statewide average and the spatial distribution of California
precipitation are sensitive to El Nifio intensity. Forecasts of El Nifio intensity would thus contribute to improved
situational awareness for California water planning and related water resource impacts.

1. Introduction

Major statewide California precipitation deficits during water years 2012-2015 rivaled the most intense
4year droughts in the modern instrumental record [Griffin and Anchukaitis, 2014; Diaz and Wahl, 2015;
Seager et al., 2015]. This multiyear drought produced extensive deleterious impacts on water supplies,
wildlife, and ecosystems [AghaKouchak et al, 2015]. El Nifio conditions developed in 2015, and as of
November 2015, this event ranks within the top three El Nifio events extending back to 1950 [Climate
Prediction Center, 2015a]. A question of great practical interest is how El Nifio events of various intensities
affect California precipitation [e.g., Kumar and Hoerling, 1997; Hoerling and Kumar, 1997, 2002; Zhang
et al, 2014; Capotondi et al., 2015]. Here we examine potential impacts of El Nifio intensity on California
precipitation, including both statewide amounts and spatial distributions across northern, central, and
southern portions of the state.

Over the period 1896-2014, California precipitation was quite variable from one El Nifio event to another.
Below average November—April California precipitation was observed during 11 of the 27 El Nifio events,
including the second driest season on record, which occurred during the weak El Nifio of 1923-1924
(Figure 1; cf. Table 1 for a list of events). Above average November-April California precipitation was observed
during 16 of the 27 El Nifo events, including two of the three wettest seasons, which occurred during
the strong events of 1982-1983 and 1997-1998 (Figure 1). The small sample size makes it difficult to draw
general conclusions of how El Nifio intensity may matter for California precipitation, the hint of strong
El Nifio flooding events notwithstanding. Given the possibility of another strong El Nifio event in winter
2015-2016, it is important to consider the sensitivity of statewide California precipitation to the magnitude
of anomalous sea surface temperatures (SSTs) associated with El Nifilo and how risks of extreme wet or dry
conditions may vary across the state in strong El Niflos compared with weaker events.

2. Methods and Data
2.1. Observed Data

The observations of California precipitation for November-April 1896-2014 are from the U.S. Climate Divisional
Dataset [Vose et al., 2014]. California receives 85% of its annual rainfall during November-April. The observed
SSTs are from the merged Hadley-NOAA Optimum Interpolation data set [Hurrell et al., 2008]. Observed SSTs
are used to define the occurrences of historical El Niio—Southern Oscillation (ENSO) events and to specify
the ocean boundary conditions in historical atmospheric model simulations, hereafter referred to as AMIP
after the Atmospheric Model Intercomparison Project [Gates, 1992]. El Nifio events were also examined in
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2.2, Identification of ENSO Categories
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Figure 1. November-April observed statewide California precipitation events are defined when the Nifo3.4
relative to the long-term mean. s denotes strong El Nifio seasons. index falls between +1.0°C and +1.5°C.
m denotes moderate El Nifio seasons. w denotes weak El Nifio seasons. Weak El Nifio events are defined when

the Nifo3.4 index falls between +0.5°C
and 1.0°C. These El Nifio thresholds are the same as those used by the NOAA Climate Prediction Center
[Kousky and Higgins, 2007; Climate Prediction Center, 2015b], although the Climate Prediction Center uses
3 month running means throughout the year instead of the November—April values considered here. A summary
of El Nifio events for November-April 1896-2014 is presented in Table 1.
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There is considerable inter-El Nifio event variability in the location of maximum SST anomalies across the
tropical Pacific during November-April [Capotondi et al., 2015] (Figure S1 in the supporting information).
The SST anomaly expression of the 1982-1983 and 1997-1998 strong El Nifo events closely resemble
each other in terms of the magnitude of the warm SST anomalies throughout the tropical eastern and
central Pacific Ocean. The 1991-1992 El Nifio is also notable in terms of November-April Nifio3.4 anomaly
magnitude, placing it within the strong El Nifio category, although the spatial extent of the warmest SST
anomalies is not as expansive as 1997-1998 and 1982-1983.

