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• Extratropical pressure systems modulate the interannual precipitation changes in 19 
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• The magnitude and frequency of interannual precipitation variance in Southern California 21 

changes throughout the past 2000 years. 22 
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Abstract 24 

Southern California’s Mediterranean-type hydroclimate is highly variable on interannual time 25 

scales due to teleconnected climate forcings such as the El Niño-Southern Oscillation (ENSO). 26 

Here we present sub-annually resolved scanning XRF Ti counts from deep-sea cores in Santa 27 

Barbara Basin (SBB), California recording 2,000 years of hydroclimate variability. The 28 

reconstructed Southern California precipitation record contains interannual variability in the 2-7 29 

year band that could be driven by changes in tropical Pacific ENSO variability and/or the 30 

strength of the ENSO teleconnection modulated by extratropical pressure systems. Observed 31 

interannual precipitation variance increased and was associated with longer periodicities (5–7 32 

years) when the Intertropical Convergence Zone (ITCZ) migrated southward (1370–1540 CE) 33 

and the Aleutian Low (AL) strengthened creating a robust ENSO teleconnection. Weak 34 

interannual precipitation variance with shorter periodicity (2–3 years) was observed when the 35 

ITCZ shifted northward (700-900 CE) and/or the AL was weak (1540-1680 CE). 36 

Plain Language Summary 37 

El Niños occur when the rising branch of atmospheric circulation in the tropical Pacific shifts 38 

eastward, driving changes in air temperature and rainfall around the globe Rainfall in Southern 39 

California often increases during El Niño events causing rivers to carry extra sediment to the 40 

ocean. We reconstructed Southern California rainfall for every year of the last 2,000 years using 41 

the elemental signature of river sediment deposited in Santa Barbara Basin. We found that after 42 

~1350 CE, when the Aleutian Low was strong, interannual rainfall in Southern California varied 43 

more and with longer cycles (5 to 7 years). During this time, the region of rising air at the 44 

equator was further south and storms over the North Pacific Ocean were stronger and occurred 45 
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further east. Both of these changes in atmospheric circulation increased the Southern California 46 

rainfall response to El Niño events in the tropical Pacific Ocean.  47 

Introduction 48 

The El Niño-Southern Oscillation (ENSO) drives a significant portion of interannual 49 

temperature and precipitation variability around the globe through ‘teleconnections’. The origin 50 

of El Niño and its opposite phase - La Niña - is attributed to internal atmosphere-ocean 51 

interactions (Cane & Zebiak, 1985), however, short-term radiative forcing from volcanic and 52 

solar variability has also been implicated (Emile-Geay et al., 2008; Mann et al., 2005). An ENSO 53 

teleconnection is a statistically significant climate response in a region distal to the ENSO 54 

forcing region in the equatorial Pacific. Understanding both ENSO variability and its global 55 

teleconnections requires long-duration high resolution reconstructions during different 56 

background climates. Yet, continuous multi-millennial sediment records often lack the annual 57 

resolution required for resolving ENSO frequencies (Conroy et al., 2008) and/or suffer from poor 58 

age control (Moy et al., 2002). Fossil coral sequences provide well dated high temporal 59 

resolution (monthly to seasonal) records (Cobb et al., 2003) but lack the duration to reconstruct 60 

continuous multi-centennial to millennial-scale records. In spite of these spatial and temporal 61 

limitations, paleoclimate reconstructions indicate considerable natural ENSO variability during 62 

the last millennium (Cobb et al., 2003; Emile-Geay et al., 2013; Rustic et al., 2015). 63 

The Mediterranean-type hydroclimate of Southern California results in limited water 64 

resources. Precipitation in southern California is highly variable, increasing the difficulty of 65 

managing the region’s limited water resources. The tropics impact Southern California 66 

precipitation through an ENSO teleconnection; increased tropical mean zonal SSTs enhances 67 

tropical convection during El Niño events, producing stronger upper tropospheric tropical 68 
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divergence and subtropical convergence that shifts the mid-latitude jet southward to bring more 69 

moisture to Southern California (Seager et al., 2010; Trenberth et al., 1998). Simultaneously, an 70 

eastward shift of a deepened Aleutian Low (AL) advects warm, moist air onto North America, 71 

enhancing precipitation events in Southern California (Trenberth et al., 1998) 72 

Here we present a subannually resolved precipitation record from Southern California for 73 

the last 2000 years and explore tropical and extratropical forcing of the interannual variability in 74 

the record. The precipitation reconstruction is generated by ITRAX scanning X-ray fluorescence 75 

(XRF) Ti counts at 0.2 mm sampling intervals or 4–7 data points per year from box core 76 

SPR0901-04BC (588 m water depth; 34˚16.895’ N, 120˚02.489’ W) and kasten core SPR0901-77 

03KC (591 m water depth; 34˚16.914’ N, 120˚02.419’ W) collected in Santa Barbara Basin 78 

(SBB), CA. Titanium is relatively immobile during chemical weathering, making the element an 79 

indicator of terrigenous detrital input to sediments (Haug et al., 2001). Annual precipitation 80 

variability is captured when terrestrial siliciclastic sediment is transported into SBB by river 81 

runoff, which only occurs when precipitation events exceed 0.25 cm (Nezlin et al., 2005). Thus, 82 

