
1.  Introduction
The El Niño-Southern Oscillation (ENSO) is the dominant mode of interannual variability on the planet, 
involving powerful feedbacks between the tropical Pacific Ocean and overlying atmospheric (Walker) circu-
lation (Bjerknes, 1969). The ENSO system oscillates between two phases, a warm El Niño state and a cool La 
Niña state; both are capable of exerting considerable influence on global anomalies of precipitation and sur-
face temperatures (Ropelewski & Halpert, 1987), which threaten vulnerable communities and ecosystems 
around the globe (Cane et al., 1994; Goddard & Gershunov, 2020; Holbrook et al., 2020). Much of ENSO 
research in recent decades has focused on the diversity of different characteristics of ENSO events (Capo-
tondi et al., 2015) especially in spatial pattern, amplitude, and frequency. The diversity in the persistence of 
ENSO events and their impacts has not been explored in equivalent depth.

Persistent multi-year La Niña events are well-recognized phenomena (DiNezio et  al.,  2017; Ohba & 
Ueda,, 2009; Okumura et al., 2011). The persistence of anomalies instigates additional economic and eco-
logical consequences (Cole et al., 2002; Okumura, DiNezio, & Deser, 2017). On the other hand, modern ob-
servations have thus far indicated that El Niño events typically persist for a single year. The recent sequence 
of 2014–2015 and 2015–2016 El Niño events show that this is not a rule. The 2014–2016 El Niño event was 
both peculiarly persistent and anomalously strong. The 2014–2016 El Niño event prompted investigation 
into the mechanisms that could delay the termination of an El Niño event, identifying that late event ini-
tiation (Lee et al., 2020; Wu et al., 2019) and strengthened cross-equatorial meridional SST gradients (Lee 
et al., 2020). Others investigating ENSO diversity using a k-means clustering approach identified succes-
sive El Niño events as a unique cluster in observations, but noted that successive El Niño events can be 
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Niño event can span multiple, consecutive years. Here we investigate unusually persistent El Niño events 
in instrumental observations, 11 different climate models that simulate the climate of the last millennium, 
and in temperature sensitive paleoarchives from the central equatorial Pacific. Multi-year El Niño events 
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confused with central tropical Pacific events when using a small number of clusters (Wang et al., 2019). 
In fact, recent paleoclimate analysis has highlighted that several of the largest El Niño events over the late 
nineteenth and early twentieth century similarly featured this anomalous persistence (Sanchez et al., 2020). 
Other studies have described events of unusual persistence in the paleoarchives using varied terminology 
such as “prolonged,” “protracted,” “slow decay,” or “long lived” events (Allan & RosanneD'Arrigo, 1999; 
Allan et al., 2020; McGregor et al., 2013). For the purposes of our study, we consider these adjectives to be 
equivalent.

This study investigates the diversity of multi-year (successive) El Niño events in instrumental observations, 
a unique suite of Paleoclimate Modeling Intercomparison Project (PMIP3) Past1000/Last Millennium glob-
al climate models (GCM), and centuries of temperature sensitive coral archives from the central equatorial 
Pacific. We illustrate that this phenomenon may be more common than suggested from the perspective of 
relatively short observational records, and that there is large diversity in simulations amongst GCMs. We 
also show that these events have important implications for seasonal precipitation and surface temperature 
anomalies.

2.  Data and Methods
2.1.  Instrumental Observations

We examine observed sea surface temperature (SST) anomalies with the NOAA Extended Reconstruction 
version 5 (ERSSTv5; Huang et al., 2017). ERSSTv5 is a 2° resolution gridded monthly product spanning 
1854–present to calculate Niño 3.4 indices. We validate results found in ERSSTv5 with other observational 
SST products; HADISST (Rayner et  al.,  2003), COBE SST2 (Hirahara et  al.,  2014), SODA2.2.4 (Giese & 
Ray, 2011) and Kaplan SST (Kaplan et al., 1998). We assess observed precipitation anomalies with the CPC 
Merged Analysis of Precipitation (CPC-CMAP; Xie & Arkin, 1997), which is a 2.5° gridded monthly product 
spanning 1979–present. We additionally consider the consistency of precipitation anomalies with twenti-
eth Century reanalysis products: NOAA's twentieth Century Reanalysis, 1851–2015 (Compo et al., 2011) 
and ERA twentieth Century Reanalysis, 1900–2010 (Poli et al.,  2016). We also analyze observed surface 
temperature anomalies with the NASA GISS Surface Temperature Analysis version 4 (GISTEMP4; Hansen 
et al., 2010; Lenssen et al., 2019), a 2° gridded monthly product covering 1880–present.

