
1.  Introduction
The early nineteenth century was one of the coldest periods of the Little Ice Age (LIA; ∼1450–1850; 
Grove, 1988; PAGES 2k Consortium, 2019; Wilson et al., 2016a). Cold conditions during this time have been 
attributed to several large tropical volcanic eruptions, as well as reduced solar activity during the Dalton Mini-
mum (∼1790–1830 CE; Brönnimann et al., 2019). The most significant eruption of this period, the 1815 Tamb-
ora event in Sumbawa, Indonesia, resulted in the largest volcanic stratospheric sulfur injection (VSSI) of the 
nineteenth century, with well-documented but varying regional climatic and human impacts during the subse-
quent “year without a summer” of 1816 (Brönnimann & Krämer, 2016; D’Arrigo et al., 2013; Harington, 1992; 
Oppenheimer, 2003; Raible et al., 2016). The second largest volcanic event during the nineteenth century and 
the twelfth largest eruption of the past 2,500 years in terms of estimated VSSI was the “unidentified” eruption 
of 1808 or 1809 (Timmreck et al., 2021; Toohey & Sigl, 2017). Although relatively little is known about this 
eruption, including its specific location and timing, it was clearly a significant event with the potential to impact 
climate on a global scale.

Evidence of a major volcanic event in 1808 or 1809 was first identified in ice core records from Antarctica 
and Greenland (Cole-Dai et al., 2009; Dai et al., 1991). The simultaneous sulfate peak in ice cores from both 
poles suggests that a tropical eruption likely occurred in ∼February 1809 (±4 months), and an associated sulfur 
isotope anomaly is consistent with a large stratospheric eruption (Cole-Dai et  al.,  2009). While there are no 
direct observations of an eruption at this time, a stratospheric aerosol veil was reported by meteorologists in both 
Colombia and Peru, indicating that a tropical Pacific eruption might have occurred late in 1808 (Guevara-Murua 
et al., 2014). Chenoweth (2001) noted a sudden cooling in historical Malaysian air temperature records, suggest-
ing an earlier eruption date of March-June 1808. Regardless of the exact timing, this unidentified volcanic event 
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is associated with cold tropical Pacific sea surface temperatures (SSTs), which were sustained for several years 
(D’Arrigo et al., 2006, 2009; Tierney et al., 2015). In addition to a potential tropical eruption, an 1809 tephra 
layer in a Yukon ice core suggests that a high-latitude Northern Hemisphere volcanic eruption may have occurred 
around the same time (Yalcin et al., 2006). Thus, while the specific location(s) and timing of the volcano(es) 
remains unknown, herein we refer to this general event as the 1809 volcanic eruption.

After the 1809 volcanic event, there is evidence of cooling in Northern Hemisphere tree-ring based tempera-
ture reconstructions, and temperatures generally remained low up to the cooling associated with the Tambora 
eruption (Büntgen et al., 2021; Schneider et al., 2015, 2017; Stoffel et al., 2015; Timmreck et al., 2021; Wilson 
et al., 2016a). While cooling occurred in the Northern Hemisphere on average, climate field reconstructions from 
Anchukaitis et al. (2017) show a distinct and highly heterogenous spatial pattern of post-1809 summer tempera-
ture anomalies in some northern regions, particularly in North America (Timmreck et al., 2021). Paleoclimatic 
studies in northwestern North America (NWNA) report extreme and sometimes record-breaking cold conditions 
in years directly following 1809 and preceding the Tambora eruption (Appleton & St. George,  2018; Briffa 
et al., 1994; Davi et al., 2003a; Edge et al., 2021; Wiles et al., 2014; Wilson et al., 2019a). By contrast, relatively 
mild temperatures are reconstructed for parts of eastern Canada during this period (Anchukaitis et  al., 2017; 
Timmreck et al., 2021).

The mechanisms responsible for the particularly cold temperatures over much of NWNA following the 1809 
eruption, and the prominent zonal temperature dipole across North America, remain to be further explored. It is 
well-established that large, explosive eruptions can significantly impact interannual as well as decadal climate 
variability via both radiative effects and dynamic responses of the ocean-atmosphere system (Robock,  2000; 
Zanchettin, 2017). In NWNA, Vargo (2013) hypothesized that the 1809 eruption could have intensified a negative 
phase of the Pacific Decadal Oscillation (PDO; e.g., Wang et al., 2012), exacerbating the extreme cold condi-
tions that were reconstructed around the Gulf of Alaska (GOA). The PDO, the leading statistical mode of SST 
variability in the North Pacific (Mantua et al., 1997; Newman et al., 2016), is associated with temperature and 
precipitation anomalies around the Pacific Basin and beyond, including North America (e.g., McAfee, 2014; 
McCabe et al., 2004; Mills & Walsh, 2013). The negative phase of the PDO is characterized by cool SSTs along 
the northeast Pacific coast, and generally cooler surface air temperatures around the GOA and adjacent regions, 
particularly in winter and spring (S. W. Fleming & Whitfield, 2010). Some climate modeling experiments suggest 
that strong tropical volcanism might dynamically force a negative phase of the PDO (Fang et al., 2022; Wang 
et al., 2012). In contrast, other studies do not show a consistent forced response of the PDO/North Pacific vari-
ability to volcanism, suggesting that internal variability and/or pre-existing ocean conditions play an important 
role (L. E. Fleming & Anchukaitis, 2016; Zanchettin, Rubino, et al., 2013). If volcanism can initiate or enhance 
a negative phase of the PDO, however, this would have important implications for broad-scale temperatures and 
hydroclimate, as well as ecosystem processes, with notable impacts on marine fisheries (Mantua et al., 1997), and 
marine mammal and seabird populations (Anderson & Piatt, 1999).

The PDO is the Northern Hemisphere manifestation of a combination of several interacting ocean-atmosphere 
phenomena, including the Aleutian Low, El-Niño Southern Oscillation (ENSO), the Kuroshio Extension (KOE), 
and ocean memory (Newman et al., 2016). Tree-ring-based PDO reconstructions do not agree well prior to the 
observational period, likely reflecting the complexity and instability of the PDO and its regional teleconnections, 
as well as geographic and seasonal biases in tree-ring data (Newman et al., 2016; St. George, 2014; Wise, 2015). 
Nevertheless, the initial background conditions of the climate system, including internal climate variability (such 
as the PDO) and external forcings, can be important in the evolution of climate following major volcanic erup-
tions (e.g., Illing et al., 2018; Lough & Fritts, 1987; Zanchettin, 2017; Zanchettin, Bothe, et al., 2013; Zanchettin, 
Rubino, et al., 2013). Assessing large-scale temperature patterns in the early nineteenth century could help clarify 
whether North Pacific decadal variability was associated with the distinct spatial climate anomalies observed 
after the 1809 eruption.