Ti in SBB sediments is significantly correlated with regional observed precipitation, including 83 

events associated with 20th century El Niño, and can be used to reconstruct Southern California 84 

hydroclimate (Hendy et al., 2015; Napier & Hendy, 2016). 14C-based chronology was generated 85 

employing Bacon 2.2 (Blaauw & Christen, 2011) with a variable reservoir ages and the 86 

Marine13 calibration curve (Du et al., 2018; Hendy et al., 2013) (Fig. S1 and Table S1). Ti peaks 87 

associated with winter siliciclastic laminae deposits were counted to produce an annually tuned 88 

chronology that is used to identify ENSO band periodicity. During droughts, winter siliciclastic 89 

laminae are not deposited in SBB, resulting in missing years in this annual tuned chronology. For 90 
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this reason, the 14C chronology is employed to determine absolute ages with annual tuning 91 

providing dating error estimates of <30 years. 92 

Correlation between Southern Californian interannual precipitation and ENSO variability  93 

Historical observations and models have related interannual winter precipitation 94 

variability in Southern California to ENSO (Jong et al., 2016; Seager et al., 2010; Trenberth et 95 

al., 1998). A field correlation between extended winter (November – April) Pacific sea surface 96 

temperature (SST) from 100˚ E–100˚ W and 26˚ S–66˚ N, and instrumental precipitation in 97 

Southern California (122˚–114˚ W, 32˚–36˚ N) from 1900 to 2013 further supports this 98 

relationship (Fig. 1; SST data are from NOAA ERSS Data Version 4 (Huang et al., 2015); 99 

precipitation data are from GPCC Full Data Reanalysis Version 6 (Schneider et al., 2014). 100 

Winter precipitation in Southern California is positively correlated (p<0.013; region 101 

encompassed by the dashed line in Fig. 1a) to SSTs in both the central and eastern tropical 102 

Pacific, and the eastern North Pacific, and negatively correlated with SSTs in the central North 103 

Pacific Ocean. When a 2–7-year bandpass filter was applied to examine the correlation 104 

coefficient on an interannual scale, the significantly correlated (p<0.013) regions in the North 105 

Pacific shrink (Fig. 1b). Consequently, the central and eastern tropical Pacific (the core region of 106 

the ENSO SST anomalies and ENSO index regions including Niño 3.4, 3 and 4), dominate the 107 

correlation between SSTs and precipitation on interannual time scales. Thus, Southern California 108 

winter precipitation increases when the central and eastern tropical Pacific Ocean warms, and the 109 

western tropical Pacific cools, similar to the El Niño SST pattern (Fig 1b). 110 

We further explored whether the relationship with Southern California precipitation and 111 

ENSO persisted in the sedimentary archive of river runoff by comparing 20th century Ti counts 112 

from SBB sediments (SPR0901-04BC) with the Niño 3.4 SST anomalies (Fig. 1c-d, and S2). A 113 
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statistically significant correlation coefficient (r=0.30, P <0.01) was found between the Niño 3.4 114 

and the annually tuned 04BC Ti time series from 1900 to 2008 after a 2–7-year band pass filter 115 

was applied (Fig. S2). Multi-taper method (MTM) spectrum analysis (Fig. 1d) was then 116 

employed with the same data sets. The 04BC Ti time series contains significant (95 %) spectral 117 

peaks in the ENSO band (2–7 year) corresponding to 5.8, 5.3, 3.6, 2.5, 2.4 and 2.2 year periods 118 

consistent with Niño 3.4 SST, which contains significant (95 %) peaks at 5.3, 4.8, 3.6, 3.0, 2.5, 119 

2.4 and 2.1 years (Fig. 1c).  Cross-spectral analysis between the records reveals that all signals 120 

with coherency above the 95 % significance level and phase lag within π/4 (equals 1.5 years for 121 

an annual cycle) fall within ENSO band (at 5.3, 3.6 3.0 and 2.5 years, indicated by vertical 122 

purple bars) (Fig. S3b-c). Thus the relationship between interannual precipitation variability in 123 

Southern California and tropical ENSO forcing remains after river runoff sediments are 124 

deposited in SBB.  125 

Interannual precipitation variability in Southern California during the Common Era 126 

Southern Californian hydroclimate has varied significantly over the past 2000 years 127 

(Cook et al., 2010; Kirby et al., 2014). High Ti counts in SBB (Fig. 2a), lake high stands (Hiner 128 

et al., 2016; Kirby et al., 2014; Kirby et al., 2010; Kirby et al., 2012) and the regional Palmer 129 

Drought Severity Index (PDSI) tree ring records (Cook et al., 2010) indicate that the Californian 130 

hydroclimate was wetter during the Little Ice Age (after 1300). Two megadroughts (~830–1075 131 

and 1120–1300) during the Medieval Climate Anomaly associated with lake low stands (Stine, 132 