2.2.  Global Climate Model Simulations

We assess surface temperature and precipitation output from GCMs associated with the Coupled Model 
Intercomparison Project phase 5 (CMIP5; Taylor et al., 2012), Paleoclimate Model Intercomparison Project 
phase 3 (PMIP3) Past1000 runs (Braconnot et al., 2012): BCC-CSM1-1 (Wu et al., 2010), NCAR-CCSM4 
(Landrum et al., 2013), CSIRO Mk3L-1–2 (Phipps et al., 2011), FGOALS-GL (Zhou et al., 2008), GISS-E2-R 
(Schmidt et al., 2014), HadCM3 (Gordon et al., 2000), IPSL-CM5-ALR (Hourdin et al., 2013), MIROC-ESM 
(Watanabe et al., 2011), MPI-ESM-P (Giorgetta et al., 2013; Jungclaus et al., 2013), MRI-CGCM3 (Yukimoto 
et al., 2012) and NCAR-CESM Last Millennium Ensemble (all-forcing and volcanic-only experiments; Ot-
to-Bliesner et al., 2016). Analysis using the multi-model mean incorporates the single simulation from each 
of the various PMIP3 Past1000 experiments and the first full forcing ensemble member from the CESM Last 
Millennium Ensemble. The PMIP3 Past1000 experiments are a unique ensemble of experiments, each sim-
ulation was forced with the expected constraints arising from changes in volcanic, solar, land use change, 
orbital, and greenhouse gas forcing over the years 850–1850 (CMIP5/PMIP3 Past1000 experiments, Bracon-
not et al., 2012). Individual simulations within this suite of models can vary in the realism and skill with 
which they simulate mean climate and unforced climate variability, such as ENSO (Bellenger et al., 2014).

2.3.  Central Equatorial Pacific Paleoclimate Archives

We assess historical Niño 3.4 behavior using oxygen isotope records from corals from the Line Islands in 
the central equatorial Pacific (Cobb et al., 2003; Dee et al., 2020; Sanchez et al., 2020), an archive highly 
correlated to the Niño 3.4 index (Figure S1, Cobb et al., 2003; Sanchez et al., 2020). The Line Island coral 
archives are the only long coral archives sourced directly from the central equatorial Pacific spanning the 
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last millennium. This record can document unusual ENSO phenomenon with a much higher fidelity than 
many of the other ENSO reconstructions using tree ring archives predominantly sourced from the mid-
latitude continents that assume stationary ENSO teleconnection patterns through time. Furthermore, the 
oxygen isotopic composition of coral archives (δ18O) is controlled by variability SST and the oxygen isotopic 
composition of seawater (δ18Osw). δ18Osw is modified by the processes of precipitation, evaporation, oce-
anic advection and upwelling (Fairbanks et al., 1997; Stevenson et al., 2015). The additional influence of 
δ18Osw serves to heighten the variability observed in the central equatorial Pacific coral records, particularly 
at Palmyra (Russon et al., 2013), and this addition is most apparent during extreme El Niño events.

While coral archives allow us to extend analysis beyond the instrumental era, we acknowledge three caveats 
in this approach: (a) coral archives record climate variability from a single location, rather than the area 
averaged region (e.g., the Niño 3.4 index), and as such, the archives may be subject to local variability (b) 
the coral archives record variations in skeletal δ18O, a variable directly influenced by SST, but not identical, 
and (c) we impose a more rigorous threshold to the coral archives in identifying multi-year ENSO activity. 
As such, we do not expect the coral δ18O index to be identical to instrumental Niño 3.4 variability. It is none-
theless a robust and indispensable perspective on past ENSO variability.

2.4.  Identification of Multi-Year Events and Their Statistics

We first detrend all datasets by subtracting a thirty-year running mean to remove low-frequency variability 
in the background state. In the observational data and GCM output we calculate the Niño 3.4 index by cal-
culating the area averaged SST anomaly over −5°S–5°N, 170°W–240°W, using annual averages defined as 
May through April.

