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Abstract Multiyear droughts are a common occurrence in southwestern North America (SWNA), but it
is unclear what causes these persistent dry periods. The ocean-atmosphere conditions coinciding with
droughts have traditionally been studied using correlation and composite methods, which suggest that cool
conditions in the tropical Pacific are associated with SWNA droughts and warm conditions are associated
with wet periods in SWNA. Nevertheless, the extent to which multiyear droughts are truly consistent with
this paradigm remains unknown. This is, in part, because the temporal trajectory of ocean-atmosphere
conditions during these dry periods have not been sufficiently characterized. Here we examine the
continuum of ocean-atmosphere trajectories before, during, and after multiyear droughts in SWNA using
observation-based data and an ensemble of climate model simulations from the Community Earth System
Model. An examination of sea surface temperature patterns at the beginning, middle, and end of SWNA
droughts shows that an El Nifio event tends to precede SWNA droughts, a cool tropical Pacific occurs during
droughts, and central Pacific El Nifio events end droughts. However, moderate El Nifio events can occur
in the middle of persistent droughts, so a warm tropical Pacific does not always end these dry periods. These
findings are important for drought predictability and emphasize the need to improve simulations of the
magnitude, life cycle, and frequency of occurrence of El Nifio events.

Plain Language Summary Droughts lasting multiple years in southwestern North America
(SWNA) have severe consequences for both humans and natural systems. Unusually cold tropical Pacific
conditions (e.g., La Nifia events) typically coincide with dry years in SWNA, and it is often assumed that
persistent cold conditions in the tropical Pacific coincide with persistent droughts. Here we test this idea
using climate model simulations and observation-based data. Although a cool tropical Pacific tends to
initiate SWNA droughts and a warm tropical Pacific (e.g., El Nifio events) tends to terminate droughts, we
show that El Nifio events can occur in the middle of SWNA droughts without ending these dry periods. We
also examine patterns of sea surface temperatures before, during, and after SWNA droughts. We find that
El Nifio events tend to precede SWNA droughts and central Pacific El Nifio events often terminate droughts
in both observations and model data; these El Nifio events are perhaps the most consistent feature of
multiyear droughts in SWNA. These findings have important implications for public perception of droughts
and their causes, in addition to our scientific understanding and modeling of El Nifio and its impacts.

1. Introduction

Multiyear droughts in southwestern North America (SWNA) are common in climate model, instrumental,
and paleoclimate data (e.g., McCabe et al., 2004; Herweijer et al., 2007; Coats, Smerdon, et al., 2015; Cook
et al., 2016; Parsons et al., 2018). These events have severe consequences for agriculture, water resources,
natural ecosystems, and fire (e.g., Acuna-Soto et al., 2002; Fettig et al., 2019; Riebsame et al., 1991).
Nevertheless, we do not fully understand the drivers of persistent SWNA droughts. Decades of research have
shown a relationship between the tropical Pacific and climate variability in SWNA (Rasmusson & Wallace,
1983; Dettinger et al., 1998; Seager et al., 2005, 2008; Weng et al., 2009). Specifically, La Nifia conditions in
the tropical Pacific are often associated with SWNA droughts, and El Nifio conditions are associated with
wet years in SWNA (e.g., Cayan et al., 1999; Cole et al., 2002; Cook et al., 2007; Gershunov & Barnett,
1998; Kurtzman & Scanlon, 2007). The temporal trajectory of ocean-atmosphere conditions during SWNA
droughts have not been sufficiently characterized, partly because drought dynamics are typically studied
using correlations and composites, which do not show how these droughts start, are maintained, and end.
Here we examine the distribution of ocean-atmosphere conditions that occur throughout the life cycle of
droughts (e.g., Namias, 1960).

