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Abstract 

Previous research has identified the El Niño Southern Oscillation (ENSO) as a main 

driver of North American precipitation west of the Rocky Mountains. ENSO drives a 

precipitation pattern that is best characterized as a dipole, with the dipole centered near 40° N 

and the opposing zones of precipitation anomalies occurring in the Pacific Northwest and 

American Southwest. To explore the long-term spatiotemporal variability associated with the 

ENSO modulated precipitation dipole, 522 western North American tree-ring chronologies were 

screened for sensitivity to instrumental and pre-instrumental ENSO variability and cool season 

moisture, producing two networks of tree-ring chronologies. To asses if the networks of tree-ring 

chronologies yielded a dipole pattern of growth during ENSO events, the instrumental and paleo 

networks of regionalized tree-ring chronologies (north and south of 40ºN) were evaluated based 

on the records of tree-ring growth during ‘moderate’ and ‘extreme’ ENSO event years. Results 

show a majority of tree-ring chronologies may not be sensitive enough to capture ENSO-driven 

climate perturbations, or, at least not on a direct annual event basis, and fail to document a 

related North American dipole pattern. The lacking ability of the tree-ring chronologies to 

resolve a dipole pattern that mimics the ENSO precipitation dipole pattern, supports and is in-

line with previous tree-ring dipole research (Dettinger et al. 1998; Cook et al. 2004; St. George 

2014). Further research using a more extensive network of tree-ring data, with more thorough 

testing for useful ENSO precipitation-correlation thresholds, and additional exploration of the 

spatial extents and climatic windows that may be ideal for detecting the spatiotemporal 

variability of ENSO dipole and could potentially yield more definitive results. 
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1. Introduction 

Patterns of oceanic and atmospheric circulation have teleconnected climate impacts on 

cool-season precipitation within the continental U.S. (Redmond and Koch 1991; Cole 2002; 

Wise 2010; Wise et al. 2015). The El Niño Southern Oscillation (ENSO), perhaps the most 

prominent of all climate modes (Gornitz 2009), influences both the frequency and amount of 

cool-season precipitation (Shabbar et al. 1997; Cayan et al. 1999; Wise 2010; St. George 2014) 

that falls in a dipole-like pattern across western North America (Redmond and Koch 1991; 

Cayan and Webb 1992; Dettinger et al. 1998; Cayan et al. 1999; Wise 2010) throughout the 

period of the instrumental record. The ENSO dipole hinges on a pivoting zone of transition at 

roughly 40° N (Dettinger et al. 1998; Wise 2010), with precipitation anomalies of the opposite 

sign occurring in the Pacific Northwest and American Southwest (Wise 2010). On paleoclimatic 

timescales, precipitation-screened tree ring chronologies have shown a relatively stable north-

south dipole pattern on an interannual (3-7 year) periodicity (Dettinger et al. 1998), which 

suggests a possible relationship with tree-ring growth and ENSO modulated precipitation. It is 

currently unclear if the western North American tree-ring dipole pattern found by Dettinger et al. 

(1998), and documented in subsequent studies (e.g. Woodhouse et al. 2009; Meko et al. 2011) 

can be explicitly linked with ENSO. The most recent research into this matter was limited to the 

instrumental record (1845-2011) and found that while tree-ring chronologies in western North 

America showed a strong association with ENSO, the classic dipole structure evident in analyses 

of instrumental precipitation records was noticeably lacking (St. George 2014). 

This study aims to clarify if the previously identified western U.S. tree-ring dipole, which 

was shown to have implicit links with ENSO (Dettinger et al. 1998), can be explicitly linked to 

ENSO, much in the same way the instrumental records have (e.g. Redmond and Koch (1991), 
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Wise (2010). Previous research that attempted to explicitly link tree ring chronologies with 

ENSO failed to do so, as tree ring chronologies correlated with instrumental ENSO records did 

not exhibit a dipole pattern (St. George 2014). To accomplish the overarching goal of explicitly 

linking a tree-ring dipole to ENSO, this study rigorously and systematically assesses tree-ring 

networks screened for (1) sensitivity to precipitation and (2) sensitivity to ENSO variability by 

identifying any prevalent dipole patterns within the network(s) that occur during ENSO events. 

Due to the long-standing nature of tree ring chronologies, if successful, the results from this 

study could provide a centuries-long context for ENSO-related climate variability, a much longer 

period than the current instrumental records provide. Having this long-term perspective would 

allow for a better understanding of the range and spatiotemporal behavior of precipitation across 

western North America and may even provide new insights into the notable ENSO precipitation 

dipole. 
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2. Background 

The ENSO teleconnection is denoted by three phases: (1) El Niño, (2) La Niña, and (3) 

neutral. The phase of ENSO is determined by the use of one or more indices that track anomalies 

in the tropical Pacific. The Niño 3.4 sea surface temperature (SST) index, one of the most widely 

used indices, is based upon a five-month running mean of equatorial SSTs across a subdivision 

(5°N-5°S, 170°W-120°W). This subdivision is based on the historical ship tracks that have 

formed the basis of SST measurements (Trenberth and National Center for Atmospheric 

Research Staff (Eds) 2016). Index values above a threshold (typically +/- 0.5 deviations from the 

mean) indicate cold (La Niña) or warm (El Niño) events. Neutral conditions occur when the 

index value lies in between the half-deviation thresholds. The Southern Oscillation Index (SOI), 

another prominent ENSO index, tracks the atmospheric component of ENSO by measuring the 

difference in sea level pressure patterns between Darwin, Australia and Tahiti. Positive and 

negative values of the SOI are indicative of La Niña and El Niño phases, respectively. 

The phases of ENSO typically occur every 2-7 years, while individual ENSO events last 

anywhere from 18-24 months, with maximum event amplitude (e.g. peak SSTs in the tropical 

pacific) arising during the winter months (December-February) in the Northern Hemisphere 

(Neelin et al. 2000; An and Wang 2001; Kondrashov et al. 2005; Gergis and Fowler 2009). The 

phasing of ENSO impacts the amplitude of the polar jet stream, which is most active across the 

western U.S. during the cool season (November-March), affecting the timing, location and 

amount of precipitation (Rohli and Vega 2018). During a typical El Niño event, an equatorial 

warm pool flows north and displaces the usually cold California current off the U.S. Pacific 

coast. This displacement results in large scale perturbations in the overlying atmosphere, causing 

the polar jet to dip south towards the equator (Rohli and Vega 2018). This equatorward dip can 
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send the storm track, saturated with tropical moisture, into the American southwest, which leads 

to wetter than normal conditions in the American southwest and drier conditions in Pacific 

Northwest (Rohli and Vega 2018). Typically, the opposite holds true during a La Niña year: the 

polar jet pushes northward over the western U.S., decreasing precipitation over the American 

southwest and increasing over the Pacific Northwest (Wise 2010; Rohli and Vega 2018).  

Over the past four decades, at least a dozen reconstructions of ENSO variability have 

been produced using a variety of paleo indicators, including but not limited to tree rings, corals, 

ice cores, historical records and speleothems. Most of these reconstructions are generated by 

calibrating proxy records located in teleconnected regions with one or more instrumental time 

series (typically an ENSO index) by way of multiple linear regression. In addition, historical 

documents provide additional proxy evidence of ENSO. One of the most notable studies was 

(Quinn et al. 1987). Their research utilized historical documents from five different languages, 

spanning from the earliest parts of the 16th century. El Niño events were then defined using 14 

different qualitative variables (e.g. destruction of buildings, presence of red tide) within the 

historical documentation. Events were then classified by relative strength (e.g. strong, moderate) 

based on the interpreted magnitude of the event from the historical documents.  

Reconstructions of ENSO variability with the highest resolutions stem from annual and 

subannual records of tree-ring width, whereby the growth within the annual tree-ring is reflective 

of teleconnected hydroclimatic variables (e.g. precipitation). One of the first such ENSO 

reconstructions from tree rings was Lough and Fritts (1985), who utilized a North and South 

American tree-ring network of 65 and 33 tree-ring chronologies, respectively, to reconstruct SOI 

from 1600-1961, accounting for 50% of the SOI variance with roughly 20% verified over an 

independent period. Over the next decade, several ENSO indices were reconstructed (e.g. 
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(Michaelsen 1989; D’Arrigo and Jacoby 1991; Stahle and Cleaveland 1993), leading up to the 

Stahle et al. (1998) reconstruction of December-February SOI from 1706 to 1977. They used 21 

tree-ring chronology predictors from the American Southwest, north-central Mexico and Java, 

Indonesia. D’Arrigo (2005) employed 175 tree-ring records from the southwestern U.S. and 

Mexico to produce a December-February reconstruction based on Niño 3.4 SSTs from 1408-

1978. More recently, Li et al. (2013) incorporated 2,222 tree-ring chronologies from the tropics 

and mid-latitudes of both hemispheres to reconstruct November-January Niño 3.4 SSTs from 

1301-2005 — the longest reconstruction of ENSO variability to date. 