1994), and identified in tree rings (Cook et al., 2010) and low Ti in SBB, suggest a drier 133 

hydroclimate. Previous studies have asserted that a wetter Southern California hydroclimate 134 

implies a sustained El Niño-like ocean-atmosphere pattern while the megadroughts were 135 

associated with a cool La Niña-like state in the equatorial Pacific (Cook et al., 2010; Seager et 136 
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al., 2008). But recent research has emphasized changes in interannual ENSO variance, instead of 137 

long duration La Nina-like mean states contributed to megadrought occurrence (Coats et al., 138 

2015; Coats et al., 2016a; Coats et al., 2016b; Parsons & Coats, 2019; Steiger et al., 2019; 139 

Stevenson et al., 2015).  140 

 The high-resolution SBB Ti record reveals changes of interannual precipitation 141 

variability in Southern California over the Common Era, including during megadroughts and the 142 

Little Ice Age. Employing MTM power spectrum analysis to explore 2000 years of interannual 143 

variability in the Ti time series, significant peaks (>95 % confidence level) are observed at 8.1, 144 

6.3, 5.4, 4.6, 3.6, 3.3, 3.0, 2.3, and 2.1 year periods (Fig. S4). However, the power of these 145 

periodicity peaks changes within the 2–7-year ENSO band throughout the last 2000 years (Fig. 146 

S5).  Wavelet spectrum analysis and an evolutionary FFT power spectrogram of the Ti time 147 

series shows significant (black contours in Fig. 2e) power in the 2–7-year ENSO band between 148 

280–400, 650–680, 940–980, 1000–1140, 1270–1290, 1500-1520, 1750-1770 (based on 14C 149 

chronology). Increased interannual variance based on the scale-averaged wavelet analysis of the 150 

Ti time series occurs between ~100–120, 280–460, 650–680, 950–1140, 1270–1290, 1370–1520 151 

and 1680–1770, while decreased variance occurs between ~150–280, 500–600, 700–950, 1150–152 

1270 and 1550–1680 (based on 14C chronology) (Fig. 2c).  The weak Ti interannual variance 153 

between 700–950 and 1150–1270 (Fig. 2) generally overlaps with megadroughts (~830–1075 154 

and 1120–1300) indicated by reconstructed PDSI (Cook et al., 2010). Exceptions occurred at 155 

950–980, 1020–1040, and 1110–1140 as multidecadal droughts terminated, and may be 156 

associated with extreme precipitation events that shifted the hydroclimate state from dry to wet. 157 

For example, in the 20th century, the six-year drought in Santa Barbara County from 1986 to 158 

1991 ended with precipitation events associated with the 1991–1992 El Niño event. Interannual 159 
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precipitation variance was not consistent during the Little Ice Age: high variance was observed 160 

between 1370–1520 and 1680–1770, while low variance dominated 1540–1680 (Fig. 2). 161 

Interannual precipitation variability in Southern California and ENSO  162 

In the eastern equatorial Pacific, long hydroclimate records from the well-dated, low 163 

resolution El Junco Lake in the Galápagos Islands (Conroy et al., 2008) show intensified 164 

precipitation between ~200–450 and 600–750 (Fig. 3a), reflecting higher ENSO variance along 165 

with more ENSO events. Given age model and resolution uncertainties, this result agrees with 166 

the greater interannual precipitation variance recorded in SBB between 280–460 and 650–680 167 

(Fig. 3e). However, the relationship between SBB and eastern equatorial Pacific records breaks 168 

down during the last millennium: higher interannual precipitation variance was observed in SBB 169 

between 1370–1520 and 1680–1770, while ENSO variance recorded in Galápagos Islands was 170 

weak during these two intervals (Fig. 3). Such inconsistencies between records could be related 171 

to the distinct teleconnection patterns of Eastern Pacific and Central Pacific El Niño events.  172 

Eastern Pacific El Niños, characterized by SST anomalies in the Eastern Equatorial Pacific 173 

(EEP), more likely contribute to heavy precipitation in the EEP by intensifying convection 174 

locally, while central Pacific El Niños, characterized by warming in the Niño 3.4 and 4 regions, 175 

are more closely associated with a stronger, south-shifted jet stream (Mo, 2010; Parsons & 176 

Coats, 2019; Weng et al., 2009; Yu & Zou, 2013) that brings tropical moisture to Southern 177 

California. 178 

Increased interannual variance in Southern California precipitation between 1370–1520 179 

and 1680–1770 suggests greater ENSO variance or a stronger ENSO teleconnection between the 180 

tropical Pacific and North America. In the western Pacific, tree-ring cellulose δ18O from Taiwan 181 

(Fig. S6d) suggests higher central Pacific ENSO variance between ~1350-1600 (Liu et al., 2017). 182 
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The tree-ring based North American Drought Atlas (NADA, Fig. S6d) also indicates increased 183 

ENSO variance between ~1400–1800 (Li et al., 2011). Well-dated decadal to centennial coral 184 

records with monthly resolution from Christmas and Palmyra Islands (Fig. 3b) in the central 185 

tropical Pacific indicate higher ENSO variance during 1516–1561 and 1635–1703 (Cobb et al., 186 

2003; Cobb et al., 2013). δ18O of individual G. ruber shells from Galápagos marine sediments 187 