As each data set in this study features a unique representation of ENSO with differences in overall ampli-
tude of variability, we identify El Niño events using standardized anomalies (i.e., z-score) rather than SST 
anomalies. We identify single El Niño events as an event in which the annual anomaly reaches or exceeds 
0.65 standard deviations for a single year. Multi-year El Niño events are classified as events that reach or 
exceed the same threshold for consecutive years. This specific threshold is somewhat arbitrary, but was 
identified to include the 2014–2016 El Niño event, a key motivation for this analysis. In this system of clas-
sification, we do not attempt to distinguish between successive El Niño events and single prolonged events. 
Most commonly, a multi-year event refers to a “double El Niño event,” or an event spans two consecutive 
years. In order to minimize false positives when identifying multi-year events in the multiple variables re-
flected in the δ18O paleoclimate archives, we raise the threshold required for an El Niño event to 1 sigma in 
the annual average (in contrast to a 0.65 sigma threshold). Our results and overall conclusions are relatively 
insensitive to these details of the index. We find highly similar results when defining El Niño events in 
terms of their boreal winter (DJF) mean anomaly. We chose to use the annual average over the DJF seasonal 
anomaly because it facilitates comparison to paleoclimate archives.

Finally, we estimate the likelihood of two El Niño events appearing in consecutive years in each individ-
ual data set by using Monte Carlo methods to generate one million synthetic timeseries with randomized 
permutations. Each synthetic timeseries is designed to feature the same total length and the same unique 
total number of El Niño events (combined single and double events) as the true timeseries. We randomly 
reshuffle each timeseries of annual anomalies one million times and after each reshuffling, calculate the 
number of El Niño events that occur in consecutive years. We then create a histogram of the number of 
multi-year El Niño events found in the Monte Carlo experiment and can compare this to the true number 
of multi-year El Niño events in each product/simulation. If the observed number of double El Niño events 
falls inside of the distribution of synthetic double El Niño events, then multi-year events occur as often as 
expected and there is no obvious fingerprint of additional dynamical processes amplifying or dampening 
multi-event phenomena.
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3.  Results
3.1.  Multi-Year El Niños in Observations

Over the satellite era multi-year El Niño events have occurred less frequently than single year events, occur-
ring only twice: during the 2014–2016 El Niño event and the 1986–1988 El Niño event (Figure 1b, Table S1). 
Multi-year events have also occurred semi-regularly over the late nineteenth and twentieth centuries, al-
though many of these events occurred during periods when instrumental observations from the tropical Pa-
cific were sparse (Figure 1b). Some of the largest El Niño events within the instrumental record are part of 
a protracted event that spans multiple years (e.g., 1876–1878, 1940–1942, 2014–2016, Sanchez et al., 2020). 
These results are fairly robust across other SST products. Over the satellite era, the varied observation-
al products (ERSST, HadISST, COBE, SODA, Kaplan) are in 100% agreement (where applicable—SODA 
extends to 2010), however, during the early twentieth century, there are some minor differences between 
datasets in the classification of “multi-year” events (Table S2). Over the instrumental record, some of these 
events have had significant weather, ecological, and economic impacts around the world (e.g., Davis, 2002; 
Singh et al., 2018). The devastation associated with these events emphasizes the importance of understand-
ing their dynamical origins as well as their associated risks.

How often should we expect multi-year El Niño events to occur in observations? Our results from reshuf-
fling the observed events using the randomized permutations (Figure 1c) indicate that multi-year events oc-
cur about as often as statistically expected. Therefore, any dynamical processes that may modify multi-year 
events do not result in a distinctly different probability distribution over the instrumental era. We will revisit 
this idea in the following sections.

3.2.  Multi-Year El Niños in Paleoclimate Archives and GCMs

Multi-year events are not only found in the instrumental record; we find evidence of similarly protracted 
events in central equatorial Pacific coral δ18O records (Figure 2m). Furthermore, all of the climate models 
considered are capable of resolving multi-year El Niño events (Figures 2b–2l), despite the well document-
ed variation in simulation of the tropical Pacific within the CMIP5 experiments (Bellenger et al., 2014). 
However, these varied sources express great diversity in the mean characteristics of the multi-year El Niño 
events. We highlight several here: (a) blended versus distinct events, (b) event magnitude, (c) initiation 
timing, and (d) state of ENSO following the multi-year event.