PARSONS AND COATS

8953

<
brought to you by .{ CORE


https://core.ac.uk/display/286728686?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://orcid.org/0000-0003-3147-0593
http://dx.doi.org/10.1029/2019JD030424
http://dx.doi.org/10.1029/2019JD030424
http://dx.doi.org/10.1029/2019JD030424
http://dx.doi.org/10.1029/2019JD030424
http://dx.doi.org/10.1029/2019JD030424
mailto:lakp@uw.edu
https://doi.org/10.1029/2019JD030424
http://publications.agu.org/journals/

100 Journal of Geophysical Research: Atmospheres 10.1029/2019ID030424

nnnnnnnnnnnnnn
'AND SPACE SCiENCE

This work is partly motivated by the 2015-2016 CE El Nifio event. In that year the western United States was in
the midst of a multiyear drought, which has been identified as among the most persistent and severe of the last
millennium (e.g., Griffin & Anchukaitis, 2014; Williams et al., 2015). Recent large El Nifio events (e.g., 1982-
1983 CE and 1997-1998 CE) delivered abundant precipitation to SWNA (e.g., Siler et al., 2017), so it was
assumed that the El Nifio event that emerged in the autumn of 2015 CE promised a respite from these dry con-
ditions. Nevertheless, the winter of 2015-2016 CE failed to deliver above-average rainfall or snowpack to
SWNA, the reasons for which have been studied extensively (e.g., Cook et al., 2018; Jong et al., 2018; Lee
etal., 2018; Lim et al., 2018; Paek et al., 2017; Siler et al., 2017; Wang et al., 2017; Zhang et al., 2018). In the fol-
lowing winter (2016-2017 CE), despite unremarkable conditions in the tropical Pacific, there was extensive pre-
cipitation in western North America (e.g., Wang et al., 2017) that effectively returned snowpack, soil moisture,
and reservoir storage to normal conditions in many parts of SWNA. Clearly, although the state of the tropical
Pacific can potentially shift the distribution of hydroclimate states in SWNA, internal atmospheric dynamics
drive most of the variability in regional rainfall and snowpack (Dong et al., 2018; Seager et al., 2015; Seager
& Hoerling, 2014; Seager & Ting, 2017; Stevenson et al., 2015). The past few years have thus demonstrated that
the paradigm of a persistently cold tropical Pacific associated with persistent SWNA droughts is not sufficiently
inclusive, even for some of the most severe of these features. Given the social and environmental impacts of
multiyear droughts (Crausbay et al., 2017), and that future climate change will involve some combination of
anthropogenic change and natural variability (e.g., Cook et al., 2015), it is critical to advance understanding
of the ocean-atmosphere conditions coinciding with these features.

Studying the drought life cycle is best addressed using data from the real Earth system, namely, instrumental
observations of climate variability. However, the instrumental record is only ~100-150 years long, and it thus
contains insufficient samples of SWNA droughts to constrain the range of ocean-atmosphere trajectories under-
lying these features. Here we use an ensemble of climate model simulations of the last millennium, which
includes over a thousand multiyear droughts in SWNA, to study their coupled ocean-atmosphere trajectories.
Specifically, we examine the sea surface temperature (SST) and geopotential height anomaly patterns that pre-
cede, start, maintain, and end SWNA droughts. To help visualize the variety of ocean and atmosphere condi-
tions associated with the drought life cycle, we employ self-organizing maps (SOM), an unsupervised
machine learning approach (Kohonen, 1997). The SOM approach allows us to examine the continuum of con-
ditions that coincide with different stages of SWNA droughts without having to rely on averages or composites
that may mask key features (such as moderate El Nifio events during SWNA droughts).

2. Data and Methods
2.1. Instrumental-Based Data

We examine droughts in SWNA (25-43°N, 125-105°W) during the instrumental era (1891-2018 CE) using
January-December annually integrated precipitation (PR) from the observation-based Global
Precipitation Climatology Centre version 2018 (GPCCv2018; Becker et al., 2011). The linear trend (1891-
2018 CE) is removed from the PR time series at each grid point before calculating the average over the
SWNA region; this regional mean time series is used to define drought intervals (section 2.3 describes our
drought identification method). We focus on SWNA due to the presence of extended drought in this region
in paleoclimate data (e.g., Cook et al., 2007; Herweijer et al., 2007) and to maintain consistency with pre-
vious literature (e.g., Coats et al., 2013; Coats, Smerdon, et al., 2015; Parsons et al., 2018).