(Fig. S6e) suggests increased ENSO activity after ~1500 (Rustic et al., 2015). Additionally, 188 

increased variability of reconstructed Niño 3.4 SST between ~1450–1550 was reported (Fig. S6f) 189 

(Emile-Geay et al., 2013). Taken together, the above high-resolution ENSO records from the 190 

tropical Pacific suggest increased ENSO variance since ~1350, while interannual precipitation 191 

variance recorded from SBB is weak during 1540–1680 (Fig S5). Thus SBB interannual 192 

precipitation variance is not only driven by ENSO variance in the tropical Pacific; we 193 

hypothesize that the strength and position of midlatitude pressure systems in the north Pacific 194 

could be modulating the ENSO teleconnection between the tropical Pacific and North America. 195 

The ENSO teleconnection in the northeastern Pacific 196 

As the west coast of North America is not located in an ENSO SSTA core region, 197 

tropical climate influences precipitation in Southern California through an ENSO teleconnection. 198 

Although the teleconnection strength increases with the amplitude of tropical Pacific SST 199 

anomalies (Diaz et al., 2001), the position and strength of extratropical pressure systems may 200 

complicate ENSO variance recorded in SBB. An intensified AL, associated with the 201 

southeastward shift of the low pressure center (AL) and North Pacific Jet Stream (Rodionov et 202 

al., 2007), allows warm, moist air advection onto the West Coast, enhancing the tropical and 203 

mid-latitude Pacific climate coupling (Osterberg et al., 2014). The resulting intensified ENSO 204 

teleconnection increases Southern California’s sensitivity to ENSO. When the AL is weak, the 205 
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North Pacific High intensifies and shifts northward, creating a persistent high-pressure ridge and 206 

preventing moisture from reaching Southern California (Rodionov et al., 2007; Wang et al., 207 

2014). The resulting weak ENSO teleconnection consequently would suppress interannual 208 

precipitation variance recorded in SBB. 209 

A comparison of AL strength and Southern Californian interannual precipitation 210 

variability records through Sequential Regime Shift Detection (SRSD) (Rodionov, 2004) 211 

supports the influence of shifting pressure system patterns on the strength of the ENSO 212 

teleconnection to SBB. A sea salt (Na+) record from the Mount Logan ice core from Alaska 213 

(Osterberg et al., 2014) records changes in AL strength in the eastern Pacific during the past 214 

1200 years (Fig. 3d). A weak AL between 1540–1680 (Fig. 3d) is coincident with increased 215 

ENSO variance recorded by tropical Pacific proxies (Cobb et al., 2003; Cobb et al., 2013; Liu et 216 

al., 2017; Moy et al., 2002; Rustic et al., 2015), when reduced interannual precipitation variance 217 

was observed in SBB (Fig. 3). This suggests a weak ENSO teleconnection may suppress the 218 

sensitivity of the Southern California hydroclimate to ENSO activity in the tropical Pacific, 219 

leading to dampened interannual precipitation variance.  220 

The migration of the ITCZ also potentially impacts ENSO variance in the tropical Pacific; 221 

a northward shift of the ITCZ strengthens the interhemispheric and equatorial Pacific zonal SST 222 

gradient, contributing to stronger cross-equatorial trade winds and reduced ENSO variance, 223 

while a southward shift of the ITCZ results in greater ENSO variance (Chiang et al., 2008; 224 

Rustic et al., 2015). A high-resolution, well-dated speleothem δ18O record from Yok Balum Cave 225 

(YBC), Belize (Kennett et al., 2012) provides a subannually resolved precipitation archive 226 

mainly driven by ITCZ displacement over the last two millennia (Fig. 3c). We compared this 227 

ITCZ-related precipitation reconstruction with intervals when the ENSO teleconnection in 228 
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California was strong. Both 700-900 and 1370-1540 (14C chronology; the duration of both 229 

intervals is 167 years within the annually tuned chronology) are characterized by a strong AL, 230 

minimizing the changing ENSO teleconnection influence on interannual precipitation in southern 231 

California. MTM spectrum analysis shows during 1370-1540, when ITCZ shifted southward, 232 

interannual precipitation variance was higher with longer periodicity (5–7 years, Fig. 4a, c); 233 

while when ITCZ moved northward in 700-900, the interannual precipitation variance was 234 

reduced with shorter periodicity (2–4 years, Fig. 4b, d). This result suggests that a southward 235 

shift of the ITCZ contributes to stronger and longer-period ENSO events in our record of 236 

Southern California’s hydroclimate.  237 

The correlation between ITCZ migration and the amplitude/frequency of ENSO has also 238 

been observed in modern observations and model simulations. A 20 % ENSO amplitude 239 

reduction over the last decade has been linked to a northward-displaced ITCZ and stronger cross-240 

equatorial winds (Hu & Fedorov, 2018). Relative to 1950-1970, the ITCZ shifted southward in 241 

1980-2000, causing the boreal spring to begin earlier and end later, and allowing more time for 242 

