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Captions of Supplementary Materials 1 
Supplementary Figure 1 (S.1): (a) Time series of California wintertime precipitation from the 2 

PRISM and 20CR data sets during 1901-2014 and 1901-2012, respectively. (b) Scatter plot of 3 

wintertime precipitation over California during 1901-2012. 4 

Supplementary Figure 2 (S.2): (a) and (b): Annual time series of the percentage of area over 5 

California showing the significant change in drought risk from different moving window sizes 6 

(60-year, 70-year, and 80-year) during the negative phases of the PDO and ENSO indices. (c) 7 

and (d): Annual time series of the percentage of area over California showing the significant 8 

change in pluvial risk from different moving window sizes (60-year, 70-year, and 80-year) 9 

during the positive phases of the PDO and ENSO indices. The y-axis represent the middle year 10 

of each segment of the 60-year, 70-year, and 80 year time series. The straight lines are linear 11 

trends of the percentage of area over California with significant change in drought and pluvial 12 

risk. 13 

Supplementary Figure 3 (S.3): Linear trends (top) and standard deviations (bottom) of sea 14 

surface temperatures during the first and last 80 years (1900-1979 and 1935-2014). The linear 15 

trends are multiplied by 80 year to compare with the standard deviations. 16 

Supplementary Figure 4 (S.4): Changes in the composite patterns of wintertime geopotential 17 

heights (GHs) mid-troposphere (500mb) during negative and positive phases of PDO and SOI. 18 

Supplementary Figure 5 (S.5): Multi-decadal changes in the Pacific Ocean and their 19 

associations with moisture transport and convergences. Composite spatial distributions for 20 

annual averaged sea surface temperature anomalies during the PDO (+) and ENSO (+) phases 21 

(1901-1980 (a-b) and 1935-2014 (c-d)). Composite spatial distributions for wintertime 22 

vertically integrated moisture transport and convergence anomalies during the anomalies 23 

during the negative phases of the PDO and ENSO indices (1900-1979 (e-f) and 1936-2012 (g-24 

h)). 25 

Supplementary Figure 6 (S.6): The impacts of global warming on drought and pluvial risk 26 

given their favorable SST conditions from the idealized experiment runs from the GFDL 27 

CM2.1 run. The 25th and 75th percentile of winter precipitation are computed from the control 28 

run for the threshold values of drought and pluvial occurrence. With the threshold value, the 29 

averaged values of drought (pluvial) frequency and its posterior distributions are computed 30 

from the experiment runs with cold (warm) Pacific and warm (cold) Atlantic SST anomalies. 31 

Also, the averaged drought and pluvial frequency and their posterior distribution of drought 32 

and pluvial frequency are computed from the SST experiment runs forced with their 33 

preferential oceanic states plus global warming. The significant changes in drought and pluvial 34 

risk are defined the probability equal to or greater than 90% to have a higher frequency than 35 

the expected (hatched areas). 36 
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Supplementary Figure 1 (S.1): Time series and scatter plots of California winter 37 

precipitation from PRISM and 20CR. 38 
To determine the robustness of the 20CR in representing California wintertime precipitation 39 

we compared with the PRISM by gridding the data to the domain and spatial resolution of the 40 

PRISM. For the 1901-2015 winters, the temporal correlation coefficient is 0.97. Most of inter-41 

annual variability of the PRISM precipitation can be represented by the 20CR precipitation, 42 

which suggests that of the 20CR represents the large-scale atmospheric circulation and 43 

moisture transport associated with precipitation over California. The scatter plot includes the 44 

winter precipitation during 1901-2012.     45 

 46 
Figure S1: (a) Time series of California wintertime precipitation from the PRISM and 20CR 47 

data sets during 1901-2014 and 1901-2012, respectively. (b) Scatter plot of wintertime 48 

precipitation over California during 1901-2012. 49 
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Supplementary Figure 2 (S.2): Annual time series of the percentage of area over 50 

California showing the significant change in drought risk from different moving window 51 

sizes (60-year, 70-year, and 80-year) during the negative phases of the PDO and ENSO 52 

indices.  53 

 54 
To test the robustness of the SST relationships, we also computed time series of the fractional 55 

area over California with probability higher than 90% of having higher drought or pluvial 56 

frequency during the PDO (-) and ENSO (-) from the 80-year moving window times series 57 