We use the National Oceanic and Atmospheric Administration (NOAA) Extended Reconstructed Sea
Surface Temperature (ERSST) v5 (Huang et al., 2017) data set to examine SST anomaly patterns and
Twentieth Century Reanalysis version 2c (Compo et al., 2011) data to examine 250-mbar geopotential height
anomaly patterns associated with SWNA droughts. Specifically, we compare SWNA PR to an annual
January-December mean Nifio3.4 index (5°S to 5°N, 170-120° W). We calculate the annual mean SST at
each grid point and remove the latitude-weighted, global mean SST to maximize the signal from internal
variability in the ERSSTv5 data. We define weak, moderate, strong, and very strong El Nifio events as years
when the Nifio3.4 index is greater than +0.5, +1, +1.5, and +2 °C relative to the mean of the period between
1891 and 2018 CE, although results are not sensitive to this choice. When we refer to El Nifio and La Nifia
events of a given threshold, (e.g., a ‘moderate El Nifio event’), we include all events that reach this threshold,
including the events that surpass this threshold. We also compare the ERSSTv5 Nifio3.4 index to the tropical
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North Atlantic Index (TNA, 5-24°N, 58-15°W). Due to the more limited time period covered by the
Twentieth Century Reanalysis, the 250-mbar geopotential height analysis ends in 2014 CE.

2.2. Climate Model Data

We use runs 2-13, each spanning the time period 850-1849 CE (total of 12,000 years), from the Community
Earth System Model Last Millennium Ensemble (CESM LME; Otto-Bliesner et al., 2015). Each simulation
has the same time-varying external forcing conditions (solar, orbital, land use/land cover, volcanic, aerosol,
and greenhouse gases), reconstructed from archives of those conditions in the real Earth system between 850
and 1849 CE (e.g., Schmidt et al., 2011). The only difference in the simulations is that they are each branched
from slightly different initial conditions and thus have distinct internal variability (Otto-Bliesner et al.,
2015). We also compare results from the CESM LME with the CESM1 Large Ensemble 1,800-year control
run and 42 historical runs (1920-2005 CE—Kay et al., 2015) and find no noticeable difference in our main
results (the CESM Large Ensemble results are shown in the supporting information).

We first calculate January-December annually integrated PR for each grid point over land in SWNA, then
generate one regional mean time series for SWNA. The atmospheric surface temperature (TS) variable over
oceans is used to study SST anomaly patterns during SWNA droughts. We calculate the January-December
annual mean TS at each grid point and remove the latitude-weighted, global mean TS over the ocean to max-
imize the signal from internal variability. We define weak, moderate, strong, and very strong El Nifio events
in the CESM LME as years when the Nifio3.4 index is greater than +0.5, +1, +1.5, and +2 °C relative to the
mean of the period between 850 and 1849 CE. Moderate (strong) La Nifia events are defined as years when
the Nifio3.4 index is less than —1 °C (—1.5 °C). When we refer to El Nifio and La Nifia events of a given
threshold, (e.g., a ‘moderate El Nifio event’), we include all events that reach this threshold, including the
events that surpass this threshold. We also compare the Nifio3.4 index to the TNA (5-24°N, 58-15°W) as well
as a central Pacific El Nifno index. There are multiple El Nifio definitions that can produce different asso-
ciated index time series (e.g., Ashok et al., 2007; Ren & Jin, 2011; Takahashi et al., 2011; Trenberth &
Stepaniak, 2001; Williams & Patricola, 2018; Yeh et al., 2009). Here we use the Nifio3.4 index and the El
Nifio Modoki Index (EMI), as the EMI captures the second leading pattern of equatorial Pacific SST anoma-
lies (e.g., Ashok et al., 2007; Ren & Jin, 2011). Although we use the Nifio3.4 index and EMI in the main text,
we also compare a variety of tropical Pacific SST indices in section 3.5 and the supporting information. For
instance, we have tested if using the Nifio3.4 versus the Nifio3 region changes our results, and we find a
minimal (<0.5%) difference in the number of years coinciding with various drought stages. As in Ashok
et al. (2007), EMI = A — (0.5 * B) — (0.5 * C), with A, B, and C indicating area-averaged climatological SST
anomalies over regions A (165°E to 140°W, 10°S to 10°N), B (110-70°W, 15°S to 5°N), and C (125-145°E,
10°S to 20°N), respectively. We also use 250-mbar geopotential height anomaly data to study the atmo-
spheric circulation patterns associated with SWNA droughts in the CESM.