Multiple model composites resolve distinct peaks related to each El Niño event (CCSM, CESM, CSIRO, 
HAD, paleoarchives), while others blend the multi-year peaks together as a single long event (e.g., FGOALS). 
In several multi-model composites, the relative amplitude of the first and second El Niño events are of 

Figure 1.  El Niño events in NOAA Extended Reconstruction version 5 (ERSSTv5). Individual single-year events (a) and multi-year events (b) are shown gray, 
denoted in Table S1. Event composites are illustrated by a bolded line for single (blue, (a)) and multi-year (black, (b)) events. X (0) corresponds to December of 
the first El Niño year. (c). The histogram of the number of multi-year events in synthetic time series (green), and the number of observed multi-year events (red 
bar).
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differing magnitudes. In many models, the first El Niño event is of smaller amplitude than the second event 
(e.g., BCC, HAD, CCSM, CESM). When contrasting multi-year events with single year events, differences 
in the timing of event initiation are also apparent, as described in Wu et al. (2021). In most of the model 
composites the multi-year El Niño event is initiated several months later than the average single El Niño 
event, but the magnitude of the lag is model dependent. Similar to traditional, single El Niño events, in the 
majority of models assessed, the average multi-year event is followed by a cool La Niña-like state. In both 
multi-year events and single year events, the DJF following the termination of the El Niño features mul-
ti-model composite of SST anomalies of ∼−0.50 standard deviations.

In any given 1000-year simulation of the tropical Pacific, how likely is it that two El Niño events will occur 
in succession? Do individual climate models/archives fall within this range of expectations? Multi-year 
events occur well within the range expected from the randomized permutation experiments in many of 
these models, but not all (Figure S2). The number of actual multi-year event occurrences are well outside 
of the bounds of expectation in two models: the BCC (below expectation) and CSIRO (above expectation) 
models. This is likely due to differences in model physics, suggesting that some underlying model bias or dy-
namics influences the frequency of the occurrence of these events. Interestingly, the paleorecord indicates 
a higher frequency of multi-year El Niño events than the instrumental record, despite the stricter event 
criterion (Figures S2l–S2n). This distinction is due to the variability recorded earlier in the millennium, the 
modern portion of the paleorecord demonstrates variability highly similar to that found in the instrumental 
record. While some of this may be due to the difference in the variable examined (local coral δ18O vs. area 
averaged SST), this is evidence that the multi-year El Niño events may have been more common at other 
points over the last millennium.

Figure 2.  Composite monthly progression of El Niño events in the observations, climate models, and central equatorial Pacific paleoarchives. Zscored 
anomalies are plotted, X (0) corresponds to December of the first El Niño year, the dashed X (11) corresponds to the second. The single El Niño event mean 
(blue) and multi-year El Niño event mean (black) are plotted for each simulation, n denotes the number of years available. The number of each type of event is 
indicated in the bottom left corner for single (“s,” blue) and multi-year (“d,” black) events. The magnitude of the 98th percentile El Niño event for each type of 
El Niño event is provided in parentheses.
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3.3.  Variability of Multi-Year Events

Based on the three perspectives of ENSO variability, multi-year events occur at a wide range of frequen-
cies. In the observational record, the frequency spans 5–9 events/century, when using complete 100-year 
windows. In climate models, the frequency spans 0–18 events/century (BCC and CSIRO, respectively). In 
order to distinguish multi-year El Niño activity from total ENSO variability, we compare the ratio of the 
number of multi-year events to the number of single events (Figure 3). Across the various models, there is 
vast diversity in the simulated variability. For example, BCC has very little multi-year ENSO activity, while 
CSIRO features a higher proportion of multi-year events to single events over the second half of the last 
millennium. Additionally, there are high amounts of internal variability found within individual model 
simulations. Intercentennial and interdecadal variability in the frequency of multi-year El Niño events is a 
common feature throughout each of the climate models and paleoarchives considered.

Within the instrumental era, the range of variability exhibited over any continuous 100-year period is about 
0.3–0.7 double to single events. However, the instrumental era features variations in radiative forcing dis-
tinct from those simulated in the Past1000 experiments so differences in frequency of occurrence could 
be influenced by differences in the climate mean state. We can examine the sensitivity of the frequency of 
multi-year events in response to these changes in radiative forcing by comparing the various Past1000 exper-
iments, each simulation run with the same forcing constraints (Braconnot et al., 2012). If the ratio of double 
to single El Niño events was sensitive to historical variations in radiative forcing, we would expect to find 
common periods of heightened activity in Figure 3, particularly in the CESM Last Millennium Ensemble 
simulations as each simulation is subject to the same model physics. We find no evidence that the frequency 
of multi-year El Niño events have responded to forced change over the last millennium.