2.3. AMIP Simulations

We examine California precipitation sensitivity using a large ensemble of model simulations because the
sample size of observed El Nifio events is small. These simulations consist of 130 AMIP runs from three
separate models driven by observed monthly time-varying SST, sea ice, greenhouse gases, and ozone for
1979-2014. Descriptions of the three AMIP models and the data used to drive the models are provided in
Table S1. This large ensemble makes possible statistically robust estimates of differences in California
precipitation responses to three El Nifio intensity classes, an exercise not possible from observations alone.
The large ensemble of model simulations employed here achieves a better estimate of signal to noise of
the California precipitation response to El Nifio intensity than the small sample of observations.

2.4. California Precipitation Assessment During El Niiio Categories

Composites of observed and simulated precipitation anomalies during November—April of strong, moderate,
and weak El Nino are evaluated for all California climate divisions (Figure 2). Observed November-April
precipitation composites include the historical period of 1896-2014. Simulated precipitation composites

Table 1. List of El Nifio Seasons During 1896-2014"
Category November of Season (Nino3.4 Index)

1997 (2.04), 1991 (1.62), 1982 (2.15)

2009 (1.27), 1986 (1.18), 1972 (1.18), 1965 (1.02), 1957 (1.05), 1940 (1.23),
1930 (1.34), 1925 (1.24), 1918 (1.13), 1902 (1.03), 1899 (1.16)

2002 (0.95), 1994 (0.80), 1987 (0.54), 1968 (0.69), 1941 (0.70), 1939 (0.79), 1923 (0.52),
1914 (0.55), 1913 (0.67), 1911 (0.88), 1905 (0.77), 1904 (0.57), 1896 (0.97)

Strong El Nifio
Moderate El Nifio

Weak El Nifio

#The November—April Nifio3.4 index anomaly is in parentheses.
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Figure 2. (a-c) Simulated and (d-f) observed November-April average precipitation during strong El Nifio (Figures 2a and
2d), moderate El Nifo (Figures 2b and 2e), and weak El Nifio (Figures 2c and 2f). Thin black lines indicate California climate
divisions, and thick black lines indicate northern, central, and southern regions of California.

span the period of 1979-2014 to include the available 130 ensemble members. November—April California
precipitation in observation and simulations during El Nifio (Figures 2-4) are displayed as a percentage of
the average precipitation during 1981-2010.

Precipitation for each of the 130 AMIP ensemble simulations is interpolated to the resolution of California
climate divisions using a linear inverse distance squared scheme from the center of the climate division.
California is further organized into three regions: northern, central, and southern sections to better discrimi-
nate the latitudinal variations of precipitation associated with El Niflo impacts (see dark outlines in Figure 2).
An area-weighted average is used to calculate the contribution of each California climate division to the
northern, central, and southern precipitation. Probability distribution functions (PDFs) and cumulative distri-
bution functions (CDFs) of simulated precipitation are displayed for each El Nifio category over the northern,
central, and southern California regions in Figures 3 and 4, respectively.
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Figure 3. November-April simulated precipitation PDFs separated by El Nifio
intensity for 1979-2014 over (a) northern, (b) central, and (c) southern
California. PDFs for strong El Nifo, moderate El Nifio, weak El Nifo, and all
1981-2010 seasons are shown in red, orange, black, and green, respectively.
The red, orange, and black vertical lines indicate the observed mean of the
strong El Nifio, moderate El Nifio, and weak El Nifio, respectively. The PDFs
were constructed using R software. The PDFs use a nonparametric kernel
density estimator that makes no assumptions of normality and a Gaussian
smoother. The PDFs are produced using a histogram of 100 bins spanning
0 to 400% so every bin corresponds to 4%. A kernel density estimator with a
bandwidth of 3 bins is used to smooth the PDFs.