ENSO reconstructions have also been based upon annually banded corals. Starting in 

1993, Cole et al. produced an interannual reconstruction of ENSO-related rainfall anomalies 

from four teleconnected regions across the globe. In 2000, Cole used a 194-year annual record 

from a coral near Malindi, Kenya to reconstruct SSTs (3°S, 41°E) with an explained variance of 

47%, which was then compared with variations in the instrumental records of ENSO variability 

(Cole 2000). Evans et al. (2002) reconstructed two leading Pacific SST patterns from a network 

of coral isotopes and found the dominant pattern reflective of ENSO spanning 1607-1990. More 

recently, Wilson et al. (2006) derived the first coral-based reconstruction of SST variability for 

the entire tropics (30°N-30°S), using 14 coral records spanning 1751-1997. They found that the 

high frequency spectral peaks occurred within the classic 2-7 interannual band, suggestive of 

possible ENSO influence(s). 

Over the past few decades, much attention has been focused on the use of multi-proxy 

networks to reconstruct ENSO variability, with the basic premise that combining proxies with 

different paleoclimatic indicators may improve the accuracy and robustness of the reconstruction 

(Li et al. 2010). In 2000, Mann et al. used historical documents, ice cores, coral and 
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dendroclimatic proxies to produce SST variability based on the Niño 3.4 SST index with their 

reconstruction spanning 1650-1980. Later on, Braganza et al. (2009) reconstructed three time 

series of ENSO variability (based on three different ENSO indices) from 1525-1982 using 

empirical orthogonal functions on three coral proxy records from the equatorial Pacific and four 

tree-ring chronologies, as well as one ice core from associated teleconnected regions. Furthering 

the use of multiproxy networks, Wilson et al. (2010) reconstructed two different Niño 3.4 SST 

indices from 1540-1998. These included one reconstruction developed using proxy data from the 

‘center of action’ (COA), defined as the region in the central and eastern Pacific where SSTs are 

positively correlated with prior December to current November Niño 3.4 SSTs, and one 

developed using proxy data from a teleconnection region (TEL), featuring all other tropical areas 

where SSTs are either inversely (e.g. Indonesia to Tonga) or positively (e.g. Indian Ocean) 

correlated with Niño 3.4 SSTs.  

Understanding how ENSO influences hydroclimate across the western U.S. has been an 

active area of research (e.g., Redmond and Koch 1991; Cayan and Webb 1992; Shabbar et al. 

1997; Dettinger et al. 1998; Cayan et al. 1999; Wise 2010). Using correlation analysis, Redmond 

and Koch (1991) examined the relationship of ENSO and surface climate across the western U.S. 

They found cool-season (October-March) precipitation to be most strongly correlated with SOI 

averaged over July-November at two opposing centers of action, the American Southwest and 

Pacific Northwest, respectively. This relationship would serve as the foundation for later 

research into the ENSO precipitation dipole (e.g. Wise 2010). 

 Dettinger et al. (1998) examined the north-south precipitation gradient across the 

western U.S. and analyzed the contribution of the interannual (3-7 year, representative of ENSO 

variability) and decadal (greater than seven years, indicative of a decadal periodicity) bands of 
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variability to zonally averaged precipitation, as well as their relationship to large-scale climatic 

patterns as inferred from gridded SSTs and sea level pressure (SLP) datasets. Using spatial 

empirical orthogonal functions and spatial moments, they found the spatiotemporal north-south 

precipitation dipole was stable across the western U.S. over the 110-year instrumental period and 

fixed on a central latitude of roughly 40°N, across both the interannual and decadal bands.  

Wise (2010) also performed spatial analysis of ENSO-related precipitation variability in 

the western U.S. She analyzed the spatial-temporal patterns of hydroclimate variability in the 

western U.S. as modulated by large-scale modes of climate variability, primarily focusing on 

ENSO. Expanding on the Redmond and Koch (1991) SOI-precipitation relationship, Wise 

(2010) examined monthly precipitation data as modulated by the SOI (ENSO) and two other 

teleconnections, the Pacific Decadal Oscillation and the Atlantic Multidecadal Oscillation. In her 

analysis, Wise (2010) examined spatial patterns of precipitation anomalies and possible phase 

combinations of the three climate modes. She mapped the central latitude between the two 

anomalous poles of a standardized precipitation index (SPI), the Pacific Northwest and the 

American southwest, in three 5-degree longitudinal bands (119-124° W, 114-119° W, 109-114° 

W), using 31-year moving windows. Results showed that west of the Rockies, the central latitude 

is relatively stable, fluctuating between 40-42°N, reaffirming the previous research by Dettinger 

et al. (1998).  

Research into ENSO-driven spatiotemporal precipitation patterns has also been 

undertaken on paleoclimatic timescales. Using the first two precipitation principal components 

from a 29-station network in southern California, Haston & Michaelsen (1997) developed a 400-

year spatial reconstruction of precipitation from 17 tree-ring chronologies dating from 1560-

1964. Each year of the reconstruction was assigned to one of seven possible spatial categories 
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(e.g. north drier, south wetter), dependent on the temporal loadings of the first and second 

reconstructed precipitation principal components (Haston and Michaelsen 1997). They noted the 

first principal component (representative of region wide precipitation) contains spectral peaks in 

the 2-7-year range. This range coincides with the frequency of typical ENSO phases. 

As mentioned above, Dettinger et al. (1998) used climate data from the instrumental 

period to assess the western North American precipitation dipole on interannual and decadal 

bands. To test the stability of the observed spatiotemporal precipitation and circulation patterns 

on a longer timescale, Dettinger et al. (1998) employed 140 tree-ring chronologies dating from 

1708-1965 to obtain zonally averaged tree-ring series corresponding to the instrumental 

precipitation record they had previously used to quantify the spatiotemporal patterns. Results 

showed that the spatial-temporal north-south precipitation structure over western North America 

has indeed been relatively stable for the past several hundred years, fixed on a pivot point at 

approximately 40°N.  

Meko et al. (2011) reconstructed cool-season (November-April) precipitation for 36 

Quercus douglasii tree-ring sites in the Central Valley of California. These moisture sensitive 

tree-ring sites were then regionalized and evaluated for their ability to track north-south gradients 

in precipitation anomaly patterns. Event series were constructed for overall-wet, overall-dry, 

wetter-to-north and wetter-to-south conditions for 1557-2001. They found that five of the wettest 

events occurred during El Niño years, indicative of ENSO modulated precipitation. This study 

reaffirmed the earlier work of Dettinger et al. (1998) by spatially resolving precipitation anomaly 

patterns from moisture-sensitive tree-ring sites. However, the geographic extent used in Meko et 

al. (2011) was confined to the State of California and thus was limited in scale.  
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 In a dendroclimatic review of Northern Hemisphere tree-ring chronologies, St. 

George (2014) correlated tree-ring records with the ENSO Cold Tongue Index (CTI), an 

indicator of basin-wide tropical Pacific SSTs, calculated from mean SST anomalies over the 

contoured region within 6°N-6°S and 180-90°W (Deser and Wallace 1987). Correlation analysis 

revealed a strong majority of the significantly correlated tree-ring chronologies to be positively 

correlated with the CTI, with the highest correlations occurring amongst tree-ring chronologies 

in central and northern Mexico, as well as the American southwest, where the correlations are 

slightly weaker. Despite tree-ring chronologies showing positive correlations with the CTI across 

western North America, the presence of the ENSO dipole was notably absent. 

While the above research on the stability of the spatiotemporal patterns of the ENSO 

dipole is intriguing, these prior studies involving tree-ring chronologies have been constrained by 

a variety of factors, including analyses based on the period of instrumental records (e.g. St. 