(e.g. 36 segments of 80 winters). For the independency test of two 80-year periods, we repeated 58 

this analysis using different window sizes (60-year and 70-year).  The first and last 80 years 59 

have common years, 1950s-80s, which are not independent to each other. The first and last 60 60 

years have no common year, but drought and pluvial frequency from the 60-year time series 61 

are more sensitive to one drought or pluvial event. To test the robustness of the multi-decadal 62 

changes in drought and pluvial risk, we computed the percentage of are with significant change 63 

in drought and pluvial risk from the different size moving window time series. From the 115 64 

winter precipitation, we can have 36 segments of the 80-year time series, 46 segments of the 65 

70-year time series, and 56 segments of 60-year time series. From these segments, we 66 

computed the posterior distribution of drought (pluvial) frequency at each grid-cells over 67 

California given the negative phases of the PDO and ENSO indices. Overall, the general trends 68 

from the different moving window time series are consistent to each other. 69 
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 70 
Figure S2. (a) and (b): Annual time series of the percentage of area over California showing 71 

the significant change in drought risk from different moving window sizes (60-year, 70-year, 72 

and 80-year) during the negative phases of the PDO and ENSO indices. (c) and (d): Annual 73 

time series of the percentage of area over California showing the significant change in pluvial 74 

risk from different moving window sizes (60-year, 70-year, and 80-year) during the positive 75 

phases of the PDO and ENSO indices. The y-axis represent the middle year of each segment 76 

of the 60-year, 70-year, and 80 year time series. The straight lines are linear trends of the 77 

percentage of area over California with significant change in drought and pluvial risk. 78 
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Supplementary Figure 3 (S.3): Linear trends (top) and standard deviations (bottom) of 79 

sea surface temperatures during the first and last 80 years (1900-1979 and 1935-2014). 80 

The linear trends are multiplied by 80 year to compare with the standard deviations. 81 

 82 
To study the changes in oceanic states, we computed the linear regression coefficients and 83 

standard –deviations of SSTs over the first and last 80 years. During 1900-1979, the equatorial 84 

Pacific show a negative trend and the north Pacific show a positive trend. During 1935-2014, 85 

the linear trend over the equatorial Pacific became positive and the linear trend over the north 86 

Pacific is weakened. The standard deviations are bigger over the Pacific and Atlantic Oceans 87 

during the last 80 years than those during the first 80 years. 88 

 89 

 90 
 91 
Figure S3: Linear trends (top) and standard deviations (bottom) of sea surface temperatures 92 

during the first and last 80 years (1900-1979 and 1935-2014). The linear trends are multiplied 93 

by 80 year to compare with the standard deviations. 94 
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Supplementary Figure 4 (S.4): Changes in the composite patterns of wintertime 95 

geopotential heights (GHs) mid-troposphere (500mb) during negative phases of PDO and 96 

ENSO. 97 
 98 

We calculated the spatial distribution of composite SST, GHs, and moisture transport anomalies 99 

during PDO (+) and SOI (-) for the driving mechanisms for California pluvial (S. 3, 4, and 5 100 

in Supplementary Materials). We found that during PDO (+) and SOI (-), negative geopotential 101 

height anomalies at 500 mb over the North Pacific induce more moisture transport from 102 

western Pacific to California and thus causes above-normal wintertime precipitation over 103 

California. We also construct the composite spatial patterns during the years with coincidence 104 

of PDO (-) and SOI (+) phases to confirm the consistency of their spatial patterns. We construct 105 

the spatial distributions of composite SST anomalies, 500mb GH anomalies, and vertically 106 

integrated moisture transports and convergence during the years with coincidence of PDO (-) 107 

and SOI (+) phases (see S. 6 in Supplementary Materials), confirming that multi-decadal 108 

changes in PDO and SOI and their interactions with atmosphere.   109 

 110 

Also, we construct the composite patterns of sea surface temperature anomalies, moisture 111 

transport, and moisture convergence during the years with co-occurrences of PDO (-) and SOI 112 