2.3. Drought Definition

Here we define a drought as a time period that contains at least two consecutive years of annually integrated
PR anomalies below the long-term mean. A drought continues until there are two consecutive years above
the mean (e.g., Coats et al., 2013; Herweijer et al., 2007; Parsons et al., 2018). The first year of drought is
defined as the first year when PR drops below the mean, and the last year of drought as the final year below
the mean before the two consecutive wet years that end the drought. The long-term mean is calculated over
1891-2018 CE in the instrumental data and 850-1849 CE for each run of the CESM LME. The results for
CESM are not sensitive to the choice of reference period. Although previous studies have shown the insen-
sitivity of results when using different multiyear drought definitions (e.g., Herweijer et al., 2007; Coats et al.,
2013; Coats, Smerdon, et al., 2015), here the requirement for a drought to contain at least two consecutive
dry years and end only after at least two consecutive wet years may play a role in determining which SST
patterns coincide with the start and end of droughts. A discussion of how an analysis of different drought
definitions could be used to expand on the work presented here can be found in section 4.

2.4. Composites of SST Anomalies and SOM

We show composites of SST anomaly patterns during the years before, at the start of, in the middle of, and at the
end of SWNA droughts. However, these composite maps do not show the range of SST anomaly patterns that
can coincide with each interval of this drought life cycle (hereinafter “pattern” will be used to refer to patterns of
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anomalies). To examine the continuum of SST patterns coinciding with SWNA droughts during these four
intervals, we use a SOM-based analysis. The SOM is an unsupervised machine learning analysis that “orga-
nizes” the many SST patterns coinciding with drought years in SWNA into a smaller set of representative states.
This methodology applied to each stage of the drought life cycle thus allows for an analysis of the continuum of
SST patterns coinciding with these stages. Here we present a brief overview of the SOM methodology, but
further details about the methodology and its application to climate data can be found in Johnson et al. (2008).

SOMs use a clustering approach that maximizes the similarity of two-dimensional (latitude by longitude) cli-
mate patterns (e.g., Cassano et al., 2007; Cavazos, 2000; Cavazos et al., 2002; Hewitson & Crane, 2002; Johnson
et al., 2008; Gibson et al., 2017; Parsons et al., 2018; Reusch et al., 2007). Each cluster in a SOM is associated
with a single representative SST pattern (referred to here as a SOM “map”), which approximates the mean
of all samples that are assigned to that SOM map. Each SOM map thus represents a generalized pattern from
the input data, as opposed to an empirical orthogonal function analysis approach, which may not represent
physical patterns (Liu et al., 2006; Reusch et al., 2005). SOMs differ from traditional clustering algorithms
because the user can define the size and shape of the grid structure of the output SOM maps from the analysis.