George 2014), implicit links with ENSO based on an ‘interannual’ periodicity of 3-7 years (e.g. 

Dettinger et al. 1998), limited to a small geographic extent (e.g. Meko et al. 2011), or used a 

modest number of tree-ring chronologies (e.g. Haston and Michaelsen 1997).  

To date, it is still unclear if a network of western-wide U.S. tree ring chronologies can be 

explicitly linked to variations in ENSO modulated precipitation. While Dettinger et al. (1998) 

used 140 tree-ring chronologies to verify the spatiotemporal stability of dipole across the western 

U.S., linkages to ENSO were indirect and inferred by an interannual periodicity (3-7 years). 

When St. George (2014) attempted to explicitly link tree-ring chronologies with ENSO, his 

network failed to produce a dipole pattern. It is still unknown, as Dettinger et al. (1998) suggests, 

if variations in tree-ring width can be used to extend the history of precipitation patterns into the 

pre-instrumental past. This study attempts to identify tree-ring dipole patterns and explicitly link 
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them to ENSO by rigorously and systematically assessing tree-ring networks screened for (1) 

sensitivity to precipitation and (2) sensitivity to ENSO, and then examining the prevailing 

patterns that occur concurrently with ENSO events, and comparing these patterns to the ‘classic’ 

ENSO precipitation dipole patterns of the instrumental record. To provide a paleoclimatic-

present day perspective, this study makes use of a Niño 3.4 SST paleo reconstruction from 

Wilson et al. (2010; 2011) and the HadISST1 Niño 3.4 SST index from the instrumental record. 

The linkage to ENSO is done on an annual event basis to determine if a network of tree-ring 

chronologies across western North America can be used as an indicator of the ENSO 

precipitation dipole across this region spanning paleoclimatic and instrumental timescales. To do 

so, this study proposes and answers the following questions: Is the western North American 

dipole pattern in the tree-ring data explicitly associated with ENSO? And if so, can the tree-ring 

network be used to document the nature of the ENSO teleconnection pattern over the past 

centuries? To answer these questions, this study first confirms that the Niño 3.4 SST index and a 

reconstruction of Niño 3.4 SSTs are associated with wintertime precipitation over the 

instrumental record, which is explained in section three. This relationship underpins the entire 

premise of this study. Section four presents the results of the analysis, which investigates the 

relationship between the tree-ring network and both instrumental and reconstructed Niño 3.4 

SST indices. In section five, the results are discussed in the context of prior research, and 

alternative methods for identification of tree-ring dipoles is suggested. Finally, in section six, a 

summary of this study is provided. 
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3. Data and Methods 

a. Study area  

The study area (Figure 1), predominantly featuring western North America, was chosen 

due to the modulating effect ENSO has on cool-season precipitation within the region, often 

noted as a dipole between the American Southwest and the Pacific Northwest (Redmond and 

Koch 1991; Shabbar et al. 1997; Cayan et al. 1999; Wise 2010; St. George 2014). The study area 

extent (25-55°N and 109-130°W) is based on the latitudinal and longitudinal bounds used by 

Dettinger et al. (1998) and Wise (2010) and features several hundred tree-ring chronologies west 

of the Rocky Mountains, extending from Mexico to Canada. 

b. Tree-ring data and screening  

Tree-ring measurements from 2,198 North America sites were downloaded from the 

International Tree Ring Data Bank (ITRDB, https://data.noaa.gov/dataset/international-tree-ring-

data-bank-itrdb). Site tree-ring chronologies were then generated by detrending the individual 

tree-ring series using a spline with a 50 percent response wavelength, equal to 100 percent of the 

length of each tree-ring series. These series were then averaged into a site-wide chronology using 

Tukey’s biweight robust mean, with variance stabilization applied resulting in a standardized 

tree-ring index with a stable variance and a mean of one. Values of the tree-ring indices then 

represent the proportion of tree-ring growth for a given year (Cook and Peters 1981). All 

chronology building (i.e. detrending) was done using the R package dplR (Bunn 2008). To 

examine the relationship between the Niño 3.4 SST series and tree-ring chronologies, all 

chronologies were transformed to Z-scores, permitting comparison amongst and between tree-

ring chronologies. A total of 522 chronologies are within the boundaries of the study area (Figure 

1). It is important to note that neither a common period of record nor the sample depth (numbers 
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of series within each chronology) were considered in the screening process.  

For this study, tree-ring chronologies underwent three separate screenings to target those 

that may grow in response to ENSO related precipitation: (1) tree-ring chronologies sensitive to 

December-February precipitation, (2) tree-ring chronologies sensitive to the HadISST1 Niño 3.4 

SST records, and (3) tree-ring chronologies sensitive to the Wilson et al. (2010; 2011) TEL Niño 

3.4 SST reconstruction. The first screening uses the correlation results from St. George (2014) to 

identify and assemble a network of winter moisture-sensitive tree-ring chronologies from the set 

of 522 described above. St. George (2014) used the Climate Research Unit’s TS3.10 global 

precipitation dataset and ring-width data from the ITRDB, to identify chronologies correlated 

with (1) summertime (July-August) precipitation and (2) wintertime (December-February) 

precipitation. To be clear, this study uses the wintertime correlations results (St. George, 

personal communication). Out of the 522 tree-ring chronologies located within the study area, 

those positively correlated with December-February precipitation (p ≤ 0.05) were selected.  

Two additional, separate screenings were then undertaken to identify chronologies that 

were significantly associated with ENSO variability. To assess this, the 522 tree-ring 

chronologies were correlated with a three-month wintertime seasonal window spanning from 

December (t-1) to February (t-0). This three-month ENSO seasonal average is used as a proxy 

for northern hemisphere winter, during which ENSO event amplitude peaks (Neelin et al. 2000) 

Tree-ring chronologies were then selected if they were positively or negatively associated (p ≤ 

0.05) with the December (t-1) to February (t-0) HadIISST1 Niño 3.4 SST instrumental record. In 

addition, the set of 522 chronologies within the study area was also screened to identify those 

that were positively or negatively associated (p ≤ 0.05) with the TEL Niño 3.4 SST 

reconstruction. Details of the ENSO indices are in the next section. 



 20 

 Next, using chronologies from the three aforementioned screenings, two 

composite networks of chronologies were generated: (1) those that met the screening criteria for 

sensitivity to wintertime precipitation and sensitivity to the HadISST1 Niño 3.4 SST index, and, 

(2) chronologies that met the screening criteria for sensitivity to wintertime precipitation and 

sensitivity to the TEL Niño 3.4 SST reconstruction. All methods from this point forward are 

employed amongst these two networks, unless otherwise noted.  

Finally, the tree-ring chronologies from the two networks were divided into those that fell 

north or south of 40° N latitude, as multiple studies note the north-south dipole in ENSO-

modulated precipitation to be relatively stable through time and space (Dettinger et al. 1998; 

Brown and Comrie 2004; Wise 2010), and the dipole transition zone to be latitudinally centered 

near 40°N (Dettinger et al. 1998; Wise 2010). This latitudinal subset created two groupings 

within the HadISST1 and TEL networks, respectively: (1) chronologies north of 40°N and (2) 

chronologies south of 40°N. Dividing the tree-ring networks into these groupings allows for 

possible spatiotemporal detection of the ENSO dipole, as the two regionalized groupings within 

each tree-ring network can then be analyzed and compared for growth patterns that resemble a 

dipole pattern. The regionalized tree-ring networks of the HadISST1 and TEL series can be seen 

in Figures 2a and 2b, respectively, while the winter precipitation and Niño 3.4 SST correlation 

values from the tree-ring chronologies of both networks are shown in the histograms of Figures 

5a (HadISST1) and 5b (TEL). 

c. Instrumental and reconstructed ENSO data  

In order to examine the relationships between ENSO and tree growth, the first step was to 

evaluate relationships between gridded precipitation, and instrumental and reconstructed indices 

of ENSO. This study makes use of the instrumental SOI dataset from the Climate Research Unit 
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at the University of East Anglia and the instrumental Niño 3.4 SST series from the Hadley 

Centre Sea Ice and Sea Surface Temperature data set (HadISST1) (Rayner et al. 2003). The 

HadISST1 Niño 3.4 SST and SOI datasets were trimmed to the common period of 1895-1998 for 

use in the correlation map analysis. For precipitation, this study uses a six-month standard 

precipitation index (SPI) for October–March, and a three-month December–February SPI, 

spanning the years 1895-1998. The SPI data for the continental U.S. were obtained from the 

West Wide Drought Tracker (Abatzoglou et al. 2017). The SPI data were developed from the 

Daly et al. (2008) PRISM gridded dataset, which has a spatial resolution of four kilometers, and 

is considered an “ideal” dataset for resolving the complex climate of the western U.S. 