Given the extant uncertainties associated with the unidentified eruption of 1809 and its regional climate impacts 
across NWNA, here we describe and quantify the magnitude and duration of cold temperatures after the 1809 
event across the region using a high-density network of previously developed temperature-sensitive tree-ring 
records, including eight temperature reconstructions and two temperature-sensitive chronologies. We further 
explore the potential association between North Pacific decadal variability and the 1809 cooling event via 
detailed analysis of the NWNA tree-ring records, as well as existing larger-scale spatial climate reconstructions.
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2.  Methods
2.1.  NWNA Tree-Ring Data Network

To evaluate temperature variability following the 1809 eruption across 
NWNA, we compiled a network of ten tree-ring temperature reconstruc-
tions and temperature-sensitive chronologies from Alaska (USA), and 
from western Canada: the Yukon, Northwest Territories, British Columbia, 
and Alberta (Figure 1). We used records already analyzed in the scientific 
literature (see Table  1 for details). Seven of these records are published 
regional spring/summer temperature reconstructions that were produced 
from multiple site chronologies and parameters. Details on the Mackenzie 
Delta (MKZ) minimum temperature reconstruction, recently described by 
Beaulieu (2022), are provided in Text S1 of Supporting Information S1. Two 
records, Firth (FIR) and Twisted Tree-Heartrot Hill (TTHH), are individual 
temperature-sensitive chronologies. FIR was previously used to reconstruct 
past summer temperatures in Anchukaitis et  al.  (2013b), but a calibration 
method was employed to preserve lower frequency (multidecadal and longer) 
variability at the expense of the high frequency (interannual) signal. Here 
we use the Firth maximum latewood density (MXD) chronology from 
Anchukaitis et al. (2013b), which allows us to analyze the higher frequency 
variability associated with a single volcanic eruption. Tree-ring data from 
TTHH was previously used to assess temperatures and post-volcanic cooling 
from northern treeline sites (ring-width in Jacoby and Cook (1981); MXD 
in D’Arrigo and Jacoby (1999)), though here we use and update the MXD 
record by applying age-dependent spline detrending (Melvin et  al.,  2007) 
using a signal-free framework with the RCSsigFree software (E. R. Cook & 
Krusic, 2020) to reduce potential trend distortion (Melvin & Briffa, 2008). 
Spatial correlations between the TTHH record and maximum July–August 
temperatures (CRUTS4.05; Harris et al., 2020) demonstrate the sensitivity of 
the MXD parameter to late summer temperatures (Figure S1 in Supporting 
Information S1).

These ten tree-ring records were selected to maximize the contribution of 
MXD and Blue Intensity (BI) data sets. MXD and BI are considered superior 

Figure 1.  A map of published tree-ring temperature records used for analysis 
of climate after the 1809 eruption across northwestern North America 
(NWNA). The symbols represent the parameter(s) used in each regional 
reconstruction or record of past temperature (circle: maximum latewood 
density (MXD); triangle: blue intensity (BI); square: combination of multiple 
parameters (BI, MXD and/or ring width)). The tree-ring reconstructions 
(Table 1) are derived from chronologies from multiple sites, and the legend 
point represents the central area of those sites. More information on the 
individual temperature reconstructions and records can be found in Table 1. 
The yellow diamond represents the mouth of the Liard River in the Northwest 
Territories, where a historical record indicates cold conditions during the 
winter of 1810–1811 (see Discussion). The magenta upside down triangle 
represents the location of the Edge et al. (2021) bivalve reconstruction (see 
Discussion).

Table 1 
Warm-Season Reconstructions and Tree-Ring Chronologies From NWNA

Region Code Publication Time span Climate/Reconstruction variable (season; aR 2) Parameters

Interior British Columbia IBC Wilson et al. (2014) 1600–1995 Tmax (MJJA; 0.52–0.55 a) RW, MXD, BI

Icefields ICE Luckman and Wilson (2005b) 950–1994 Tmax (MJJA; 0.53) RW, MXD

Gulf of Alaska GOA Wilson et al. (2017) 1600–2010 Tmean (JJAS; 0.38) BI

Southern Yukon YUK Wilson et al. (2019a) 1337–2004 Tmax (MJJA; 0.46) BI

Wrangell Mountains WRA Davi et al. (2003a) 1593–1992 Tmean (JAS; 0.51) MXD

Twisted Tree-Heartrot Hill TTHH D’Arrigo and Jacoby (1999) 1530–1992 Tmax (JA; **) MXD

Seward Peninsula SEW D’Arrigo et al. (2004) 1389–2001 Tmean (MJJA; 0.38) MXD

Interior Alaska INT Jacoby et al. (1999) 1680–1990 Tmean (MJJA; 0.41) MXD

Mackenzie Delta MKZ Beaulieu (2022) 1105–2017 Tmin (MJJAS; 0.40) BI

Firth River FIR Anchukaitis et al. (2013b) 1073–2004 Tmean (JA; 0.36 b) MXD

Note. Tmax, Tmean, and Tmin refer to maximum, mean, and minimum temperatures, respectively. The adjusted R 2 (aR 2) reported in each publication for the calibration 
period is shown (the full calibration period, spanning both the initial calibration and validation time periods, are provided when available). ** The TTHH MXD 
chronology has not been used for climate reconstruction, but regional correlations with Tmax are shown in Figure S1 of Supporting Information S1.
 aRange of aR 2 values from five temperature reconstruction variants combined using a weighted mean in Wilson et al. (2014).  bMean of calibration and validation R 2 
from an ensemble of reconstructions.
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for tracking post-volcanic cooling responses, in contrast to ring width, which typically show a muted or lagged 
response (Anchukaitis & Smerdon, 2022; Anchukaitis et  al.,  2012; D’Arrigo et  al.,  2013; Esper et  al.,  2015; 
Fuentes et al., 2018; Lücke et al., 2019; Reid & Wilson, 2020). While most of the records used here are based 
entirely on MXD or BI data sets, two of the reconstructions, Interior British Columbia (IBC; Wilson et al., 2014) 
and Icefields (ICE; Luckman & Wilson, 2005b), also incorporated ring-width data. Both reconstructions however 
explain more than 50% of the local summer temperature variance (Table 1) and track the persistence properties of 
the instrumental data very well (Luckman & Wilson, 2005b; Wilson et al., 2014). Although the target variables 
of the temperature reconstructions differ (i.e., we use a combination of maximum, mean, and minimum temper-
ature  targets; Table 1), the reconstructions similarly capture relative changes in warm-season temperatures over 
the last several centuries and are useful for assessing short-term temperature changes after volcanic eruptions.