ENSO development, which could result in stronger El Niño events with longer periods (Fang et 243 

al., 2008).  244 

Therefore, both ITCZ position and AL strength may influence the interannual 245 

precipitation variability in Southern California. From 0-500 CE, the ITCZ shifted southward, 246 

potentially leading to higher ENSO variance in the tropical Pacific, as indicated by the ENSO 247 

record from Galápagos Lake sediments (Fig. 3a). High interannual precipitation variance was 248 

found in SBB between 280–460 (Fig. 3e), which may support a strong ENSO teleconnection 249 

associated with enhanced AL. The Mount Logan AL record, however, does not extend to 0-500 250 

CE, preventing the evaluation of the impact of AL strength on interannual precipitation in 251 
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Southern California. The northern position of the ITCZ between 500-660 possibly caused the 252 

weak ENSO variance recorded in the Galápagos islands (Fig. 3a, c). Such reduced ENSO 253 

variance in the tropical Pacific, together with a weak ENSO teleconnection to Southern 254 

California, resulting from a weak AL between 500–660 (Fig. 3c), appears to have led to 255 

persistent low interannual precipitation variance in Southern California (Fig. 3e). The isolated 256 

interannual variance peak at 660-680 coincides with an extremely strong AL interval around 257 

690–720. The ITCZ remained in a northerly position from 900–1370, except for a southward 258 

shift between 1020–1110 (Fig. 3c). This migration of ITCZ is also supported by a Kiritimati lake 259 

record in the central tropical Pacific, which indicates a northward ITCZ position from ~900–260 

1200, and a southward shift between ~1000–1050 (Higley et al., 2018). The weak interannual Ti 261 

variability during ~700-900, concurrent with a strong AL (Fig. 3d), could be related to reduced 262 

ENSO variance in the tropical Pacific as suggested by the El Junco Lake sediment in Galápagos 263 

(Fig. 3a). The AL was weak between 880-1280 (Fig. 3d). The generally low interannual 264 

Southern California precipitation variance between 1150–1280 is best explained by a weakened 265 

ENSO variance in the tropical Pacific and/or suppressed ENSO teleconnection between the 266 

tropical Pacific and Southern California. Intervals of increased interannual precipitation variance 267 

during 950-1140 are related to the transition between dry and wet hydroclimate concurrent with 268 

the significant shift of ITCZ. The transient high ENSO variance at ~1280 might be associated 269 

with the 1257 Samalas volcanic eruption (Gao et al., 2012) that impacted the winter of 1258, 270 

ahead of an extreme El Niño event (Emile-Geay et al., 2008). Thus, interannual precipitation in 271 

Southern California is driven by tropical ENSO variance, but is also modulated by extratropical 272 

pressure systems at multidecadal to centennial scales through ENSO teleconnections.  273 

Conclusions 274 

This article is protected by copyright. All rights reserved.



Confidential manuscript submitted to Geophysical Research Letters 
 

13 
 

Interannual precipitation variability in Southern California is closely related to SST in the 275 

tropical Pacific via an ENSO teleconnection. Subannually-resolved ITRAX scanning XRF Ti 276 

counts from SBB were used to reconstruct Southern California hydroclimate during the past two 277 

millennia and indicate that interannual precipitation variability responds closely to the 278 

interactions between tropical and extratropical climate forcing. After ~1350, when paleoclimate 279 

records suggest that the ITCZ shifted southward, interannual precipitation variance in Southern 280 

California increased, except for a ~100 year interval (1550-1680), when a weak AL was recorded 281 

at Mount Logan. Given other ENSO records from the tropical Pacific indicate increased ENSO 282 

variance after 1350, the depressed interannual precipitation variability in Southern California 283 

from 1550 to 1680 might be associated with a weak ENSO teleconnection caused by a weaker 284 

AL. Extra-tropical pressure system activity could therefore influence the interannual 285 

precipitation variability in Southern California by modulating the ENSO teleconnection between 286 

the tropical Pacific and North America. Two 200-year intervals associated with a robust ENSO 287 

teleconnection created by strong AL were selected to minimize the impact of mid-latitude 288 

pressure systems on precipitation and therefore explore the possible forcing of tropical Pacific 289 

ENSO variance on Southern California hydroclimate. Interannual precipitation variance in 290 

Southern California increased when the ITCZ migrated southward (1370–1540 CE), 291 

accompanied by longer periodicities (5–7 years). Weak interannual precipitation variance with 292 

shorter periodicity (2–3 years) was observed when ITCZ shifted northward (700-900 CE). 293 

Therefore, interannual precipitation in Southern California is driven by tropical ENSO variance 294 

via the ENSO teleconnection, but is also modulated by extratropical pressure systems and 295 

influenced by the position of ITCZ. This research contributes to our understanding of the 296 
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hydroclimate changes in Southern California and the stationarity of the ENSO teleconnection to 297 

this region. 298 
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Figure captions: 495 

Fig. 1. Field correlation of extended winter (Nov-April) SST in the tropical and northern Pacific 496 

with (a) average, and (b) ENSO band (2–7 years) filtered extended winter (November–April) 497 

precipitation in Southern California from 1900–2013. The black dashed contour encloses regions 498 

significantly correlated (P<0.013) with Southern California precipitation. Monthly SST data (2˚ 499 

spatial resolution, 26˚ S to 66˚ N, 100˚ E to 100˚ W) are from the version 4 of NOAA Extended 500 