(Abatzoglou et al. 2017). The SPI datasets were then cropped to the study area (25°-50° N and 

100°-130° W). To facilitate comparisons between these variables and the tree-ring data, all series 

were standardized (i.e. transformed to Z-scores).  

The Wilson et al. (2010; 2011) TEL Niño 3.4 SST reconstruction was utilized as the 

ENSO proxy data (i.e. reconstruction) for this study. This reconstruction was derived from 11 

coral proxies and one ice core record spanning 1540-1998. While many reconstructions of ENSO 

are available, this reconstructed index was selected because of: (1) the relatively long length of 

the series, (2) the fact it is not based upon any tree-ring chronologies (thus preserving dataset 

independence), and (3) the reconstruction skill is relatively high, explaining 63% of the variance 

in the instrumental record (Wilson et al. 2010). Since Wilson et al. (2010) note that their TEL 

reconstruction is most robust starting in 1727, both the reconstruction and tree-ring chronologies 

used in this analysis are truncated starting at 1727.  

In both the instrumental and reconstructed Niño 3.4 SST series, years were classified into 

one of two intensity categories: “moderate” or “extreme.” These events are defined based upon 
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their deviation from the mean. In this case, the deviation threshold for classifying events is based 

upon the same calibration period used for the TEL Niño 3.4 SST reconstruction of Wilson et al. 

(2010), 1929-1979. If the index value fell within a range of +/- 0.5 deviations from the 

calibration period mean and normalized variance, then the event was classified as “moderate”. If 

the index value fell outside of +/- 1.0 standard deviations, then the event was classified as 

“extreme”. Years were then assigned as El Niño or La Niña events when the reconstructed value 

was greater than (El Niño) or less than (La Niña) the standard deviation thresholds. The two sets 

of ENSO event years, for moderate and extreme events, are independent. Additionally, it should 

be noted that the ENSO event definitions used in this analysis are consistent with prior work 

(Mann et al. 2000; McGregor et al. 2010; Stocker et al. 2013).  

d. Spatial patterns of ENSO and precipitation 

 Because SST-based proxy data were used in this study, the spatial pattern 

associated with the well documented seasonal relationship for SOI [e.g. Redmond and Koch 

(1991)] was also confirmed for the instrumental Niño 3.4 SSTs for the same seasonal intervals 

(e.g. June-November SOI and October-March precipitation) and the Niño 3.4 SST 

reconstruction, using correlation maps. In addition, correlations maps for instrumental and 

reconstructed Niño 3.4 SST indices and the gridded SPI were generated for the three-month 

season December-January-February, as this was the seasonal basis for tree-ring chronology 

selection. Table 2 summarizes the sets of months used for ENSO indices and SPI. Comparisons 

of the correlation maps shown in Figure 3a-3d confirm that the same general ENSO dipole 

pattern exists using the aforementioned seasonal climate windows, and instrumental and 

reconstructed Niño 3.4 SST indices.  
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e. Relationships between tree-ring chronologies and ENSO 

The first analysis was undertaken to determine if there was a statistical relationship 

between western tree-ring growth in North America and ENSO, in a general sense. Correlation 

analyses between the tree-ring chronologies and the ENSO indices were performed, with the 

correlations based upon the annual average of all ring-widths in either region (north or south of 

40° N) and the Niño 3.4 SST values from the HadISST1 (1870-1998) and the TEL Niño 3.4 SST 

series (1727-1998). These correlations provide an overarching view of the relationship between 

the regionalized chronologies and ENSO. Additionally, to provide a broader understanding of the 

climate signals imbedded within the tree-ring chronologies, the winter precipitation/Niño 3.4 

SST correlation values were plotted as histograms. 

f. Methods for Detecting the ENSO Dipole  

To assess if the HadISST1 and TEL tree-ring chronology networks document the ENSO-

related precipitation dipole through space and time, two different approaches were taken. The 

first approach addressed the simple question: ‘does tree growth in the two regions (north or south 

of 40° N), reflect the difference in mean growth expected under typical El Niño and La Niña 

years?’ The second approach asks; ‘do either of the two networks of tree-ring chronologies 

reflect the spatial patterns of the growth anomalies characteristic of the ENSO dipole pattern?’  

To address the first question, a paired, two-tailed t-test on the difference between the 

means of the standardized ring-widths for the screened (for both winter precipitation and ENSO 

sensitivity) chronologies in the two regions was conducted. The means between chronologies in 

the two regions (north or south of 40° N) were compared for two classifications (moderate or 

extreme intensities) of ENSO event years (El Niño or La Niña). The means were calculated by 

averaging all annual ring-width values for a given ENSO event year, for each region, resulting in 



 24 

two average ring-width values: (1) the ENSO event year mean north of 40° N and (2) the ENSO 

event year mean south of 40° N. Once the mean values for each event year were calculated, the t-

test was then employed on the paired means amongst all El Niño or La Niña event year means. A 

difference in the means would be established if the result of the t-test was significant (p ≤ 0.05). 

If a tree-ring dipole structure reflective of the ENSO precipitation dipole was apparent, then the 

difference between the means of the standardized tree-ring chronologies in the two regions 

should be statistically significant during sets of El Niño or La Niña event years.  

The second approach also utilized the HadISST1 and TEL tree-ring networks to 

determine if the sign of growth and spatial pattern of responses corresponded to La Niña and El 

Niño events as would be expected under the ENSO the precipitation dipole. Specifically, counts 

were made of the number of tree-ring chronologies based on the proportion of El Niño (or La 

Niña) years in which growth was positive (above the mean, Z > 0), relative to all El Niño (or La 

Niña) event years. The proportion was determined for each chronology and classified into three 

classes (0.0-0.4 = “low”, 0.4-0.6 = “average” and 0.6-1.0 = “high”). Counts were made for each 

set of event years (El Niño and La Niña event years for the moderate and extreme classes). In 

other words, the proportion classifications are relative measures of a tree-ring chronology’s 

respective above-mean growth during La Niña or El Niño years. For example, if there are 13 

possible El Niño events during the period of the index used to define ENSO events, but a tree-

ring chronology was only living for 10 of those 13 possible events and showed above mean 

growth during seven of those 10 events for which it was living, then the proportion would be 

calculated as 7/10 = 0.70 = “high”. Essentially, this proportion is a percent of total, and serves as 

a proxy for the magnitude of above mean chronology growth during ENSO events for which the 

chronology was recording tree growth. Once these proportion were established, tree-ring 
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chronologies assigned to the either the “low” or “high” classes were mapped, overlaid upon the 

ENSO precipitation dipole pattern described in Redmond and Koch (1991) and visualized by 

Wise (2010). The overall pattern of chronologies was then visually assessed to see if the pattern 

of growth amongst chronologies resembled the pattern of the ENSO precipitation dipole. For 

example, during La Niña events, it would be expected that a tree-ring dipole mimicking the La 

Niña precipitation dipole would yield a majority of chronologies south of 40° N to be classified 

as “low” while a majority north of 40° N to be classified as “high”, while the opposite would be 

expected during El Niño events. 
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4. Results 

a. Tree-ring chronology screening  

The screening process for this study was designed to identify tree-ring chronologies in 

western North America that were (1) positively correlated with winter (December-January) 

precipitation and (2) either positively or negatively associated with ENSO variability reflected in 

the HadISST1 Niño 3.4 SST instrumental index and the Wilson et al. (2010; 2011) TEL 

reconstruction. Results from these screenings are shown in Table 1, with counts of chronologies 

that met the screening criteria (see section 3b) tallied. The largest number of chronologies are 

those screened for sensitivity to wintertime precipitation (232). The HadISST1 Niño 3.4 SST 

screening resulted in 125 total chronologies, with 123 of those yielding a positive association and 

only two of chronologies yielding a negative association. Chronologies common to both 

screenings (precipitation and HadISST1 Niño 3.4 SSTs) totaled 70. The chronologies from the 

TEL Niño 3.4 SST screening total 77, with two of those showing a negative association and 75 

positive. Those chronologies common to both (precipitation and the TEL Niño 3.4 SST 

reconstruction) screenings totaled 64. 