2.2.  Spatial Assessment of Post-1809 Temperatures

The top-10 coldest individual years and the top-three coldest non-overlapping decades over the common period 
(1680–1990) were ranked for each normalized (μ = 0, σ = 1) record to determine whether there was evidence of 
extreme cooling following the 1809 eruption. We also specifically compared temperatures among sites during 
1810 and the 1809–1814 (6-year) period, just preceding the eruption of Mount Tambora in April of 1815. These 
time windows were selected because an initial volcanic cooling in 1809 in Northern Hemisphere temperatures 
has been reported and temperatures remained below average until at least the Tambora eruption (Schneider 
et al., 2017; Timmreck et al., 2021).

To quantify both the degree and persistence of cooling for each record from 1809 to 1814, we calculated a “cold 
severity index.” First, all records were normalized (μ = 0, σ = 1) over the 1680–1990 common period. Then, cold 
severity (CS) was calculated over running 6-year periods (P) for each record as follows:

CS𝑃𝑃 = 𝑀𝑀𝑃𝑃 ∗ 𝑁𝑁𝑃𝑃�

where MP refers to the magnitude, or the average normalized temperature, and NP refers to the number of years 
with a below average normalized temperature, for each 6-year period. This formulation is similar to a runs analy-
sis (e.g., Dracup et al., 1980), though here, a 6-year moving window is pre-defined and consecutive below-average 
temperatures are not required. This formulation allows the comparison of the 1809–1814 period against all other 
available 6-year periods while considering both average temperatures and the duration of cooling. We also calcu-
lated cold severity using shorter temporal windows for comparison (1809–1811, 1809–1812, and 1809–1813).

2.3.  North Pacific Decadal Variability and Post-1809 Temperatures

We investigated potential connections between North Pacific decadal variability and temperature anomalies after 
the 1809 eruption across both the NWNA tree-ring network and more broadly across northern North America 
(including eastern Canada). Here, North Pacific decadal variability is assessed in terms of the PDO index and 
the North Pacific Index (NPI, a measure of variability in the Aleutian Low). The PDO is the leading mode of an 
empirical orthogonal function (EOF) of monthly averaged SST anomalies from the North Pacific (20°–70°N) 
after removing global mean SSTs (Mantua et al., 1997; Newman et al., 2016), and the NPI measures sea level 
pressure averaged over 30°–65°N and 160°–140°E. We used the Mantua PDO index from the Joint Institute 
for the Study of the Atmosphere and Ocean (JISAO; http://research.jisao.washington.edu/pdo/PDO.latest.txt), 
and the Trenberth and Hurrell North Pacific Index from the National Center of Atmospheric Research (NCAR; 
Trenberth & Hurrell, 1994).

To test whether the spatial signature of the post-1809 temperature response across NWNA was associated with 
North Pacific decadal variability, we compared the 1809–1814 cold severity index of each record with the 
observed correlation between each record and the PDO and NPI indices over the twentieth century. Correlations 
between each tree-ring record and instrumental measures of North Pacific climate variability were computed from 
1900 to 1990, as 1990 is the final common year of all records. We used annual, cold season (October–March), and 
warm season (April-September) averages of PDO/NPI indices for correlation analysis. The relationship between 
1809–1814 cold severity and measures of PDO/NPI correlations across all records was quantified with a linear 
regression. We also compared the 1809–1814 cold severity of each record against the degree of temperature 
difference between a warm (1977–1984) and cool (1968–1975) phase surrounding the well-documented ∼1976 
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PDO regime shift (Ebbesmeyer et al., 1991). This temperature difference is herein referred to as the Δ regime 
shift, in which the average cool phase (1968–1975) temperature was subtracted from the average warm phase 
(1977–1984) temperature for each reconstruction. All analyses were repeated after detrending the records from 
1900 to 1990 to remove the potential influence of long-term trends on results.

Next, we evaluated the spatial characteristics of the post-1809 temperature response across northern North Amer-
ica using the ensemble mean of the Northern Hemisphere Tree-ring Network Development-data assimilation 
(NTREND-DA) temperature reconstructions (King et al., 2021a). This paleo data set was produced through data 
assimilation methods using the NTREND network of tree-ring chronologies (Anchukaitis et al., 2017; Wilson, 
Anchukaitis, et al., 2016a) to reconstruct May-August temperature anomalies across the Northern Hemisphere 
(King et al., 2021a). Although the NTREND proxy network is composed of many of the tree-ring records from 
NWNA analyzed here, the NTREND-DA product allows for a broader-scale assessment of patterns of temper-
ature anomalies across North America. Spatial patterns of the reconstructed temperature response post-1809 
were compared with teleconnection patterns between temperatures and PDO/NPI indices across North America 
during the observational period. We correlated surface air temperatures from National Centers for Environmental 
Prediction—National Center for Atmospheric Research (NCEP/NCAR) reanalysis data with annual, winter, and 
summer mean PDO/NPI indices from 1948 to 2020.

We assessed potential PDO variability in the late eighteenth and early nineteenth centuries, specifically around 
the 1809 eruption, through comparisons with several proxy-reconstructed records. Five tree-ring based PDO 
reconstructions were evaluated from the literature (Biondi et al., 2001; D’Arrigo & Wilson, 2006b; D’Arrigo 
et al., 2001; Gedalof & Smith, 2001; MacDonald & Case, 2005b), with another PDO series derived from the 
leading mode of a Pacific SST tree-ring based reconstruction (Evans et al., 2001) over the North Pacific domain 
of 20°–62.5°N and 110°E−110°W. The state of ENSO, a key ocean-atmosphere climate pattern in the tropical 
Pacific, is also important to consider as it has wide-ranging impacts on climate, including the North Pacific 
and northwestern North America particularly during the boreal winter (S. W. Fleming & Whitfield,  2010; 
Papineau,  2001). We therefore also assessed ENSO variability as estimated from an existing tree-ring based 
Niño3.4 reconstruction (Li et al., 2013a). Finally, spatial hydroclimate variability from 1809 to 1810 was evalu-
ated from three gridded reconstructions developed from tree-ring networks: the North American Drought Atlas 
- NADA (E. R. Cook, Seager, et al., 2010); the Monsoon Asia Drought Atlas—MADA (E. R. Cook, Anchukaitis, 
et al., 2010a); and the Old World Drought Atlas - OWDA (E. R. Cook, Seager, Heim, et al., 2015; E. R. Cook, 
Seager, Kushnir, et al., 2015). This analysis was conducted to assess whether hemispheric spatial drought patterns 
could provide further insight on ocean-atmosphere processes around the 1809 eruption. It is important to note 
that several of the tree-ring based reconstructions described here share the same paleoclimate proxy data, so the 
comparisons are complementary as opposed to being completely independent.