Reconstructed Sea Surface Temperature (Huang et al., 2015) (NOAA_ERSST_V4 data from 501 

http://www.esrl.noaa.gov/psd/). Average monthly southern California precipitation data (0.5˚ 502 
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spatial resolution, 32˚ N to 36˚ N, 122˚ W to 114˚ W, white dashed box) are taken from the 503 

GPCC Full Data Reanalysis Version 6.0 (Schneider et al., 2014). Santa Barbara Basin (SBB; red 504 

star), Niño 1+2 (white box: 0–10˚ S, 80˚W–90˚ W), Niño 3 (blue box: 5˚ N–5˚ S, 150˚ W–90˚ 505 

W), Niño 3.4 (black box: 5˚ N–5˚ S, 170˚ W–120˚ W), and Niño 4 (white box: 5˚ N–5˚ S, 160˚ 506 

E–150˚ W) (Trenberth & Stepaniak, 2001) are displayed. (c) Comparison of Ti time series from 507 

SPR0901-04BC (red line) and Niño 3.4 SST (blue line) from 1900 to 2008. (d) 2π prolate 508 

multitaper power spectrum of the annually tuned SPR0901-04BC Ti time series compared to the 509 

Niño 3.4 SST monthly time series from 1900 to 2008 (Rayner et al., 2003) (data source: 510 

http://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Nino34/). Periods exceeding the 95 % 511 

confidence level of classical red noise modeling are labeled. Orange shading represents a π/4 512 

phase lead/lag and the dashed line indicates no phase difference. All the significant signals 513 

(≥95% confidence level) produced by multitaper power spectrum (Fig. S4a), with coherency 514 

above 95% confidence level (Fig. S4b) and phase lag (Fig. S4c) within π/4 (equals 1.5 year for 515 

annual cycle) are marked with purple bars. The annual signal is indicated by a yellow bar. Niño 516 

3.4 SST data (5˚ S-5˚ N and 170˚-120˚ W average area) were calculated from the HadISST1 517 

(Hadley Centre Sea Ice and Sea Surface Temperature data set). 518 

 519 

Fig. 2. (a) The annually tuned SPR0901-03KC Ti time series (black line) after pre-whitening by 520 

subtracting the LOESS (locally estimated scatterplot smoothing) curve (with window equal to 521 

the length of the Ti time series) curve. Blue bars indicate flood layers. (b) Interannual 522 

precipitation variance of (a) isolated by applying a 2-to-7-year Taner bandpass filter. (c) Scale-523 

average wavelet power spectrum over 2–7 years for the Ti time series (red line). Dashed red line 524 

is the 95 % confidence level. (d) Evolutionary FFT power spectrogram of the Ti time series with 525 
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a 20-year sliding window. Power is not normalized per spectrum, with the highest power in dark 526 

red and the lowest in dark blue. (e) Wavelet analysis of the Ti time series. The thick contour 527 

encloses regions of > 95 % confidence for a red-noise process with a lag-1 coefficient. Gray 528 

shading represents intervals with strong interannual variability of the Ti time series. 529 

 530 

Fig. 3. Southern California interannual precipitation compared to ITCZ migration, AL strength 531 

and ENSO variance strength in other ENSO reconstructions. (a) Sand abundance from lake El 532 

Junco (Conroy et al., 2008) Galápagos. (b) Relative ENSO variance (SD of the 2- to 7-year band, 533 

plotted as percent difference from 1968–1998) of fossil coral δ18O from Palmyra (blue) and 534 

Christmas (red) Islands, central Pacific Ocean (Cobb et al., 2003; Cobb et al., 2013). (c) Yok 535 

Balum Cave δ18O speleothem, Belize (Kennett et al., 2012) indicating the ITCZ position. (d) 536 

Mount Logan annual Na+ concentration (pbb) indicating wintertime AL strength (Osterberg et 537 

al., 2014). Mean values are shown with dashed red line. Regime shifts were detected using 538 

SRSD (black lines). (e) Scale-averaged interannual precipitation variance over 2–7-years of the 539 

standardized SPR0901-03KC Ti counts from this study. The 95 % confidence level is shown 540 

with red dashed lines. Intervals with strong ENSO variance are indicated by grey bars. 541 

 542 

Fig. 4. 2π prolate multitaper power spectrum of two selected intervals from the SPR0901-03KC 543 

Ti time series from SBB: (a) 1370–1540 CE, (c) 700–900 CE. The two intervals are dated using 544 

the 14C chronology, while the duration of both intervals is 167 years according to the annually 545 

tuned chronology. Shaded areas represent the ENSO band (2–7 years). Confidence levels are 546 

shown with significant spectral peaks (≥95% confidence level) labeled in years. Evolutionary 547 

FFT power spectrogram of Ti time series over (b) 1370–1540 CE and (d) 700–900 CE with a 20-548 
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year sliding window. Power is not normalized per spectrum for either series. The highest power 549 

is in dark red and the lowest is in dark blue. 550 

This article is protected by copyright. All rights reserved.



Figure 1.

This article is protected by copyright. All rights reserved.