A final screening step separated the chronologies into those located north or south of 40° 

N. For the precipitation and the HadISST1 Niño 3.4 SST screening, there are more chronologies 

south of 40° N (189 and 71, respectively) than those north of 40° N (43 and 54, respectively). 

The set of chronologies common to both the HadISST1 Niño 3.4 SSTs and December-February 

precipitation sensitivity totaled just seven for the region north of 40° N and a much greater 

number, 63 south of 40° N. The pattern is similar for the TEL Niño 3.4 SST reconstruction 

screening, with 19 chronologies north of 40° N and 58 south of 40° N. This same southward-

skewed pattern continues within the tree-ring chronology network sensitive to both the TEL 
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Niño 3.4 SST reconstruction and winter precipitation (three north of 40° N and 61 south of 40° 

N. The final results from the screening steps are summarized in Table 1 and shown in Figures 2a-

2b. 

b. ENSO index/regional precipitation relationships 

The association between ENSO and western North American precipitation is well 

established; June-November SOI has been found to be strongly associated with October-March 

precipitation (Redmond and Koch 1991; Wise 2010). Because SST-based proxy data were used 

in this study, the spatial pattern associated with this seasonal relationship for SOI was also 

confirmed for the instrumental Niño 3.4 SSTs using the same seasonal intervals. The relationship 

between ENSO and the three-month SPI for December-February was also examined, as this was 

the seasonal basis for tree-ring chronology selection, and the span during which ENSO event 

amplitude peaks. Comparisons, using correlation maps, are shown in Figures 3a-3d. A 

comparison of the correlation maps for June-November SOI and October-March SPI (Figure 3a) 

and the June-November Niño 3.4 SST index and the same SPI seasonal interval (Figure 3b) 

indicates a close match between the two measures of ENSO variability, with a slightly smaller 

coverage of significant correlations north of 40° N when the HadISST1 Niño 3.4 SST series is 

utilized (Figure 3b). The correlation pattern between December-February Niño 3.4 SSTs and 

December-February SPI is slightly weaker in overall correlations with a larger significant (p ≤ 

0.05) region in the north and a slightly reduced area with significant correlations in the south 

(Figure 3c), when compared to the pattern for the six-month SPI (Figure 3b). Finally, in Figure 

3d, the TEL Niño 3.4 SST proxy record is correlated with December-February SPI. This 

correlation map shows a much reduced area of significant correlations in both the north and 

south regions, and weaker correlations when compared to the three-month December-February 
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HadISST1 used in Figure 3c. Overall, this set of maps indicates a general agreement between the 

patterns of ENSO variability (HadISST1 Niño 3.4 SSTs and the TEL series) and SPI for two 

seasons (the six-month cool season and the three-month winter season), though the strength and 

size of the significantly associated extents both show decreases when compared to the classic 

Redmond and Koch (1991) ENSO dipole pattern shown in Figure 3a. This result is especially 

noticeable when this classic dipole pattern (Figure 3a) is compared to the TEL series (Figure 3d).  

c. Classification of ENSO events 

In this analysis, the relationships between annual ENSO events and the screened tree-ring 

networks were evaluated for two intensity levels of ENSO events, extreme and moderate. The 

frequency of El Niño and La Niña events for the instrumental and reconstructed series for the 

two classes are shown in Table 3. Unsurprisingly, when moderate or extreme ENSO events are 

totaled (e.g. adding both El Niño and La Niña events) for each series, the TEL reconstruction 

(1727-1998) total is always greater than the shorter HadISST1 series (1870-1998). However, 

when the numbers of events types are compared for the two records, the TEL series records 

fewer extreme La Niña events (17) than the shorter HadISST1 (21 events). This result is due to 

the differing distribution of the data in the base period used to determine the standard deviation 

(1925-1979), upon which thresholds of the moderate and extreme events are based (Figures 5a-

5b). This difference in distribution also results in the skewed number of extreme TEL El Niño 

events (60) and La Niña events (17) (Table 3). The distributions of the calibration series, 

overlaid on the full period of each series, along with the defining event thresholds, is shown for 

both the HadISST1 and TEL series in Figures 4a and 4b, respectively.  
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d. Examining the general relationship between ENSO and tree-ring growth  

In order to assess the sign and strength of the association between ENSO and tree-ring 

growth, correlation analyses was performed on the regional average of all chronologies for the 

two regions (north and south of 40° N) and the two ENSO series. Results are shown in Table 4. 

Most noticeably, correlations are significant and positive for both regions (north and south of 40° 

N), for both theHadISST1 and TEL indices. Also, common among both the HadISST1 and TEL 

results are that chronologies south of 40° N are more strongly associated with Niño 3.4 SSTs 

than those chronologies north of 40° N. For example, for the HadISST1 tree-ring network, the 

correlation values are r = 0.29 north of 40° N compared to r = 0.43 south of 40° N, while the 

TEL tree-ring network yields correlation values of and r = 0.31 north of 40° N and r = 0.34 south 

of 40° N. The histograms of both tree-ring networks showing the winter precipitation and Niño 

3.4 SST correlation values are shown in Figures 4a-4b and reveal much of the same: that a strong 

majority of tree-ring chronologies yield positive associations with ENSO, while interestingly, the 

TEL tree-ring network shows a wider range in the distribution of the associations with both the 

winter precipitation and Niño 3.4 SST values.  

e. Detecting the ENSO dipole  

To address the question: ‘does tree-growth in the two regions (north and south of 40° N ), 

reflect the difference in mean growth expected during El Niño and La Niña years?’, a paired, 

two-tailed t-test on the difference between the means of the standardized ring-widths for all of 

the chronologies (screened for both precipitation and ENSO sensitivity) for each of two regions 

(north and south of 40° N ) and for the two classifications of ENSO event years (El Niño or La 

Niña) was performed. Recall that the paired, difference of the means, two-tailed t-test, tests for 

evidence of the ENSO dipole by calculating the differences between the annual means of the 
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standardized tree-ring widths across all chronologies between the two regions: north and south of 

40° N. As mentioned, this test was performed for both ENSO event classifications. For the most 

part, results from Table 5 do not support evidence of a tree-ring dipole related to ENSO events, 

regardless of their classification. However, the result are nearly significant at p ≤ 0.05 during 

extreme HadISST1 La Niña years, suggesting that during these event years, differences in mean 

tree growth between the two regions approaches a significant difference (p = 0.06).  

To address the second question: ‘do the two networks of tree-ring chronologies reflect the 

spatial patterns of the growth anomalies characteristic of the ENSO dipole pattern?’, counts were 

made of number of tree-ring chronologies based on the proportion of El Niño (or La Niña) years 

in which growth was positive, relative to all El Niño (or La Niña) event years of which that 

chronology has records. All tree-ring chronologies sensitive to both winter precipitation and 

ENSO variability were classified into one of three proportion categories (“low”, “average” or 

“high”), calculated (for each chronology) by dividing the total count of above-average ring-

widths by the total number of ENSO events for which the chronology was recording tree growth. 

These totals are tallied in Table 6, while the “low” and “high” proportions are subsequently 

mapped in Figures 6a-6b and 7a-7b. Results reveal that four of eight tree-ring chronology 

groupings have a greater number of average chronologies than those belonging to the low or high 

classes. During both moderate and extreme HadISST1 El Niño events, there are more 

chronologies in the “high” class, indicating that a majority of tree-ring chronologies are showing 

above average growth. Additionally, during extreme HadISST1 and TEL La Niña events, more 

tree-ring chronologies are classified as low than any other class, indicating a majority of 

chronologies under these parameters are growing less than average (Table 6). Because so few of 

the screened chronologies fall in the northern region, this analysis is not especially illuminating, 
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and results cannot be interpreted robustly. Even so, there is no suggestion of any dipole pattern. 