3.  Results and Discussion
3.1.  Spatial Temperature Patterns Following the 1809 Eruption

There is a varying temperature signature across the NWNA tree-ring network in the years following 1809 
(Figure 2a, Figure S2 in Supporting Information S1, Table 2). The Gulf of Alaska (GOA), Wrangell-St. Elias 
(WRA), and Southern Yukon (YUK) temperature reconstructions, highlighted in Figure  2, showed the most 
prominent cooling in the year 1810 (Figures 2 and 3a; Figure S2 in Supporting Information S1). This year was 
the coldest in the WRA record and ranked as the second and eighth coldest years in the YUK and GOA record, 
respectively, during the 1680–1990 common period (Table 2). The anomalous cold conditions during 1810 are 
in agreement with an earlier analysis of MXD records in southern Alaska/Yukon, which was part of a broader 
compilation for northern North America (Briffa et al., 1994). The year 1809 was also relatively cool in south-
eastern Alaska/the southern Yukon and is ranked as the fifth coldest year in the WRA record (Figure 2, Table 2). 
Other years that ranked as extreme cold events soon after the 1809 eruption included 1813 (FIR, IBC, ICE), 
1814 (SEW), and 1815 (FIR, YUK, TTHH). As shown by other studies of past temperature variability in NWNA 
(Briffa et al., 1994; D’Arrigo & Jacoby, 1999), there is no evidence of anomalous cold conditions in 1816 (the 
“year without a summer”) in this region of NWNA. Conversely, cooling following the eruption of Laki (Iceland) 
in 1783 has been well-documented across the northern/Arctic region of NWNA (e.g., Anchukaitis et al., 2013b; 
Edwards et al., 2021; Jacoby et al., 1999) and was a top-10 cold event in five records from central/northern Alaska 
and the Yukon analyzed here (WRA, INT, FIR, SEW, TTHH; Table 2).
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Table 2 
Extreme Cold Years and Decades Across Ten Regions in NWNA

Rank GOA WRA INT FIR SEW IBC ICE YUK TTHH MKZ

Coldest Individual Years

  1 1698 1810 1783* 1783* 1896 1801 1699 1768 1959 1959

  2 1744 1831 1695 1699 1783* 1899 1701 1810 1699 1870

  3 1973 1695 1765 1695 1861 1964 1738 1817 1711 1871

  4 1755 1834 1834 1690 1890 1881 1688 1695 1695 1884

  5 1699 1809 1868 1969 1814 1762 1838 1831 1717 1969

  6 1706 1697 1864 1959 1834 1876 1813 1699 1831 1924

  7 1863 1699 1856 1815 1766 1880 1833 1904 1783* 1690

  8 1810 1783* 1807 1685 1856 1813 1899 1959 1815 1985

  9 1756 1817 1861 1791 1864 1959 1696 1815 1689 1699

  10 1883 1717 1711 1813 1695 1976 1731 1697 1819 1980

Coldest Non-overlapping Decades

  1 1697–1706 1697–1706 1827–1836 1783–1792 1855–1864 1810–1819 1694–1703 1810–1819 1693–1702 1980–1989

  2 1751–1760 1809–1818 1861–1870 1693–1702 1733–1742 1875–1884 1818–1827 1695–1704 1812–1821 1884–1893

  3 1806–1815 1711–1720 1782–1791 1812–1821 1762–1771 1780–1789 1829–1838 1904–1913 1711–1720 1969–1978

Note. The top 10 coldest individual years and top three coldest (non-overlapping) decades across the 10 tree-ring records over the common period (1680–1990). The 
bolded years are those within a decade of the 1809 unidentified eruption. The * indicates an extreme cold year coincident with the 1783 Laki volcanic eruption.

Figure 2.  Temperature anomalies for NWNA tree-ring records expressed as z-scores relative to the 1680–1990 common 
period. The temperature anomalies in the early nineteenth century across all tree-ring records (a) and the 1680–1990 common 
period from three records (Gulf of Alaska—GOA, purple; Wrangell-St. Elias—WRA, light blue; Southern Yukon—YUK, 
black) (b) are illustrated and the year 1809 is denoted with a dashed line. The gray box in panel (b) corresponds to the period 
shown in panel (a). The GOA, WRA, and YUK records, highlighted in both panels, showed the most pronounced cooling 
after the 1809 eruption.
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Our index of cold severity, incorporating both the average temperature anomalies and the duration of 
below-average temperatures from 1809 to 1814, indicates that the most severe conditions occurred in the GOA, 
WRA, and YUK reconstructions (Figure 3b and Figure S3 in Supporting Information S1). The GOA had the 
lowest average temperature anomaly from 1809 to 1814 relative to other records in the network and was the 
only record to sustain below-average temperatures over the entire 6-year window (Figure S3 in Supporting 
Information S1). WRA and YUK had the next-lowest average temperature anomalies following GOA, and both 
records showed five years of below-average  temperatures over the 1809–1814 period (Figure S3 in Support-
ing Information  S1). The combination of extreme 1810 temperature anomalies and persistent cold severity 
from 1809 to 1814 (Figure  3) suggests that the GOA and neighboring areas (southeastern Alaska and the 
southern Yukon) experienced the most immediate and extreme cold conditions in NWNA. The magnitude of 
cooling weakens in all directions away from the GOA, but particularly toward far northern Alaska (US) and 
the northern Northwest Territories, Canada (Figure 3). When testing cold severity calculations using differ-
ent temporal windows (1809–1811, 1809–1812, 1809–1813), the same spatial pattern emerged (Figure S4 in 
Supporting Information S1). Stine and Huybers (2014) suggested that explosive volcanic eruptions can further 
decrease tree-ring density measurements via a reduction in light availability, especially in “light-limited” Arctic 
regions. However, the spatial pattern of cooling anomalies identified here does not correspond well with the 
pattern of cloudy/clear conditions across NWNA shown in Stine and Huybers (2014), based on sites from the 
Schweingruber MXD network (Schweingruber & Briffa, 1996). In this study, the southern Yukon, relatively 
clear-skied in comparison to the Gulf of Alaska, also showed a significant post-1809 cooling response. This 
suggests that temperature, rather than light limitation, is likely the dominant post-volcanic signal captured in 
this study.