Here we use a SOM-based analysis to help visualize the annual mean SST anomaly patterns during all 6,546
SWNA drought years corresponding to the 1,210 SWNA multiyear droughts in the CESM LME. For each
SOM map, we also show the associated annual mean 250-mbar geopotential height anomaly pattern.
Separate SOM analyses are used to show the variety of SST anomaly patterns that coincide with the following:
(1) all 6,546 SWNA drought years, (2) the 1,210 years 1 year before drought, (3) the 1,210 years coinciding with
the first year of drought, (4) the 4,126 years in the central years of drought, (5) the 1,210 years in the last year of
drought, and (6) the 1,210 years that “break” these multiyear droughts. For each SOM analysis, we choose a 3 X
3 grid structure to visualize the continuum of patterns associated with various stages of SWNA droughts. We
chose the 3 X 3 grid structure because it spans cold, neutral, and warm states of the relevant “modes” of climate
variability (e.g., cool/warm west, central, and eastern tropical Pacific; cool/warm Pacific Decadal Oscillation
(PDO) pattern; cool/warm North Atlantic). We have tried various other SOM output sizes with similar results,
but it was found that specifying a two-dimensional SOM topology of at least this size is important for represent-
ing the full continuum of central and eastern Pacific El Nifio events as well as La Nifia events (Figure S1).

3. Results
3.1. SWNA Droughts and the Nifi03.4 Index

Across the 12,000 CESM LME simulation years there are 1,210 distinct multiyear drought intervals in
SWNA, spanning 6,546 model years. Consistent with both the return interval and total number of years in
multiyear droughts in the CESM LME, in the instrumental data there are 12 multiyear SWNA droughts
between 1891 and 2018 CE, which encompass 70 years. Most droughts in the CESM LME and instrumental
data are between 2 and 11 years in length, with a median duration of about 6 years and annual mean seve-
rities of 158 mm/year (+116 mm/year) in the instrumental data and 276 mm/year (+191 mm/year) in the
CESM. Droughts of various lengths and severities are associated with a continuum of ocean-atmosphere
conditions, ranging from a cool PDO to a warm PDO, but most droughts in the CESM LME are associated
with a cool tropical Pacific. The most severe droughts tend to coincide with a cool central Pacific and cool
PDO pattern (Parsons et al., 2018). See Parsons et al. (2018) for more details related to the continuum of
ocean-atmosphere conditions coinciding with droughts of various lengths and severities.

We examine the variety of states in the tropical Pacific (El Nifio and La Nifia) that coincide with SWNA
droughts by showing the Nifio3.4 index in the CESM and observation-based NOAA ERSSTv5 data. Both
instrumental and model data show overall similar distributions of Nifio3.4 indices, with a Nifio3.4 index
median slightly below 0°C (Figure S2). Wetter than average years in SWNA show slightly warmer Nifio3.4
index values, and drier than average years show Nifio3.4 index values centered around —0.5 °C
(Figure S2). However, the magnitude of SST variability in the Nifio3.4 region in the CESM is larger than
the magnitude in the observation-based data (e.g., Bellenger et al., 2014). Likewise, the tropical Pacific in
the CESM LME has a stronger relationship with SWNA as compared to the observation-based data
(Parsons et al., 2018; Stevenson et al., 2018). This relationship can be demonstrated by a correlation analysis
that compares the Nifio3.4 index and SWNA PR time series in the CESM LME (correlation r value 0.58, using
all 12,000 years of CESM LME data); in the observation-based data, this relationship is weaker (correlation r
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value 0.28 during 1891-2018 CE time period). This discrepancy could be explained by century-to-century
variability in teleconnection strength (e.g., Coats et al., 2013; Lewis & LeGrande, 2015; Deser et al., 2014;
Deser et al., 2018). To test the variability of the Nifio3.4-SWNA teleconnection, we conduct a running
128-year (length of the observation-based data used herein) time slice correlation analysis, which shows that
the Nifio3.4-SWNA correlation can range from 0.35 to 0.76, depending on the century in the CESM LME,
suggesting that although the strength of this teleconnection is quite variable (e.g., McCabe & Dettinger,
1999), the model-observation mismatch in teleconnection strength is unlikely to be explained by variations
in internal variability in the model (e.g., Deser et al., 2018). This strong Nifio3.4-SWNA connection in the
CESM LME is well documented (e.g., Parsons et al., 2018); a discussion of the potential implications of this
model bias can be found in section 4. Despite this bias, a Kolmogorov-Smirnov test indicates that the overall
distributions of Nifio3.4 indices are not significantly different (at the 95% confidence level) in the ERSSTv5
data and the CESM. Similarly, the Nifio3.4 index values during wetter than average years in the CESM and
observations are not significantly different. However, the indices are significantly different in drier than
average years. Nevertheless, this difference is sensitive to the data source; the dry-year Nifio3.4 index bias
decreases if we compare the CESM to other observation-based data, such as the Hadley Centre Global Sea
Ice and Sea Surface Temperature (HadISST; Rayner et al., 2003, not shown).