It is clear from all maps (Figures 6a-6b and 7a-7b) that a majority of chronologies south of 40° N 

respond as would be expected under the classic ENSO precipitation dipole. North of 40° N, there 

are too few chronologies to fairly drawn an inference on the behavior of tree growth within this 

large geographic region. One result that does emerge is that tree-ring chronologies from the 

HadISST1 network under extreme ENSO events seem to better reflect what would be expected 

under the ENSO precipitation dipole than those under moderate events. For example, during 

moderate HadISST1 La Niña events, there are only 17 chronologies (~24% of all chronologies) 

in the high class, but during extreme HadISST1 La Niña events 61 chronologies (~87% of all 

chronologies) fall within the low class, indicating a greater proportion of chronologies are 

growing less than average during extreme La Niña events, when rainfall is also below average. 

Despite the strong ENSO-matching signal in tree-ring chronologies south of 40° N, mapping by 

proportions, overall, does not yield any tree-ring dipole pattern amongst the HadISST1 or TEL 

chronology sets. 
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5. Discussion 

This analysis used annually resolved, event-based methods to determine whether winter 

moisture-sensitive tree-ring chronologies from across western North America, exhibited growth 

patterns during ENSO event years that resembled the pattern of the ENSO precipitation dipole 

(e.g. Redmond and Koch 1991; Wise 2010). The networks of tree-ring chronologies used in this 

analysis were developed by selecting chronologies that were significantly and positively 

associated with December–February precipitation, as well as significantly associated with (1) an 

instrumental record of ENSO, the HadISST1 Niño 3.4 SST index (1870-1998), and (2) a proxy 

record of ENSO, the Wilson et al. (2010; 2011) TEL Niño 3.4 SST reconstruction (1727-1998). 

Chronologies common to both the HadISST1 Niño 3.4 SST and winter precipitation screenings 

totaled 70 (seven north of 40° N and 63 south of 40° N), while those chronologies that met both 

the precipitation and TEL Niño 3.4 SST reconstruction screenings totaled 64 chronologies (three 

north of 40° N and 61 south of 40° N) (Table 1). Of note is the fact that a majority of tree-ring 

chronologies show a significant, positive association with ENSO: 123 compared to two for the 

HadISST1 screening and 75 compared to two for the TEL screening. Additionally, very few of 

the chronologies identified to be both winter-moisture limited, and ENSO-sensitive are located 

north of 40° N. This outcome, based on the original set of 522 chronologies available for this 

study, results in obvious limitations which will be discussed below. For brevity, throughout this 

section, these two networks of chronologies will be referred to as the HadISST1 and TEL 

networks, respectively.  

The analyses of the HadISST1 and TEL tree-ring chronology networks were analyzed to 

first, identify the strength and sign of associations between mean regional tree growth (north and 

south of 40° N) and annual ENSO variability, and then to investigate whether an ENSO-related 
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dipole was evident. Previous work has documented a tree-ring chronology dipole (e.g. Dettinger 

et al. 1998; Woodhouse et al. 2009; Meko et al. 2011), and an ENSO teleconnection pattern 

characterized by a dipole (e.g., Redmond and Koch 1991), but few analyses, with the exception 

of St. George (2014), have directly tested whether the tree-ring chronology dipole is related to 

ENSO. 

More specifically, analyses were performed to (1) examine the general relationship of the 

two sets of chronologies and ENSO variability, (2) determine if tree-growth across all tree-ring 

chronology sites in the two regions reflect the expected growth anomalies when averaged for the 

El Niño and La Niña years, and (3) to determine if the sign of growth and spatial pattern of 

chronology growth corresponded to La Niña and El Niño events as would be expected under the 

ENSO the precipitation dipole. In general, the tree-ring chronologies used in the HadISST1 and 

TEL networks are positively associated with ENSO (Table 4). This positive association is 

roughly the same across both sets and both regions, with correlation values hovering near r = 

0.30, with the exception of HadISST1 chronologies located south of 40° N yielding a correlation 

of r = 0.43. This positive association is further revealed in the histograms of Figures 5a-5b. 

These positive associations may at first glance seem surprising, but this pattern has been 

illuminated by prior research and is discussed more in-depth below. 

In the assessment of the differences in mean growth during ENSO event years, north and 

south of 40° N, it is expected that results from t-testing would satisfy the alpha level of p ≤ 0.05 

if the sets of chronologies displayed a ‘tree-ring dipole’ that similar to the ENSO related 

precipitation dipole noted in the literature (e.g. Redmond and Koch 1991; Wise 2010). However, 

results from Table 5 indicate that neither the HadISST1 nor TEL networks meet the significance 

level (p ≤ 0.05), and thus do not display a pattern of tree-growth that is similar to that of the 
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ENSO precipitation dipole. Though the results are not significant, under HadISST1 extreme La 

Niña events, the resulting value of 0.06 (Table 5) falls just beyond the confines of the alpha level 

(p ≤ 0.05). Although a dipole pattern is not supported by these results, there is a suggestion that 

during the 21 extreme La Niña events of the instrumental period, the mean tree growth for the 

two regions may be significantly different. However, this result cannot be interpreted broadly, as 

there are very few chronologies (only seven) located in the northern region 

 More generally, the lack of significant results may be explained by the underlying 

distribution of the data. The full dataset (Figure 1) is heavily weighted towards the southern 

region, and subsequent screening for precipitation and ENSO sensitivity furthers this sentiment 

(Table ; Figures 2a-2b). Since the majority of chronologies in both the HadISST1 and TEL 

networks are south of 40° N, and it is common knowledge that a majority of chronologies in the 

American Southwest are from trees that are strongly moisture-limited, the winter (December-

February) precipitation/ENSO signal is particularly strong in this region.  

Converting all tree-ring chronologies within the HadISST1 and TEL networks to 

proportions, by dividing the count of positive event years from each chronology by the count of 

the total ENSO event years from that respective chronology, creates a standardized scale that is 

more easily classified into the ordinal classifications of “low”, “average”, or “high”, than if 

instead, the Z-scores values from each chronology were simply averaged amongst all the 

respective ENSO events of which that chronology was living. Mapping of the proportion values 

from HadISST1 network of chronologies reveals no clear dipole pattern (Figures 6a-6b), though 

the number of chronologies in both the “low” and “high” classes are few, and, as mentioned 

above, the distribution of the chronologies heavily skewed towards the southern region (Figure 

2a). The chronologies south of 40° N generally match the pattern of ENSO-related precipitation 
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(e.g. yielding a “low” proportion during La Niña events), and this pattern becomes even more 

pronounced during extreme ENSO events (Figure 6b). Mapping of both the moderate and 

extreme TEL networks of chronologies yields patterns that mostly resemble those of the 

HadISST1 network, though the pattern of increasing coherency amongst chronologies when 

moving from moderate to extreme events is not as evident (Figures 7a and 7b). Additionally, the 

tree-ring chronologies from the TEL network are heavily skewed toward the south (Figure 2b), 

as is the case with the HadISST1 network. When comparing the two distinct sets of maps 

(Figures 6a and 6b compared to Figures 7a and 7b), two similarities emerge: 1) the distribution 

of chronologies falling within the bounds of the “low” or “high” classes are skewed towards the 

south, and 2) all chronologies, regardless of their region, seem to be positively associated with 

ENSO. This finding, that the chronologies within each set (HadISST1 and TEL), are positively 

associated with ENSO variability is reinforced by the results of correlating the annual average of 

all ring-widths from each region with the HadISST1 index and the TEL reconstruction (Table 4) 

and the histograms of the correlation value distributions (Figures 5a-5b). These results show 

significant (p ≤ 0.05), positive associations with Niño 3.4 SSTs, with the weakest correlation 

value occurring in the HadISST1 network of chronologies north of 40° N (r = 0.29) and the 

strongest south of 40° N (r = 0.43). Distributions of the correlations with winter precipitation and 

Niño 3.4 SSTs are shown in the histograms of Figures 4a-4b and further illuminate the positive 

association that the screened networks of chronologies have with ENSO. 