In support of regional post-volcanic cooling, independent historical information from a report from a Northwest 
Company clerk in the southern Northwest Territories (Figure 1, yellow diamond), detailed an extremely cold and 
harsh winter in 1810–1811 with catastrophic impacts, including the starvation and death of many Indigenous peoples 
and fur traders, thick ice, scarce animals, and a significant loss in trade (Krech, 1978a, 1978b). While this historical 
account is based on winter conditions and the referenced location is distant from the NWNA sites analyzed here, it 
is possible that this reported cold event was related to impacts from the 1809 eruption. In the southern and central 
Yukon, oral histories from Indigenous elders also suggest periods of extreme cold and human loss during the late 
Little Ice Age, though the exact years are unknown (Cruikshank, 2001, 2007). Further research of historical records 
and Indigenous oral tradition in NWNA could be a valuable complement or supplement to paleoclimate data for 
assessing regional climate extremes of the past and potential human-environment interactions (e.g., Adamson, 2015; 
E. R. Cook, Anchukaitis, et al., 2010a, 2010b; Degroot et al., 2021; Di Cosmo et al., 2018; Jacoby et al., 1999; Liang 
et al., 2006; Nash et al., 2021; Stahle & Dean, 2011; Woodhouse et al., 2002), particularly with regard to volcanic 
eruptions (e.g., Blong, 1982; D’Arrigo et al., 2020; Guillet  et al., 2017; Mackay et al., 2022; Moodie et al., 1992).

Figure 3.  The spatial signature of cold temperatures across NWNA after the 1809 eruption. For each record, we show the 
1810 temperature anomaly, expressed as z-scores relative to 1680–1990 (a) and the cold severity index (b), calculated as the 
magnitude of cooling multiplied by the number of years with a below average temperature from 1809 to 1814. The dashed 
box represents the three records (GOA, WRA, YUK) with the most pronounced cooling signature after the 1809 eruption.
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While the years directly following the 1809 eruption were extremely cold in GOA, WRA, and YUK, these records 
also showed below-average temperatures in the two years preceding the 1809 eruption (Figure 2a), indicating cold 
background conditions prior to the volcanic event. The cold anomalies in the early 1800s contrasted markedly 
with warmer conditions in previous decades in this region (Figure 2b). The early 1800s, in general, were cold 
across much of NWNA, similar to global average trends (Brönnimann et al., 2019; Crowley et al., 2014). Seven 
of the 10 NWNA records (IBC, ICE, GOA, YUK, WRA, TTHH, FIR) reveal a top-ranked cold decade within the 
first two decades of the 1800s (Table 2).

3.2.  Other Paleoclimate Records of Post-1809 Temperatures in North America

Beyond the tree-ring network described here, there is other paleoclimatic evidence of extremely cold tempera-
tures around NWNA following 1809. An annually resolved bivalve (geoduck) reconstruction of April-September 
Northeast Pacific SSTs along the coast of British Columbia (Figure 1) showed the coldest decade around 1810 
(Edge et al., 2021). The years 1809–1811 were the three coldest years, and 1810 was the single coldest year over 
the length of the reconstruction, which covers 1725–2008 continuously and includes older radiocarbon-dated 
segments (Edge et al., 2021). The “year without a summer” (1816) in the bivalve-based reconstruction is also 
relatively warm, in agreement with tree-ring records from NWNA. In southwestern Alaska, a sub-centennial 
temperature reconstruction derived from beetles (Coleoptera) suggested that the coldest period in that region, 
extending back to the mid-fifteenth century, was centered around 1815 CE (Forbes et al., 2020). While this recon-
struction is not annually resolved, the record captures the extreme cold of the early 1800s in southern Alaska.

Severe cold following the 1809 eruption has also been reported in tree-ring studies from elsewhere in North 
America, beyond the NWNA network analyzed here. In the far western United States, for example, tree-ring 
width and anatomical anomalies from mountain hemlock (Tsuga mertensiana) trees in Oregon suggest that the 
winter of 1809–1810 was remarkably snowy and cold, and unprecedented over almost 500 years (Appleton & 
St. George, 2018). The year 1810 was also reported as one of the coldest years since 1600 in regions of British 
Columbia/the Pacific Northwest and California (Briffa et  al.,  1992). A new temperature reconstruction from 
yellow-cedar (Callitropsis nootkatensis) tree-ring widths in the Cascade Mountains in Washington State (USA) 
similarly showed 1810 as the coldest year back to at least the fourteenth century (Trinies et al., 2022), whereas 
1816 was again unremarkable. Top-ranking multi-year cold events surrounding 1809 were also described in 
regions of the Rocky Mountains of the western United States based on latewood blue intensity measurements 
from Englemann spruce (Heeter et al., 2021). A bristlecone pine record comprised of sites in California, Nevada, 
and Arizona showed frost rings in both 1809 and 1810 (Salzer & Hughes, 2007), providing further evidence of 
abrupt cold temperatures across relatively lower latitudes in western North America potentially associated with 
this volcanic eruption.

As previously described by Timmreck et al. (2021), a geographically extensive cooling signature across NWNA 
is also apparent in gridded spatial reconstructions of warm-season temperatures derived from a Northern Hemi-
sphere tree-ring network (Figure 4 showing the King et al. (2021a, 2021b) data set, with anomalies relative to 
the 1951–1980 CE mean; also seen in Figure S5 of Supporting Information S1 comparison with Anchukaitis 
et  al.  (2017)). There are generally cooler temperatures in the western domain of northern North America, in 
contrast to average or mildly warm temperatures in the eastern domain from 1809 to 1814 (Figure 4). In agree-
ment with our analysis above, and also reported in Briffa et al. (1994), the most extreme cooling is focused around 
the southeastern Alaska/southern Yukon region in the year 1810. The prominent east-west temperature dipole 
pattern across North America occurs during the year 1810, as was also noted earlier in Timmreck et al. (2021), 
and we found that this dipole weakens from 1811 onwards (Figure 4).

3.3.  Post-1809 Cooling in North America and Sensitivity to North Pacific Decadal Variability

Across NWNA, the degree of cold severity from 1809 to 1814 is associated with the correlation between each 
temperature record and the PDO (cold severity vs. annual PDO correlations (1900–1990): r = −0.86, p < 0.01; 
Figure 5a), and the NPI (cold severity vs. annual NPI correlations (1900–1990): r = 0.89, p < 0.01; Figure 5b). 
For example, temperatures in the Gulf of Alaska region, which had the most extreme cold severity from 1809 
to 1814 (Figure 3b), also show the highest positive correlation with the PDO (Figure 5a) and strongest negative 
correlation with the NPI (Figure 5b). Conversely, temperatures in the Mackenzie Delta region in the northern 
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Northwest Territories (Beaulieu, 2022), with the weakest cold severity post-1809, had the most (weakly) negative 
correlation with the PDO and (weakly) positive correlation with the NPI (Figures 5a and 5b). We also observed 
an association between post-1809 cold severity and the sensitivity of each record to the well-known 1976/1977 
regime shift in the PDO/NPI, where tree-ring records with a more extreme cold severity similarly have a stronger 
response to the regime shift (r = −0.88, p < 0.01; Figure 5c). In all cases, similar results were obtained when 
the  records were detrended from 1900 to 1990 prior to analysis (Figures S6 and S7 in Supporting Information S1).