All 130 ensemble members from the
AMIP simulations across the three sepa-
rate models are aggregated to create a
single multimodel ensemble in which
each member is weighted equally. The
aggregation is justified by the similar
mean regional California precipitation
during El Nifo categories simulated
in each model (Tables S2-54). Though
two of the three AMIP models demon-
strate a wet bias over each California
region (Table S5), the models appear
suitable concerning ENSO sensitivity.

3. Results

The ensemble of model simulations indi-
cates acute California precipitation sen-
sitivity to strong El Nifio events during
November-April (Figures 2a-2c). Strong
El Nifio results in statewide wet con-
ditions (Figure 2a), moderate El Nifio
results in wet conditions only over
southern California (Figure 2b), and
weak El Nifo results in statewide
near-average precipitation (Figure 2c).
The average observed November-April
1896-2014 precipitation separated by
El Nifio intensity over each California
region highlight the distinct difference
in conditions during strong El Nino
events, analogous to the ensemble
average simulations.

We note that the observed composite
precipitation for weak El Nifio is consider-
ably wetter than for moderate El Nifo,
especially over southern California. This
is likely a symptom of sampling variabil-
ity rather than an indication of true sen-
sitivity. For instance, among the samples
of observed weak El Nifio winters are the

second driest season on record (1923-1924) and the second wettest season on record (1994-1995) (Figure 1).
The model ensemble indicates that moderate El Nifo effects are greater than weak El Nifio effects consistent
with considerations of the tropical forcing and teleconnections [Hoerling and Kumar, 2002].

The California precipitation sensitivity to El Niflos of various intensities and the spread of possible seasonal
precipitation outcomes during individual El Nifo events is assessed through PDFs constructed from
simulated precipitation during strong, moderate, and weak El Nifio (Figure 3). Over northern California, only
strong El Nifio forces an appreciable change in wintertime precipitation risks, with a virtual elimination
of dry probabilities and a dramatic change in tail risks resulting in a near-zero probability of having less
than 50% of normal precipitation (Figure 3a). Furthermore, strong El Nifio drives a fivefold increase in odds
of receiving 150% of the climatological precipitation. These tail risk changes are consistent with an overall
shift of the distribution to wet conditions, the mean value of which is roughly one to two standardized
departures of the seasonal variability of each model (Table S2). In contrast, the distribution of the simulated
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(a) Northern California
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Figure 4. November-April simulated precipitation CDFs separated by El Nifio
intensity for 1979-2014 over (a) northern, (c) central, and (c) southern
California. CDFs for strong El Nifio, moderate El Nifio, weak El Nifio, and all
1981-2010 seasons are shown in red, orange, black, and green, respectively. ~ abilities for exceedance of seasonal
Thin red lines show the strong El Nifio CDFs for each model utilized. precipitation during November-April.

Consistent with the shift to wet condi-
tions in the PDFs associated with strong El Nifio (Figure 3), there are also differences in all threshold exceedance
risks during strong El Nifio as inferred from the CDFs (thick red curves in Figure 4). The spread in the strong
El Niflo CDFs between the individual models examined gives confidence in the robustness of the probabilities
indicated by the multimodel average (thin red curves in Figure 4). Over the entire state, the simulations indicate
a reduced probability of drier than normal precipitation during strong El Nifio and an increased probability of
receiving greater than 200% of normal.

Figure 4 presents CDFs for each of the
three California regions to assess prob-

Such changes in event likelihoods appear plausible, though they are not readily verifiable from the few observa-
tions of El Niflo during 1979-2014. The observed wet conditions during the strong El Nifio are exceedingly low
probability outcomes of both moderate and weak El Nifio environments. Limited station observations during the
strong El Niflo event of 1877-1978 reveal that Sacramento, San Francisco, and Red Bluff were each wetter than
during 1982-1983 [Kiladis and Diaz, 1986]. It is also possible that the models underestimate the probability of very
wet winters during non-El Nifio years across northern California. For instance, the seventh wettest winter in
California was observed in 1937-1938, which was not an El Nifio season. This indicates that the AMIP-simulated
change in probability exceedance for strong El Nilo compared to non-El Nifio years may be overstated.