Figure 3.  Heat map of the frequency of multi-year El Niño events relative to the frequency of single events. For each datasource, the ratio of the number of 
multi-year events relative to the number of single El Niño events is calculated using a centered 100 year moving window. The model/data set identification is 
on the left y-axis. The range of values in the instrumental record is illustrated next to the colorbar. The centered windowing approach limits the evaluation of a 
100-year averaged ratio near the simulation endpoints; ratios estimated within the 50 years closest to the start/end of the simulation do not consider a full 100-
year period and are indicated with shading.
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3.4.  Impacts of Multi-Year Events

We consider the impact of multi-year El Niño events on seasonal precipitation and surface temperature 
anomalies for the boreal winter and summer months in instrumental observations (Figures  4a,  4c,  4e 
and 4g) and the multi-model mean of the Past1000/Last Millennium simulations (Figures 4b, 4d, 4f and 4h). 
Individual results for each respective season and model/reanalysis product can be found in Figures S3–S7. 
Even when considering single-year El Nino events, impacts can be quite diverse due to modification from 
unforced low frequency variability (e.g., Feba et al., 2018; Tejavath et al., 2019). Both surface temperature 
and precipitation impacts associated with multi-year events are similar to the mean of traditional, single 
year ENSO impacts (Figure S8); these impacts chiefly differ in that they arise in consecutive seasons. How-
ever, in observations and many individual climate models, DJF SST anomalies are strongest in the central 
tropical Pacific, which may be an important clue to understanding the dynamical mechanisms behind these 
events.

Across the tropics, regions exposed to high magnitude ENSO impacts may be even more vulnerable to severe 
consequences as a result of the consecutive years of drought or pluvial for example, Allan et al. (2020) (Fig-
ure 4). Furthermore, multi-year events are often followed by a La Niña (Figure 2). La Niña events further 
have considerable impacts on seasonal precipitation and surface temperature anomalies (Glantz,  2002). 
We hypothesize that such extreme changes could prompt local “whiplash events” (Swain et al., 2018, e.g., 
two extreme dry/wet seasons followed by a wet/dry season), enhancing the severity of a multi-year El Niño 
event sequence.

Multi-year events are not only unusual for their persistence, but can also stand out due to their magnitude. 
For any given El Niño event, a single or multi-year event may be of comparable magnitude. However, in the 
instrumental record, multi-year events are among the largest observed, for example, 1877–1878, 1941–1942, 
2015–2016 (Figure 1, Sanchez et al., 2020). We compare the magnitude of the largest events by calculating 
the magnitude of 98th percentile multi-year (double) and single events. In 8 of the 11 models considered, 

Figure 4.  Composite precipitation and surface temperature anomalies during the multi-year El Niño events. Precipitation anomalies are plotted for JJA and 
DJF in a multi-year event sequence using the Past1000/Last Millennium multi-model composite (a, e, i, m, and q) and the CPC Merged Analysis of Precipitation 
(CPC-CMAP) composite (c, g, k, o, and s), respectively. Surface temperature anomalies are plotted for the multi-year event sequence using the Past1000/Last 
Millennium multi-model composite (b, f, j, n, and r) and the GISS Surface Temperature Analysis version 4 (GISTEMP4) composite (d, h, l, p, and t), respectively. 
Stippling indicates that 9 of the 11 climate models represented in this multi-model composite feature the same sign mean anomaly in consecutive years.
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the 98th percentile of double event sequences were larger than the 98th percentile event in single El Niño 
events by 0.12 standard deviations on average (Figure 2, Table S3). In observations, the 98th percentile of a 
multi-year event exceeds that of a single year event by 0.64 standard deviations, and by 0.83 standard devi-
ations in the paleoarchives. A similar relationship holds if considering 90th percentile events (Table S3). If 
we consider the largest 2% of all El Niño events in each of the last millennium simulations and observation-
al products, the majority of the largest events were associated with a double event (57%, Table S3). This frac-
tion varies considerably amongst individual models. In 5 of the 11 models considered, >75% of the largest 
2% of total events are multi-year events. In both instrumental observations and paleoclimate archives, the 
vast majority of the largest 2% of events were multi-year phenomena. It is therefore possible that a physical 
mechanism unique to formation of double events encourages the amplified growth of such events.