At a broader spatial scale, there is also a similarity between the 1810 temperature dipole seen across northern North 
America (Figure 6a, also shown in Figure 4) and modern teleconnections between surface air temperatures and the 

Figure 4.  Temperature anomalies across northern North America following the 1809 eruption. These maps show a spatial reconstruction (King et al., 2021a, 2021b) of 
warm-season (May–August) temperature anomalies (relative to the 1951–1980 CE mean) across northern North America from 1809 to 1814. The dots in the 1809 panel 
show the central location of the tree-ring records in northwestern North America analyzed in this study and shown in Figure 1.

Figure 5.  The association between the post-1809 cold severity for each temperature record and sensitivity to Pacific decadal variability during the observational period. 
The cooling severity for each record was compared against the correlation between each record and the annually averaged Pacific Decadal Oscillation (PDO; a) and the 
North Pacific Index (NPI; b), as well as the response to the Pacific 1976/1977 regime shift (c). *p < 0.05.
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annually averaged PDO (Figure 6b) and NPI (Figure 6c). There are positive 
(negative) correlations between the PDO (NPI) and surface air tempera tures 
broadly across the western part of the domain, where cold temperatures were 
reconstructed for 1810. In the east, where relatively warmer 1810 conditions 
were reconstructed, there are weak and non-significant negative (positive) 
correlations with the PDO (NPI). These spatial correlation patterns persisted, 
though are marginally weaker, after data detrending (Figure S8 in Support-
ing Information S1). Other climate modes and processes beyond the North 
Pacific, particularly in the North Atlantic, can have impacts on regional 
temperatures and circulation patterns across northern North America (e.g., 
Iles & Hegerl, 2017; McAfee, 2014; Vincent et al., 2015), and could have 
also contributed to the distinct east-west temperature pattern during that time.

While correlations between the PDO and surface air temperatures during 
the observational period are strongest in the winter and spring, these rela-
tionships can persist well into summer, particularly in southern Alaska and 
coastal British Columbia (L. E. Fleming & Anchukaitis, 2016; S. W. Fleming 
& Whitfield, 2010). Similar relationships between cold severity and corre-
lations with the PDO/NPI for averaged cold-season (October - March) and 
warm-season (April - September) months were observed (p < 0.01; Figure 
S9 in Supporting Information S1). These seasonal relationships were weaker 
than those using the annually averaged indices, though there was a similarly 
strong association between warm-season PDO correlations and cold severity 
(r = −0.85, p < 0.01, Figure S9b in Supporting Information S1). For NPI, 
the highest seasonal association was found for the cold season (r  =  0.76, 
p < 0.01; Figure S9c in Supporting Information S1). We also found that the 
spatial pattern of correlations between PDO/NPI and surface air temperatures 
across North America are similar during the cold and warm-season months, 
though with higher strength and significance during the cold season (Figure 
S10 in Supporting Information S1). Given the general similarity in seasonal 
responses, the warm-season temperature reconstructions and records used 
here are likely still able to reflect aspects of PDO variability.

Taken together, our findings illustrate an association between regional 
temperature anomalies following the 1809 eruption and the degree of sensi-
tivity to North Pacific decadal variability, at least during the observational 
period. Assuming the stability of teleconnections (see below), this suggests 
that a weakened Aleutian low in the North Pacific and related negative 
PDO-like conditions could have contributed to the spatial pattern of cooling 
after the eruption, which was most pronounced in the year 1810 (Figures 4 
and 6a). The negative phase of the PDO, represented by cool SSTs along the 
west coast of North America and a weakened Aleutian Low (positive NPI), 
has been linked to cold temperatures around coastal locations of the North 
Pacific, particularly coastal Alaska, with a weaker temperature sensitivity in 
interior locations (S. W. Fleming & Whitfield, 2010).

3.4.  Post-1809 Cooling: A Shift to Negative PDO-Like Conditions or 
Preconditioning From a Background State?

While our results suggest a connection between post-1809 cooling and 
negative PDO-like conditions, an important question is whether the 1809 

volcanic event might have triggered a negative PDO phase, or whether such a climate state already existed and 
could have contributed to the spatial character of post-volcanic cooling. The association between volcanic forc-
ing and North Pacific decadal variability has been studied in the modeling community, but there is no clear 
consensus on their relations or lack thereof. Volcanic aerosols from large stratospheric eruptions can impact 

Figure 6.  The spatial temperature signature of 1810 across northern North 
America and spatial correlations between temperatures and measures of 
Pacific decadal variability. The summer temperature anomalies across 
northern North America (relative to the 1951–1980 CE mean; King 
et al., 2021a, 2021b) during the year 1810 are shown in panel (a), and panels 
(b and c) show correlations between surface air temperature (NCEP/NCAR 
reanalysis) and the annually averaged PDO and NPI, respectively, from 1948 
to 2020. The dots indicate statistical significance at p < 0.05.

 25724525, 2023, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022PA

004581 by G
regory, C

arl W
iles - C

ollege O
f W

ooster Libraries , W
iley O

nline Library on [30/05/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



Paleoceanography and Paleoclimatology

LELAND ET AL.

10.1029/2022PA004581

11 of 18

climate via shortwave radiative effects (leading to enhanced albedo and surface cooling), stratospheric warm-
ing due to increased absorption of longwave radiation, and resulting dynamical responses of atmosphere-ocean 
processes over decadal or longer time scales (Marshall et al., 2022; Robock, 2000; Zanchettin, 2017). Using an 
atmosphere-ocean general circulation model, Wang et al. (2012) found that strong volcanic eruptions can induce 
a negative phase of the PDO via a series of dynamical processes and feedbacks, beginning with an increase in 
the pole-to-equator temperature gradient in the lower stratosphere. Similarly, a modeling experiment, focusing 
on the early nineteenth century, found that volcanic forcing induced a negative PDO, and that this response 
was strengthened when combining both solar and volcanic forcings (Fang et al., 2022). Conversely, modeled 
PDO did not consistently respond to volcanic forcing in simulations of the last millennium (L. E. Fleming & 
Anchukaitis, 2016), and simulated north Pacific variability was found to be largely insensitive to natural external 
forcings (Zanchettin, Rubino, et al., 2013). Regarding the 1809 event specifically, the proxy-model comparison 
in Timmreck et al. (2021) suggests that the east-west temperature dipole across North America after 1809, also 
described here, is likely not a result of volcanic forcing, but rather, reflects specific dynamical conditions.