100E 140E 180 140W 100W

-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4

Niño 3.4Niño 4 Niño 3

Southern
California

Southern
California

Co
rr

el
at

io
n 

co
e�

ci
en

t, 
r

20S

0° 

20N

40N

60N

c.

10-2

10-1

1

10

102

5.3
3.6 2.55.8

2.2
2.4

5.3
4.8

3.6

3.0

2.5
2.4

2.1

10-3

10-2

10-1

1

10

102

Po
w

er

d.

20S

0° 

20N

40N

60N b. ENSO band (2-7 years)b. ENSO band (2-7 years)

Frequency (cycle/yr)
1.21.00.80.60.40.20.0

Niño 3.4Niño 4 Niño 3

2

1

0

-1

-2
-2

-1

0

1

2

SS
T 

A
no

m
al

y 
(˚C

)

Ti
 c

ou
nt

s 
(s

ta
nd

ar
di

ze
d)

201020001990198019701960195019401930192019101900

1997

1992

19831972

1965

1957

1952

1902

1905
1931 19411918

1955 198919501904 1916 1933 r=0.24, p<0.001

a. Before �lteringa. Before �ltering

This article is protected by copyright. All rights reserved.



Figure 2.

This article is protected by copyright. All rights reserved.



0

10

5

3.3

2.5

2

Pe
rio

di
ci

ty
 (y

ea
r)

0

20

40

60

180017001600150014001300120011001000900800700600500400300200100

-4
-3
-2
-1
0
1
2
3

Ti
 c

ou
nt

s 
(s

ta
nd

ar
di

ze
d)

180017001600150014001300120011001000900800700600500400300200100

0.8

0.4
0.0

95 % con�dence level

A
ve

ra
ge

 
in

te
ra

nn
ua

l 
va

ria
nc

e

Years CE (14C chronology)
170016001500140013001200110010009008007006005004003002001000 1800

Years CE (annually tuned chronology)

Years CE (annually tuned choronology)

Years CE (14C chronology)
170016001500140013001200110010009008007006005004003002001000 1800

447 CE
2.2 cm

4

2

0

-2

-4
64
32
16
8

Pe
rio

di
ci

ty
 (y

ea
r)

4
2

EN
SO

 b
an

d
EN

SO
 b

an
d

a.

c.

d.

e.

Date
Layer

Thickness

2

1
0

-1

-2

b.

Floods 279 CE
0.1 cm

53 CE
11.4 cm

660 CE
4.6 cm

772 CE
0.4 cm

1260 CE
3.6 cm

1375 
0.4 cm

1524 CE
4.2 cm

1761
2.8 cm

This article is protected by copyright. All rights reserved.



Figure 3.

This article is protected by copyright. All rights reserved.



1800170016001500140013001200110010009008007006005004003002001000
Years CE (14C chronology)

95 % CL

-4.5

-3.5

-3.0

-4.0

-5.0

c. Yok Balum Cave, Belize

Mean

δ18
O

 (‰
)

Mean

d. AL strength, Mount Logan 
Strong

e. Ti, interannual (2–7 year) variance, SBB

Weak

South

North

ITCZ

AL

Sa
nd

 %

25
15

5

Christmas Island
Palmyra Island

-60
-40
-20
0

-80 %
 C

ha
ng

es
 

in
 2

-7
 y

 
st

de
vr

6

4

2

0

N
a+ 

(p
pb

)

Av
er

ag
e

va
ria

nc
e 1.0

0.6
0.2

700-900 CE
1370-
1540 CE

1800170016001500140013001200110010009008007006005004003002001000
Years CE (14C chronology)

a. Galápagos Lake El Junco, EEP

b. Christmas and Palmyra Islands, CEP

This article is protected by copyright. All rights reserved.



Figure 4.

This article is protected by copyright. All rights reserved.



Theoretical red noise
95 % CL
99 % CL

1370-1540 CE (14C )5-
7 

yr 2-3 yr

0 0.2 0.4 0.6 0.8 1 1.2

Frequency cycle/yr
10-3

10-2

10-1

1

10

102

Po
w

er
a.

5-
7 

yr 2-3 yr

4.0

2.4

700-900 CE (14C)
Theoretical red noise
95 % CL
99 % CL

1

0 0.2 0.4 0.6 0.8 1 1.2

Frequency cycle/yr
10-3

10-2

10-1

1

10

102

Po
w

er

1500

1480

1460

1440

1420

1400

1380

1360

920

900

880

860

840

820

800

0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2

880

860

840

820

800

780

760

740

720

Frequency cycle/yrFrequency cycle/yr

1380

1400

1420

1440

1460

1480

1500

1520

40

30

20

10

0

A
nn

ua
lly

 tu
ne

d 
ch

ro
no

lo
gy

 (y
ea

r)

6.6
5.2

4.03.3
2.3 2.1

1

A
nn

ua
lly

 tu
ne

d 
ch

ro
no

lo
gy

 (y
ea

r)

14
C 

ch
ro

no
lo

gy
 (y

ea
r)

14
C 

ch
ro

no
lo

gy
 (y

ea
r)

b. d.

c.

This article is protected by copyright. All rights reserved.