4.  Discussion and Conclusion
ENSO variability features a vast range of internal variability at interdecadal and intercentennial timescales 
(Capotondi et al., 2015; Cobb et al., 2013; Karnauskas et al., 2012; Wittenberg, 2009). Here, we consider the 
diversity in the persistence of El Niño events. We find consistent evidence in instrumental observations, 
paleoclimate archives, and GCMs that multi-year El Niño events are an emergent feature of the climate 
system. Furthermore, we find evidence that these events may be more common than reflected over the 
satellite era.

Even within the instrumental record, the frequency with which multi-year El Niño events occur has varied, 
featuring relatively low activity since the mid twentieth century. We find evidence that the present climate 
may be in a period of relatively infrequent multi-year events; paleoarchives indicate that periods of frequent 
multi-year El Niño events (relative to single El Niño events) have occurred semi-regularly throughout the 
last millennium. The CMIP5 Past1000 and CESM Last Millennium Ensemble experiments further demon-
strate unforced interdecadal and intercentennial variability in the frequency of multi-year event occurrence.

It is still unknown what dynamical mechanisms are most important in the persistence of a multi-year El 
Niño event. The limited instrumental record and the diversity of tropical Pacific dynamics in model simu-
lations inhibit a clear assessment of potential mechanisms. Of the models considered, there are a variety of 
potentially important features that may influence the persistence of El Niño events and the amplitude of 
multi-year events: the timing of event initiation (Wu et al., 2021), the degree of decay after the first event 
(e.g., a blended event vs. two distinct events), the spatial pattern of SST anomalies during the event, and 
the development of the anomaly patterns with regard to ENSO flavors. The background state of the global 
ocean or atmosphere may precondition the tropical Pacific for these unusually persistent events. Okumura, 
Sun, and Wu (2017) found that multi-year El Nino events occur more frequently in NCAR's CCSM4 when 
low frequency variability in the tropical Pacific has a warmer background state. Nonetheless, there is a 
consensus from the GCMs, paleoclimate archives and instrumental observations that multi-year El Niño 
events are among the largest El Niños simulated. All models considered here provide evidence that these 
multi-year events can instigate persistent impacts on seasonal precipitation and surface temperature anom-
alies in regions particularly vulnerable to ENSO impacts.

Finally, it is not known if or how anthropogenic climate change may influence the development of mul-
ti-year El Niño activity, or modulate the associated impacts. Anthropogenic change may already be influ-
encing the spatial pattern of ENSO anomalies from more eastern Pacific to central Pacific events (Ashok 
et al., 2007; Freund et al., 2019; Kim & Yu, 2012; Yeh et al., 2009). Several studies have suggested that mech-
anisms critical for the development of central Pacific El Niño events may be related to the development 
of multi-year El Niño events (Kim & Yu, 2020; Sanchez et al., 2020; Wang et al., 2019), thus a changing 
frequency of central Pacific events may have implications for the development of multi-year El Niño events. 
Finally, ENSO impacts may be more devastating in the future (Fasullo et al., 2018; Stevenson, 2012), par-
ticularly regarding precipitation impacts (Power et al., 2013; Seager et al., 2012; Yun et al., 2021). If true, it 
is possible that these large, multi-year El Niño events may be an important part of that future.
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Data Availability Statement
Data for our instrumental-based analysis were provided by several sources: NOAA Extended Reconstruc-
tion Sea Surface Temperatures version 5 (Huang et al., 2017, https://www.ncdc.noaa.gov/data-access/mari-
neocean-data/extended-reconstructed-sea-surface-temperature-ersst-v5), NOAA/OAR/ESRL PSL CPC 
Merged Analysis of Precipitation (Xie & Arkin, 1997, https://psl.noaa.gov/data/gridded/data.cmap.html), 
and NASA GISS Surface Temperature Analysis version 4 (Lenssen et al., 2019, https://data.giss.nasa.gov/
gistemp/). Data for our reanalysis-based precipitation analysis were provided by NOAA-CIRES Twentieth 
Century Reanalysis version 2C (Compo et al., 2011, https://psl.noaa.gov/data/gridded/data.20thC_Rean-
V2c.html) and ERA Twentieth Century Reanalysis (Poli et al., 2016, https://www.ecmwf.int/en/forecasts/
datasets/reanalysis-datasets/era-20c).
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