Although moderate El Nifio events coincide with many SWNA droughts in both the CESM (~5.4% of
drought years) and the observation-based data (~4.4% of drought years), it is rare for a below-normal preci-
pitation year in SWNA to coincide with strong and very strong El Nifio events (Figure S2). In the CESM,
~6.8% of years coincide with strong El Nifio events, but during below-normal SWNA precipitation years,
only ~0.9% of years coincide with strong El Nifio events, and these strong El Nifio events never coincide with
drought years in the instrumental data (e.g., Hoell et al., 2016; Figure S2). Similarly, wetter-than-average
years in SWNA are rare during moderate La Nifia events in both the observation-based data (0% of wet years)
and the CESM (~3% of wet years). The CESM also indicates that SWNA is consistently drier than the long-
term mean during very strong La Nifia events. However, due to the short instrumental record and the SST
normalization method (section 2), there is an insufficient number of very strong El Nifio and La Nifia events
in the ERSSTVS5 data, so these “warm threshold” and “cold threshold” relationships cannot be confirmed.

While the Nifio3.4 index can broadly illustrate the state of the tropical Pacific during SWNA droughts, the
previous analysis does not fully encompass potential impacts from other parts of the tropical Pacific or other
ocean regions (e.g., McCabe et al., 2004; Seager et al., 2005; Ashok et al., 2007; Weng et al., 2009; Coats,
Smerdon, et al., 2015; Coats et al., 2016; Williams & Patricola, 2018). Specifically, recent work has suggested
that multiple remote factors, other than the tropical Pacific, may lead to persistent high pressure over the
North Pacific and unusually dry conditions in SWNA (e.g., Teng & Branstator, 2017; Swain et al., 2017).
We thus further investigate the relationship between SST anomaly patterns and the trajectories of SWNA
droughts in the following sections.

3.2. Trajectories of Climate States Before, During, and After SWNA Drought Intervals

We examine the relationship between ocean-atmosphere conditions and the various stages of SWNA
droughts by averaging SST and 250-mbar geopotential height patterns in the year before a SWNA drought,
at the start of the drought, in the middle of the drought, and at the end of the drought in the observation-
based data and the CESM. The composite ERSSTv5 SST maps during various stages of drought show that
a warm eastern tropical Pacific coincides with the year before drought, a cool tropical Pacific coincides with
the start and middle of drought, and a warm central tropical Pacific often coincides with the end of a drought
(Figure 1a). Geopotential height patterns corresponding with these SST patterns include a ridge over the
northern Pacific during the start and middle of SWNA droughts (e.g., Namias, 1983), and a trough that tends
to coincide with the end of these droughts (Figure 1a). However, these instrumental-based results should be
interpreted with caution because many of these multiyear droughts occurred in the early twentieth century
when instrumental-based SST reconstructions are more uncertain, due to poor spatial and temporal sam-
pling (e.g., Vecchi et al., 2008; Deser et al., 2010; Coats & Karnauskas, 2017).