(+) in order to address the combined impact of those phases. There are still a more consistent 113 

composite sea surface temperatures during the last 80 years, which leads to weaker easterly 114 

moisture transports and less moisture convergence over the equatorial Pacific and less moisture 115 

convergence, where moisture is transported westward and moisture is converged in the context 116 

of climatology. 117 

 118 

 119 
Figure S4: Composite wintertime (DJF) geopotential height anomaly pattern at 500 mb from 120 

the PRISM data set during the positive and negative phases of PDO and SOI during 1901-1980 121 
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(left column) and 1934-2012 (right column). 122 
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Supplementary Figure 5 (S.5): Multi-decadal changes in the Pacific Ocean and their 123 
associations with moisture transport and convergences. Composite spatial distributions for 124 

annual averaged sea surface temperature anomalies during the PDO (+) and ENSO (+) phases 125 

of the periods, 1901-1980 (a-b) and 1935-2014 (c-d). Composite spatial distributions for 126 

wintertime vertically integrated moisture transport and convergence anomalies during the 127 

anomalies during the negative phases of the PDO and ENSO indices of the periods, 1900-1979 128 

(e-f) and 1936-2012 (g-h). 129 

 130 

We also constructed the composite patterns of SST anomalies, moisture transport, and moisture 131 

convergence during the years with PDO (+) or ENSO (+) for pluvial mechanisms over the CA. 132 

During PDO (+) or ENSO (+), positive SST anomalies over the equatorial Pacific are 133 

significant during the last 80 years. The composite SST patterns lead to stronger westerly 134 

moisture transport over the extratropical Pacific (around 30˚N) and more moisture convergence 135 

along the US west coastal region, and thus more precipitation over California during the last 136 

80 years than during the first 80 years. 137 

 138 
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 139 
Figure S5. Multi-decadal changes in the Pacific Ocean and their associations with 140 

moisture transport and convergences. Composite spatial distributions for annual averaged 141 

sea surface temperature anomalies during the PDO (+) and ENSO (+) phases (1901-1980 (a-b) 142 

and 1935-2014 (c-d)). Composite spatial distributions for wintertime vertically integrated 143 

moisture transport and convergence anomalies during the anomalies during the negative phases 144 

of the PDO and ENSO indices (1900-1979 (e-f) and 1936-2012 (g-h)).145 
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Supplementary Figure 6 (S.6): The impacts of global warming on drought and pluvial 146 

risk given their favorable SST conditions from the idealized experiment runs from the 147 

GFDL AM2.1 model.  148 

 149 
We invesitgated the impact of global warming on drought and pluvial risk from the idealized 150 

experiment form the GFDL 2.1 model. First, we computed the 25th (75th) percentile of winter 151 

precipitation from the 60-year control run. With the threshold value, we compute drought and 152 

pluvial risk given their preferential oceanic states (drought risk: cold Pacific and warm Atlantic 153 

SST anomalies; pluvial risk: warm Pacific and cold Atlantic SST anomalies) by computing the 154 

averaged drought and pluvial frequency and their posterior distribution from the 60-year 155 

experiment SST simulations. Additionally, we computed the averaged drought and pluvial 156 

frequency and their posterior distributions given the preferential oceanic states plus global 157 

warming. The signficant changes in drought and pluvial risk are defined the probability equal 158 

to or greater than 90% to have a higher frequency than the expected (hatched areas). 159 

 160 

 161 
Figure S6. The impacts of global warming on drought and pluvial risk given their 162 

favorable SST conditions from the idealized experiment runs from the GFDL CM2.1 run. 163 
The 25th  and 75th percentile of winter precipitation are computed from the control run for the 164 

threshold values of drought and pluvial occurrence. With the threshold value, the averaged 165 

values of drought (pluvial) frequency and its postierior distributions are computed from the 166 

experiment runs with cold (warm) Pacific and warm (cold) Atlantic SST anomalies. Also, the 167 

averaged drought and pluvial frequency and their posterior distribution of drought and pluvial 168 

frequency are computed from the SST experiment runs forced with their preferential oceanic 169 

states plus global warming. The signficant changes in drought and pluvial risk are defined to 170 

have a higher frequency than the expected with probability equal to or greater than 90% 171 

(hatched areas). 172 
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