100E 140E 180 140W 100W

-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4

Niño 3.4Niño 4 Niño 3

Southern
California

Southern
California

Co
rr

el
at

io
n 

co
e�

ci
en

t, 
r

20S

0° 

20N

40N

60N

c.

10-2

10-1

1

10

102

5.3
3.6 2.55.8

2.2
2.4

5.3
4.8

3.6

3.0

2.5
2.4

2.1

10-3

10-2

10-1

1

10

102

Po
w

er

d.

20S

0° 

20N

40N

60N b. ENSO band (2-7 years)b. ENSO band (2-7 years)

Frequency (cycle/yr)
1.21.00.80.60.40.20.0

Niño 3.4Niño 4 Niño 3

2

1

0

-1

-2
-2

-1

0

1

2

SS
T 

A
no

m
al

y 
(˚C

)

Ti
 c

ou
nt

s 
(s

ta
nd

ar
di

ze
d)

201020001990198019701960195019401930192019101900

1997

1992

19831972

1965

1957

1952

1902

1905
1931 19411918

1955 198919501904 1916 1933 r=0.24, p<0.001

a. Before �lteringa. Before �ltering

This article is protected by copyright. All rights reserved.



0

10

5

3.3

2.5

2

Pe
rio

di
ci

ty
 (y

ea
r)

0

20

40

60

180017001600150014001300120011001000900800700600500400300200100

-4
-3
-2
-1
0
1
2
3

Ti
 c

ou
nt

s 
(s

ta
nd

ar
di

ze
d)

180017001600150014001300120011001000900800700600500400300200100

0.8

0.4
0.0

95 % con�dence level

A
ve

ra
ge

 
in

te
ra

nn
ua

l 
va

ria
nc

e

Years CE (14C chronology)
170016001500140013001200110010009008007006005004003002001000 1800

Years CE (annually tuned chronology)

Years CE (annually tuned choronology)

Years CE (14C chronology)
170016001500140013001200110010009008007006005004003002001000 1800

447 CE
2.2 cm

4

2

0

-2

-4
64
32
16
8

Pe
rio

di
ci

ty
 (y

ea
r)

4
2

EN
SO

 b
an

d
EN

SO
 b

an
d

a.

c.

d.

e.

Date
Layer

Thickness

2

1
0

-1

-2

b.

Floods 279 CE
0.1 cm

53 CE
11.4 cm

660 CE
4.6 cm

772 CE
0.4 cm

1260 CE
3.6 cm

1375 
0.4 cm

1524 CE
4.2 cm

1761
2.8 cm

This article is protected by copyright. All rights reserved.



1800170016001500140013001200110010009008007006005004003002001000
Years CE (14C chronology)

95 % CL

-4.5

-3.5

-3.0

-4.0

-5.0

c. Yok Balum Cave, Belize

Mean

δ18
O

 (‰
)

Mean

d. AL strength, Mount Logan 
Strong

e. Ti, interannual (2–7 year) variance, SBB

Weak

South

North

ITCZ

AL

Sa
nd

 %

25
15

5

Christmas Island
Palmyra Island

-60
-40
-20
0

-80 %
 C

ha
ng

es
 

in
 2

-7
 y

 
st

de
vr

6

4

2

0

N
a+ 

(p
pb

)

Av
er

ag
e

va
ria

nc
e 1.0

0.6
0.2

700-900 CE
1370-
1540 CE

1800170016001500140013001200110010009008007006005004003002001000
Years CE (14C chronology)

a. Galápagos Lake El Junco, EEP

b. Christmas and Palmyra Islands, CEP

This article is protected by copyright. All rights reserved.



Theoretical red noise
95 % CL
99 % CL

1370-1540 CE (14C )5-
7 

yr 2-3 yr

0 0.2 0.4 0.6 0.8 1 1.2

Frequency cycle/yr
10-3

10-2

10-1

1

10

102

Po
w

er
a.

5-
7 

yr 2-3 yr

4.0

2.4

700-900 CE (14C)
Theoretical red noise
95 % CL
99 % CL

1

0 0.2 0.4 0.6 0.8 1 1.2

Frequency cycle/yr
10-3

10-2

10-1

1

10

102

Po
w

er

1500

1480

1460

1440

1420

1400

1380

1360

920

900

880

860

840

820

800

0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2

880

860

840

820

800

780

760

740

720

Frequency cycle/yrFrequency cycle/yr

1380

1400

1420

1440

1460

1480

1500

1520

40

30

20

10

0

A
nn

ua
lly

 tu
ne

d 
ch

ro
no

lo
gy

 (y
ea

r)

6.6
5.2

4.03.3
2.3 2.1

1

A
nn

ua
lly

 tu
ne

d 
ch

ro
no

lo
gy

 (y
ea

r)

14
C 

ch
ro

no
lo

gy
 (y

ea
r)

14
C 

ch
ro

no
lo

gy
 (y

ea
r)

b. d.

c.

This article is protected by copyright. All rights reserved.


	Article File
	Figure 1 legend
	Figure 1
	Figure 2 legend
	Figure 2
	Figure 3 legend
	Figure 3
	Figure 4 legend
	Figure 4