These results collectively indicate that a tree-ring dipole pattern reflective of the well-

known ENSO precipitation dipole cannot be detected, even though the chronologies used in this 

study have undergone initial screening for both sensitivity to winter precipitation and ENSO 

variability. Initially this may seem surprising, and in some circumstances, even contrary to 
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common intuition. However, when St. George (2014) examined the relationship between tree-

ring records and the Cold Tongue Index (a measure of ENSO variability), he specifically noted 

the absence of any dipole pattern, explaining that the majority of trees along the Pacific Coast, 

extending from southern California to southern British Columbia, show predominantly positive 

associations with the Cold Tongue Index. This interesting, positive association with ENSO in 

northern tree-ring chronologies is primarily rooted in ENSO-modulated snowpack, which 

influences the onset of cambial growth (St. George 2014). For example, during El Niño, less 

snow is deposited in the Pacific Northwest, thereby leading to an enhancement of tree growth via 

the earlier onset of cambial growth (St. George 2014). At the same time, moisture-limited trees 

in the southwest are enhanced by the increases in El Niño modulated precipitation. These two 

mechanisms of growth enhancement cancel each other out, negating any detection of a dipole-

like structure across the North American west. Opposite relationships occur during a La Niña 

year, leading to growth suppression mechanisms in both regions. However, in this study, only 

precipitation tree-ring chronologies positively associated with winter precipitation and 

significantly associated with Niño 3.4 SSTs were analyzed. This means the lack of a tree-ring 

dipole structure is more than likely due to: (1) the relatively weaker precipitation correlations of 

Pacific Northwest trees, (2) the smaller sample size of the region north of 40° N, and (3) the 

ENSO and onset of cambial growth relationship described above.  

Another possible reason for the lack of an explicit tree-ring dipole may be entrenched in 

the values of the HadISST1 and TEL series themselves. For example, in looking at Figure 3, it is 

evident that dipole patterns of the December-February HadISST1 (Figure 3c) and the December-

November TEL series (Figure 3d) are different then the well-known dipole pattern first 

documented by Redmond and Koch (1991) (e.g. Figure 3a). Particularly in the case of the TEL 
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proxy series (Figure 3d), the dipole pattern resulting from areas of significant association 

between December-February precipitation and ENSO is smaller and weaker when compared to 

the instrumental record (Figures 3a-3c). These weaker correlation patterns and the markedly 

smaller dipole of the TEL series may help explain the finding that the much longer TEL series 

reflected a slightly smaller count of chronologies within TEL chronology network (64) compared 

to the HadISST1 network (70), as well as the lack of significance in the t-tests (Table 5). The 

difference between the classic ENSO precipitation dipole and the TEL dipole pattern may also 

lend credence to the lower (i.e. closer to significance) values that occur during HadISST1 

extreme La Niña events (Table 5). The findings of this study may appear to contradict the 

apparent tree-ring dipole noted in Dettinger et al. (1998), however, their approach was notably 

different in that any link between chronology growth and ENSO was implicitly implied by an 

interannual band of 2-7 years, whereas this analysis uses a ‘band’ of one year. Additionally, 

Dettinger et al. (1998) hand-picked tree-ring chronologies that they thought would be sensitive to 

ENSO, whereas this study used a systematic and arguably more rigorous approach for 

chronology selection. Furthermore, it is highly unlikely that the dipole evident within the tree-

ring network of Dettinger et al. (1998) was solely related to ENSO modulated precipitation, or 

even precipitation at all (though precipitation is obviously a very important factor in tree-ring 

growth). Even if the tree-ring chronologies used in this study exhibited a clear, direct response to 

ENSO variability, any direct response would be ‘diluted’ by the fact that trees simply are not rain 

gages and as such, are imperfect recorders of precipitation, whether the precipitation influencing 

tree growth is modulated by ENSO or not. 

Another large limitation of this study is underpinned by the use of the dendroclimatic 

data provided by St. George (2014). The data generated from St. George (2014) and 
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subsequently used in this study consists of December-February precipitation correlated with 

annual tree-ring growth. This three-month precipitation season is much shorter than the six-

month October-March SPI dataset and could be leaving out other monthly records of 

precipitation that may be equally or more important to the growth of annual tree-rings across 

chronologies. It would be interesting, and perhaps add to the robustness of this analysis, if tree-

ring-precipitation screening was based on localized correlations using the same October-March 

precipitation season as the SPI dataset. Future analysis should further focus on finding the ideal 

climatic windows for tree-ring growth and should even consider using different climatic 

windows for different locations (e.g. the timing of climatic variables related to tree-ring growth 

north and south of 40° N is not always the same).  

Additionally, the tree-ring network may be too spatially-sparse to yield a tree-ring dipole 

pattern. There is no question that in this analysis, the sheer number of tree-ring chronologies 

south of 40° N is much greater than those north of 40° N; however, the total number of 

chronologies should not necessarily preclude evidence of a dipole structure, unless the 

chronologies themselves are not located within the centers of action of their respective regions. 

This appears to be a factor, as Figures 5a-5b and 6a-6b show a small number of chronologies 

with “low” or “high” classifications not always occurring within the centers of action (e.g. 

shaded areas bordered by black lines). Supporting this idea, prior research focused within the 

western U.S. has shown the centers of action during La Niña drought years are spatially variable, 

and may undergo systemic shifts (Cole 2002). Future analyses into the tree-ring dipole should 

incorporate more tree-ring chronologies, which could then ideally allow analysis of tree-ring 

chronologies within the centers of action. This was another weakness of this study, as selecting 

only those chronologies within the centers of action would further reduce the already paltry 



 39 

sample populations of this study, particularly of those north of 40° N. Future analyses should 

also consider annual averaging amongst tree species, as has been previously done for trees in the 

Pacific Northwest (e.g. Meko et al. 1993; Dettinger et al. 1998). Averaging amongst species in 

certain regional areas may also help constrain the wide-ranging correlation values seen in this 

study (e.g. Figures 5a-5b). Incorporating certain thresholds for the association between climate 

variables (e.g. ENSO variability, precipitation) and tree-ring growth into the screening process 

may also help illuminate any tree-ring dipole in future analyses. Ultimately, the design of the 

tests and the underlying sample population may be at fault as well. For example, Wise (2010) 

resolves the ENSO dipole using gridded SPI. This precludes the analysis from dealing with 

spatial inconsistencies and changing sample sizes, as the overlying SPI grid is stationary through 

time, even if climate station time series are non-stationary, as the grid is based on interpolation.  

The findings of this study show that overall, the networks of western North American 

tree-ring chronologies (both the HadISST1 and TEL networks) used in this study are positively 

associated with ENSO (Table 4) and thus, the networks are not good indicators of the ENSO-

modulated precipitation dipole, as evidenced by the non-statistically significant t-tests. However, 

this does not mean that tree-ring chronologies cannot be reliable recorders of ENSO modulated 

precipitation, as a minority of chronologies used in this study most certainly are, and have even, 

been used in previous reconstructions of ENSO variability (e.g. Stahle et al. 1998). 

This research reaffirms the previous findings of Cook et al. (2004), St. George et al. 

(2010) and St. George (2014): a clear, explicit tree-ring dipole, within a large-scale tree-ring 

network, that yields a pattern similar to the ENSO precipitation dipole does not exist, at least 

using these tree-ring chronology data within the screened HadISST1 and TEL networks. 
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6. Summary 

 This study sought out detection of an ENSO-related tree-ring dipole by examining 

growth patterns within two networks of western North American tree-ring chronologies during 

ENSO event years of the instrumental and pre-instrumental past. To accomplish this, 

chronologies were selected and compiled into networks if they were sensitive to both wintertime 

(December-February precipitation) and 1) either the Niño 3.4 SST index, or 2) the Wilson et al. 

(2010; 2011) teleconnected (TEL) Niño 3.4 SST reconstruction. The instrumental record 

(HadISST1) and the reconstruction (TEL) were then used to define and classify El Niño and La 

Niña years into two relative categories of intensity, “moderate” and “extreme”. Tree-ring 

chronologies corresponding to the sets of ENSO years from the above intensity classifications 

were then tested for presence of a dipole structure by regionalizing the tree-ring chronologies 

from each network at 40°N, the latitude that has been previously identified as a hinge point for 

the ENSO dipole structure (Dettinger et al. 1998; Wise 2010). The expected growth response to 

the ENSO dipole was then assessed using t-tests, correlation analyses and visually analyzing 

tree-ring chronologies mapped based on their proportion of above mean growth during ENSO 

event years. Neither the t-tests nor mapping by proportions produced a significant dipole 

structure that resembled the classic ENSO precipitation dipole structure (e.g. Redmond and Koch 

1991, Wise 2010). However, correlation analyses between the mean growth of all chronologies 

and the three-month Niño 3.4 SST value (from either the HadISST1 or TEL series) yields a 

positive association across both regions. Overall, this study does not find an explicit link between 

tree-ring growth and precipitation during ENSO event years and finds that a majority of tree-ring 

chronologies are positively associated with ENSO. These findings are in line with previous 

research (e.g. Dettinger et al. 1998; Cook et al. 2004; St. George 2014).  
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Further research attempting to resolve a tree-ring dipole within western North America 

should focus on acquiring more tree-ring chronologies north of 40° N, finding the ideal climate 

windows for tree-ring chronologies to yield growth that is related to ENSO variability and 

experimenting with other ENSO reconstructions. Additional studies may also find it useful to 

detrend tree-ring series by a spline length that better encapsulates the interannual band of ENSO 

variability. 
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7. Tables 
 
 
Table 1. Total number of tree-ring chronologies post-screening. Numbers of tree-ring 
chronologies significantly (p < 0.05) correlated with December-February precipitation, Niño 3.4 
SSTs, and both, 1895-1998. Counts are for the entire study area, and separated into the regions 
north and south of 40° N.  
 