Distinguishing forced versus unforced climate variability, and their relative influence on one another, can also be 
complicated as, for example, a simulation of oceanic recovery after the eruptions of the late Little Ice Age shows a 
spatial SST pattern somewhat resembling that of a negative PDO starting 3–7 years after eruptions (Brönnimann 
et  al.,  2019). Clarifying the effects of and interactions between large volcanic eruptions and decadal climate 
variability remains a challenge, in part due to inadequate modeling of internal climate modes (Zanchettin, 2017) 
and the limitations of existing observations and reconstructions. Background climate conditions are also a critical 
consideration in assessing regional climate impacts following major volcanic events, as climate responses can 
depend on, or be amplified by, the initial climate state (e.g., Lehner et al., 2016; Lough & Fritts, 1987; Mackay 
et  al.,  2022; Moreno-Chamarro et  al.,  2015). The phase of prevailing internal modes of variability can have 
additive effects on the climatic response after major volcanic eruptions and can also influence mechanisms of 
subsequent atmosphere-ocean processes (Zanchettin et al., 2019; Zanchettin, Bothe, et al., 2013). Relevant to our 
study, Illing et al. (2018) found that an artificial Pinatubo-like eruption resulted in notable differences in regional 
climate forecasts depending on the initial climate state, including persistent cooling in the North Pacific basin 
when the forecast was initialized with a negative phase of the PDO.

It is challenging to ascertain conditions in the North Pacific leading up to and following the 1809 eruption due to 
the complexity of North Pacific decadal variability and its teleconnections, and disagreements in existing PDO 
reconstructions prior to the twentieth century (Newman et al., 2016; St. George, 2014; Wise, 2015). While there 
are indeed some differences in the tree-ring based PDO reconstructions in the early 1800s (Figures S11a–S11f 
in Supporting Information S1), most (5/6) reconstructions indicate negative PDO-like (cool) conditions in the 
few years leading up to and following the 1809 eruption. One limitation is that many of the PDO reconstructions 
include sites from regions analyzed here. However, the Biondi et al.  (2001) PDO reconstruction was derived 
from independent moisture-sensitive tree-ring sites from Southern and Baja California, and suggests negative or 
neutral PDO-like conditions at the time of the eruption (Figure S11b in Supporting Information S1). A recon-
struction of the winter Pacific North American (PNA) pattern based on tree-ring records from western North 
America shows a positive phase during the early nineteenth century suggesting a deepened Aleutian Low (Trouet 
& Taylor, 2010) and thus, more positive PDO-like conditions. This result is not consistent with some PDO recon-
structions (Figure S11 in Supporting Information S1), and also contrasts with a negative winter PNA pattern in 
the early nineteenth century identified in an ensemble of coupled climate simulations (Zanchettin et al., 2015). 
These differences further highlight uncertainties associated with proxy reconstructions and model deficiencies, 
and the potential role of internal climate variability (Zanchettin et al., 2015).

Nevertheless, several other sources of proxy evidence suggest cold conditions in the northeast Pacific and Gulf 
of Alaska region around the time of the 1809 eruption. For example, an observed relationship between trau-
matic resin ducts in tree rings and the NPI/PDO suggests that a particularly weak Aleutian Low (negative PDO) 
occurred in the early 1800s (Gaglioti et al., 2019). A regime shift detection analysis on the record of traumatic 
resin ducts suggests that there was a shift from a positive to negative PDO around 1796 that was sustained until 
1837 (Gaglioti et al., 2019). The anomalously cold SSTs reported from bivalves in offshore British Columbia 
from 1809 to 1811 (Edge et al., 2021; Figure 1) is also consistent with a weak Aleutian Low or negative PDO-like 
conditions along the northeastern Pacific following 1809.

Overall, most of these pieces of paleoclimatic evidence suggest negative PDO-like conditions during and follow-
ing the 1809 eruption, but in many cases, also indicate negative PDO-like conditions in years leading up to the 
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1809 eruption. The implication of the latter conclusion is that a state similar to a negative PDO in the North 
Pacific could have preconditioned or strengthened the spatial cooling response post-eruption (Vargo, 2013), and 
that the 1809 event might not have directly triggered a shift to a negative PDO. The prolonged volcanic cooling 
of the North Pacific basin following initial negative PDO conditions described in model experiments (Illing 
et al., 2018) supports the importance of preconditioning in this region.

3.5.  Different Modes of Climate Variability and the 1809 Eruption

Similar to negative PDO-like conditions, a La Niña background state of the equatorial Pacific could have also 
preconditioned the spatial temperature response in NWNA after 1809. The PDO is partly related to the state 
of ENSO (Alexander et  al.,  2002; Newman et  al.,  2016); often, El Niño (La Niña) conditions are associated 
with a strengthening (weakening) and southeastward (northwestward) shift of the Aleutian Low (Bjerknes, 1969; 
Trenberth et al., 1998), and therefore, a positive (negative) phase of the PDO. ENSO teleconnections are simi-
lar to those of the PDO in NWNA during the instrumental era (S. W. Fleming & Whitfield, 2010), though the 
strength of these teleconnections to the North Pacific varies over time (Gershunov & Barnett, 1998), as do inter-
actions between ENSO and other climate systems, which collectively influence spatial climate patterns (D’Arrigo 
& Wilson, 2006b; Gershunov & Barnett, 1998; Wise, 2015). A Niño3.4 reconstruction (Li et al., 2013a) suggests 
that La Niña conditions were predominant in the five years leading up the 1809 eruption (Figure S11g in Support-
ing Information S1), and other reconstructions broadly agree on a cool phase of ENSO at least one year prior to 
1809 (e.g., seen in Cook et al., 2018; Dätwyler et al., 2019), also hinting at a potential weakened Aleutian Low as 
a background state for the 1809 eruption. Coral SST reconstructions disagree on the state of the eastern tropical 
Pacific, but do show consistent cooling in the early 1800s in the tropical western Pacific and Indian Oceans coin-
ciding with the 1809 unidentified eruption and Tambora (Tierney et al., 2015). Instrumental marine air tempera-
tures in the tropics also suggest cooling in both 1809 and the “year without a summer,” 1816 (Chenoweth, 2001). 
However, in contrast to the 1809 eruption, the mild temperatures across NWNA in 1816 could have been linked 
with warmer El Niño conditions in the equatorial Pacific following Tambora (Figure S11g in Supporting Infor-
mation S1), as suggested by some studies (D’Arrigo et al., 2009; Dätwyler et al., 2019; Li et al., 2013a; Wilson 
et al., 2006); El Niño conditions during that time are also consistent with inferences based on drought reconstruc-
tions from Asia and the Americas (Anchukaitis et al., 2010; E. R. Cook, Anchukaitis, et al., 2010a; E. R. Cook, 
Seager, et al., 2010; Wegmann et al., 2014) although coral SST reconstructions in the eastern tropical Pacific once 
again are uncertain (Tierney et al., 2015).