The uncertainty around the tails of the California precipitation distributions is not large for strong, moderate,
and weak El Nifio (Tables S6-58). Using a resampling strategy (Figure S2), we find the 95th percentile to be
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178% + 5.7%, 149% + 5.2%, and 168% + 6.8% over northern, central, and southern California, respectively. By
contrast, we find low confidence for changes in the tail risks for the moderate and weak El Nifio intensities.
The changes in tail probabilities largely follow from an overall shift in the mean value of the seasonal
precipitation distribution, which are much greater during strong El Nifios across all portions of California than
occurring during either moderate or weak El Nifios.

4, Summary and Discussion

The California drought over water years 2012-2015 has resulted in a net statewide precipitation deficit nearly
equivalent to the average precipitation falling in one water year, with some parts of the state experiencing net
deficits of nearly 2 years rainfall. In addition to these severe Statewide California precipitation deficits, warmer
than average near-surface air temperatures during 2012-2015 may have exacerbated the drought [Diffenbaugh
et al,, 2015; Shukla et al., 2015; Williams et al,, 2015] and contributed to reduced water resources available for
consumption, increased groundwater withdrawls, and exacerbated agricultural impacts through increased
depletion of soil moisture [California Department of Water Resources, 2015; AghaKouchak et al., 2015]. Here
we consider how strong El Nifio conditions, such as forecast for winter 2015-2016 [Climate Prediction Center,
2015a, 2015b], could affect the probability of a wet November-April rainy season that could at least partially
reduce precipitation deficits accumulated during the prolonged severe California drought.

The probability of above average statewide California precipitation during November-April is increased as a
result of strong El Niflo as compared to moderate and weak El Nifio (Figures 2-4). In our simulations, strong
El Nifo forces a statistically significant shift in the rainfall distributions to wet conditions (Figures 3 and 4).
There is some indication that the shape of the seasonal rainfall distributions changes during strong El Nifio, with
an increased heavy tail.

In a new finding, our experiments indicate that strong El Nifio significantly increases the probability of a wetter
than average November-April over the principal water supply regions of northern California and the Sierras.
The simulations also confirm previous work [e.g., Ropelewski and Halpert, 1986; Schonher and Nicholson, 1989;
Redmond and Koch, 1991; Dettinger et al., 1998; McCabe and Dettinger, 1999] indicating that moderate and weak
El Niflos do not appreciably modify the probability for wet November-April seasons over the same regions.

Limitations of the present study include the relatively small number of observed cases. The small sample size,
particularly for observed strong events, effectively prevents determination of robust statistical distributions of
California rainfall based on magnitude alone, especially as there is no physical basis to expect that the
magnitude relationship should be linear [see Hoerling and Kumar, 2000]. Ensemble simulations can increase
sample size to obtain more robust precipitation distributions but are also limited to the extent that they provide
realistic responses to SST forcing. In this respect, the broad consistency between observational and model results
is reassuring. Our results indicate that the striking agreement between the model mean precipitation response and
the three-case observed composite is unlikely due to chance but reflects the heightened sensitivity to strong
El Nifos. Detectability of the SST-driven signal is high in this case. By contrast, weak signals during weak-moderate
El Nifios over northern and central California especially lead to low detectability. There is thus an increased risk of
confounding sampling noise with El Nifio impacts in observational composites based on small sample size.

In order to strengthen confidence in the results, greater understanding is also required of physical mechan-
isms by which El Nifio effects on California rainfall. Of particular importance is clarification of the physical
mechanisms by which the magnitude and position of their SST anomalies [Capotondi et al., 2015] drive both
regional jet stream and teleconnection responses, as well as any indirect effects on the evolution midlatitude
storm systems and phenomena such as atmospheric rivers that contribute to the majority of California’s win-
ter precipitation [Larkin and Harrison, 2005; Yu et al., 2012; Chiodi and Harrison, 2012].
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