Variable 
Total # of 
Chronologies Total # North of 40° N  Total # South of 40° N  

Dec-Feb Precipitation 232 43 189 

HadISST1: Niño 3.4 SSTs 125 54 71 

Both 70 7 63 

TEL: Niño 3.4 SSTs 77 19 58 

Both 64 3 61 
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Table 2. ENSO indices. ENSO indices used in correlations with gridded SPI, and seasons used 
in each set of correlations. Analyses covered the period 1895-1998.  
 

ENSO Index Months for ENSO indices Months for SPI 

SOI Jun-Nov Nov-Mar 

HadISST1 Niño 3.4 SST Index Jun-Nov, Dec-Feb Nov-Mar, Dec-Feb 

Wilson et al. (2010; 2011) TEL Niño 3.4 SST 
Reconstruction Annual (based on Dec-Nov) Dec-Feb 
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Table 3. Classification of ENSO Events. El Niño and La Niña events for the instrumental 
(HADlSST1,1870-1998) and reconstructed (TEL, 1727-1998) series, divided into moderate and 
extreme event years.  
 

  Moderate Events Extreme Events 
  El Niño (n) La Niña (n) El Niño (n) La Niña (n) 

HadISST1 15 27 24 21 

TEL 32 46 60 17 

 
  



 46 

Table 4. Correlations between tree-ring chronologies and ENSO. The annual average of all 
ring-widths (from all tree-ring chronologies), north and south of 40° N) correlated with the 
December-February HadlSST1 Niño 3.4 SST index (1870-1998) and the November-December 
TEL Niño 3.4 SST reconstruction (1727-1998).  
 

  North of 40° N  South of 40° N  
  Corr. P-value Corr. P-value 

HadISST1 0.29 9.56E-04 0.43 3.91E-07 

TEL 0.31 4.37E-04 0.34 1.08E-04 
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Table 5. T-tests of the difference in the means. Significance (p-values) is reported to evaluate 
the difference between the means for chronologies north and south of 40° N for moderate and 
extreme El Niño and La Niña event years of the two Niño 3.4 SST series.  

 
 

HadISST1 Moderate HadISST1 Extreme 
  El Niño  La Niña    El Niño  La Niña  

P-value 0.74 0.77 P-value 0.92 0.06 

TEL Moderate TEL Extreme 
  El Niño  La Niña    El Niño  La Niña  

P-value 0.70 0.26 P-value 0.30 0.67 
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Table 6. Counts of tree-ring chronologies classed by proportion of above mean growth. For 
each set of event years, tree-ring chronologies were classified based on their proportion of years 
with above average growth into one of three categories: “low,” “average,” or “high.” The counts 
of tree-ring chronologies from each proportion classification are shown for two event types, 
severity class, and for each of the two ENSO indices.  
 

HadISST1 Moderate HadISST1 Extreme 
  El Niño  La Niña    El Niño  La Niña  

Low  16 17 Low  2 61 

Average 26 48 Average 12 9 

High 28 5 High 56 0 

TEL Moderate TEL Extreme 
  El Niño  La Niña    El Niño  La Niña  

Low  0 16 Low  3 38 

Average 34 48 Average 36 24 

High 30 0 High 25 2 
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8. Figures 
 

 
Figure 1. Study Area. The study area is bordered by the white rectangle (25-55°N and 109-
130°W). Green dots represent the locations of the 522 tree-ring chronologies from the ITRDB 
that were initially screened for this study.  
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Figure 2a. Map of HadISST1 tree-ring chronologies. The locations of all tree-ring 
chronologies that met the screening criteria for sensitivity to December-February precipitation 
and HadISST1 Niño 3.4 SSTs.  
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Figure 2b. Map of TEL tree-ring chronologies. The locations of all tree-ring chronologies that 
met the screening criteria for sensitivity to December-February precipitation and TEL Niño 3.4 
SSTs.  
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Figure 3. Correlation maps for indices of ENSO and SPI 1895-1998. A: June-November SOI 
correlated with Oct-Mar SPI. B: June-November HadISST1 Niño 3.4 SSTs correlated with 
October-March SPI. C: Dec-Feb HadISST1 Niño 3.4 SSTs correlated with December-February 
SPI. D: The annual (November-December) TEL Niño 3.4 SST reconstruction correlated with 
December-February SPI. In all maps, areas of blue shading indicate negative correlations while 
red indicates positive correlations. Areas of significance (p ≤ 0.05) are encased by thick black 
lines.  
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Figure 4a. Histogram of HadISST1 (1870-1998) winter precipitation correlations. Top: The 
counts of the winter (December-February) precipitation correlation values of all chronologies 
belonging to the screened HadISST1 tree-ring network Bottom: Counts of the Niño 3.4 SST 
correlations from all chronologies within the screened HadISST1 tree-ring network. 
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. 

 
 
Figure 4b. Histogram of TEL (1727-1998) correlations values. Top: The counts of the winter 
(December-February) precipitation correlation values of all chronologies belonging to the 
screened TEL tree-ring network Bottom: Counts of the Niño 3.4 SST correlations from all 
chronologies within the screened TEL tree-ring network. 
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Figure 5a. Histograms of the HadISST1 Niño 3.4 SST index. The two histograms from the 
HadISST1 Niño 3.4 SST record are overlaid, with the baseline period (1925-1979) data in black 
and the full series in gray (1870-1998). Moderate events are defined as those equaling or falling 
within the bounds of 0.5 and 1.0 standard deviations of the calibration period, while extreme 
events are those falling outside 1.0 standard deviations from the calibration period. 
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Figure 5b. Histograms of the TEL Niño 3.4 SST reconstruction. The two histograms from the 
Wilson et al. (2010; 2011) Niño 3.4 SST reconstructions are overlaid, with the baseline period 
(1925-1979) data in black and the full reconstruction in gray (1727-1998). Moderate events are 
defined as those equaling or falling within the bounds of 0.5 and 1.0 standard deviations of the 
calibration period, while extreme events are those falling outside 1.0 standard deviations from 
the calibration period. 
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Figure 6a. HadISST1 tree-ring chronologies mapped by proportion for moderate ENSO 
events. Top: tree-ring proportions during moderate HadISST1 El Niño event years. Bottom: 
proportions during moderate HadISST1 La Niña event years. For comparison, base maps show 
the correlation pattern for June-November Niño 3.4 SSTs with October-March SPI (see caption 
for Figure 3a).  
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Figure 6b. HadISST1 tree-ring chronologies mapped by proportion for extreme ENSO 
events. Top: tree-ring proportions during extreme HadISST1 El Niño event years. Bottom: 
proportions during extreme HadISST1 La Niña event years. For comparison, base maps show the 
correlation pattern for June-November Niño 3.4 SSTs with October-March SPI (see caption for 
Figure 3a). 
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Figure 7a. TEL tree-ring chronologies mapped by proportion for Moderate ENSO events. 
Top: tree-ring proportions during moderate TEL El Niño event years. Bottom: proportions 
during moderate TEL La Niña event years. For comparison, base maps show the correlation 
pattern for June-November Niño 3.4 SSTs with October-March SPI (see caption for Figure 3a). 
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Figure 7b. TEL tree-ring chronologies mapped by proportion for Moderate ENSO events. 
Top: tree-ring proportions during extreme TEL El Niño event years. Bottom: proportions during 
extreme TEL La Niña event years. For comparison, base maps show the correlation pattern for 
June-November Niño 3.4 SSTs with October-March SPI (see caption for Figure 3a). 
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