In addition to direct reconstructions of climate modes, spatial hydroclimate patterns from 1809 to 1810 based on 
three gridded drought reconstructions (NADA, OWDA, and MADA; E. R. Cook, Anchukaitis, et al., 2010a, 2010b; 
E. R. Cook, Seager, et al., 2010; E. R. Cook, Seager, Heim, et al., 2015; E. R. Cook, Seager, Kushnir, et al., 2015) 
provide further support for a cold Pacific (negative ENSO, negative PDO), as well as a negative phase of the 
North Atlantic Oscillation (NAO) associated with the eruption (Figure S12 in Supporting Information S1). The 
anomalous wet conditions in NWNA and in tropical Asia in 1809 and 1810 are typically associated with cold 
phases of ENSO and/or the PDO (Baek et al., 2017; Coats et al., 2016; E. R. Cook, Anchukaitis, et al., 2010a; 
McCabe et al., 2004). In Europe, the Mediterranean, and North Africa, the spatial drought pattern in summer 
PDSI in the OWDA (E. R. Cook, Seager, Heim, et  al.,  2015; E. R. Cook, Seager, Kushnir, et  al.,  2015) is 
consistent with a negative phase of the NAO and the East Atlantic Pattern, colder Atlantic SSTs, and upper 
level westerly winds displaced toward the south (Anchukaitis et al., 2019; Rao et al., 2017). This could have had 
impacts on regional climate anomalies in eastern North America, in particular, and should be explored. The post-
1809 hydroclimatic signatures apparent in the gridded drought reconstructions provide additional support for 
the dynamics potentially driving the spatial pattern of temperature anomalies identified in NWNA, and further 
analysis could be beneficial for assessing the post-1809 climate patterns in other regions in detail.

4.  Conclusions
Our network analysis of NWNA tree-ring temperature reconstructions shows that the Gulf of Alaska, the south-
ern Yukon, and sites broadly proximal to the northeastern Pacific Ocean experienced extreme cold following 
the unidentified 1809 eruption, particularly in the year 1810. The severity of cold conditions diminishes away 
from this region and temperatures were relatively mild along the northernmost portion of the NWNA tree-ring 
network and the eastern half of North America. We find that the post-1809 spatial temperature patterns resemble 
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modern-day teleconnections associated with a negative PDO and a weakened Aleutian Low, suggesting that 
North Pacific dynamics influenced the spatial pattern of the post-volcanic climate response. It is not entirely 
certain, however, whether a large volcanic eruption in 1809 could have forced a transition to negative PDO-like 
conditions or whether a pre-existing negative PDO could have modified the direct radiative impacts. However, 
many paleoclimate data sets do indicate colder conditions in the Northeast Pacific preceded the 1809 eruption and 
these background conditions may have strengthened or augmented the spatial cooling pattern (e.g., Vargo, 2013). 
Constraining the timing and locations of the unidentified 1809 eruption(s), the structure of the atmospheric forc-
ing (Timmreck et al., 2021), and regional climate dynamics and historical impacts in NWNA during the early 
nineteenth century, will be essential for understanding the mechanisms behind extreme cold conditions in NWNA 
during the late Little Ice Age, and implications of volcanism on regional climate variability.
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Data Availability Statement
A network of ten tree-ring data sets were used in this study and are described in Table 1. The data sets are avail-
able as follows: Interior British Columbia (IBC; Wilson et al., 2014; Wilson, Rao, et al., 2016), Icefields (ICE; 
Luckman & Wilson, 2005a, 2005b), Gulf of Alaska (GOA; Wilson et al., 2017, 2023), Southern Yukon (YUK; 
Wilson et  al., 2019a, 2019b), Wrangell Mountains (WRA; Davi et  al., 2003a, 2003b), Twisted Tree-Heartrot 
Hill (TTHH; D’Arrigo & Jacoby, 1999, 2023), Seward Peninsula (SEW; D’Arrigo et al., 2004, 2023), Interior 
Alaska (INT; Jacoby et al., 1999, 2023), Mackenzie Delta (MKZ; Beaulieu, 2022, 2023), and Firth River (FIR; 
Anchukaitis et al., 2013a, 2013b). Figures and maps were created with the R Project for Statistical Computing 
software (version 4.1.0; R Core Team,  2021) and spatial correlations with the NCEP/NCAR reanalysis data 
were computed with the Physical Science Laboratory's Climate Plotting and Analysis Tool (https://psl.noaa.gov/
data/correlation/). Regarding PDO/NPI indices, we used the Mantua PDO index provided by the Joint Institute 
for the Study of the Atmosphere and Ocean (Mantua, 2018) and the Trenberth and Hurrell North Pacific Index 
from the National Center of Atmospheric Research (NCAR, 2022; Trenberth & Hurrell, 1994). The NTREND 
summer temperature field reconstruction (Anchukaitis et al., 2017; Wilson, Anchukaitis, et al., 2016b) and the 
NTEND-DA (King et al., 2021a, 2021b) were also analyzed here. PDO/Nino3.4 index reconstructions include: 
D’Arrigo et al.  (2001, 2002), Biondi et al.  (1998, 2001), MacDonald and Case (2005a, 2005b), D’Arrigo and 
Wilson (2006a, 2006b), Evans et al. (2001, 2003), and Li et al. (2013a, 2013b). The drought atlases analyzed in 
this study include: the Old World Drought Atlas (E. R. Cook, 2015; E. R. Cook, Seager, Kushnir, et al., 2015); 
North America Drought Atlas (Living Blended Drought Atlas—E. R. Cook, Seager, et al., 2010; E. R. Cook, 
Seager, Heim, et al., 2015); and the Monsoon Asia Drought Atlas (E. R. Cook, Anchukaitis, et al., 2010a, 2010b).
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