Although the instrumental record provides a limited sample of SWNA droughts and associated ocean-
atmosphere conditions, the CESM LME provides a very large sample of climate states during SWNA
droughts. The CESM LME shows that a warm tropical Pacific precedes droughts (Figures 1b and 1c).
Specifically, the CESM LME Nifio3.4 indices from years preceding droughts indicate that ~59% of the
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Figure 1. Maps showing mean sea surface temperature and 250-mbar geopotential height anomalies and histograms showing Nifio3.4 index distributions during
the year preceding drought initiation, the first year of drought, the central years of drought, the last year of drought, and the first wet year after drought. Columns on
left (a) show composites from the observation-based NOAA ERSSTv5 (1891-2018 CE) and Twentieth Century Reanalysis (1891-2014 CE), columns on right (b)
show composites from the CESM LME (850-1849 CE). Black boxes in maps outline the Nifio3.4 region and SWNA region used to make the time series. Solid
(dashed) black contour lines in maps mark positive (negative) geopotential height anomalies, with a contour interval of 5 mbar. Gray histogram bars show the
distribution of the Nifio3.4 index for all years, blue histogram bars show the distribution of the Nifio3.4 index in the years during SWNA drought, and red bars show
the distribution of the Nifio3.4 index during specified years associated with various stages of the SWNA drought life cycle. NOAA ERSSTv5 = National Oceanic and
Atmospheric Administration Extended Reconstructed Sea Surface Temperature version 5, CESM LME = Community Earth System Model Last Millennium
Ensemble; SWNA = southwestern North America.

years before drought initiation have warm conditions in the tropical Pacific, and ~22% of years show at least
moderate El Nifio (Nifio3.4 index > + 1 °C) conditions (Table 1). As compared to the background occurrence
of strong El Nifio events (~6% of years), the year before drought initiation is about twice as likely to
experience a strong El Nifio event (~12%). Similarly, moderate La Nifia events are much less likely before
a drought as compared to the background occurrence in the CESM LME. Central Pacific El Nifio events
(EMI index > +0.5 °C) are about equally as likely in the year before drought (~17% of years) as compared
to the background occurrence in the CESM LME.
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Table 1
Tropical Pacific SST Anomalies in the CESM LME and NOAA ERSSTv5 in All Years, All Drought Years, and Years Before, During, and After Drought
First wet
Tropical Pacific Index Background All drought 1 year before Central year after
SST pattern value (°C) (%) years (%) drought (%) First year (%) years (%) Last year (%) drought (%)
CESM ERSST CESM ERSST CESM ERSST CESM ERSST CESM ERSST CESM ERSST CESM ERSST
Warm Pacific Nifio3.4 43.8 52.3 26.6 50 58.9 45.5 13.6 36.4 27.9 50 35 63.6 78.3 58.3
>0
Weak El Nifio Nifio3.4 25.8 21.9 11.5 16.2 37.1 9.1 5.7 9.1 134 21.7 11.1 0 55.2 16.7
> 0.5
Moderate Nifio3.4 14.2 7.8 5.4 4.4 224 0 2.6 9.1 7.1 4.3 2.8 0 30.7 8.3
El Nifio >1
Strong El Nifio Nifio3.4 6.8 0 2.2 0 12 0 0.6 0 3.2 0 0.6 0 13.9 0
> 1.5
Very strong Nifio3.4 2.2 0 0.8 0 4.9 0 0.1 0 1.2 0 0 0 2.8 0
El Nifio >2
CP El Nifio EMI > 0.5 16.9 6.3 5.9 5.9 17 9.1 1.7 0 6.9 4.3 6.9 18.2 41.4 20
Cool Pacific Nifio3.4 56.2 47.7 73.4 50 41.1 54.5 86.4 63.6 72.1 50 65 36.4 21.7 41.7
<0
Weak La Nifa Nifio3.4 30.8 19.5 44.3 22.1 19.2 18.2 65.8 27.3 42.7 26.1 28.1 0 35 25
< -0.5
Moderate Nifno3.4 9.8 1.6 14.7 2.9 5.5 0 34 18.2 12.3 0 3.6 0 0.3 0
La Nifia <-1
Strong La Nifia Nifio3.4 2.1 0 34 0 1.5 0 8.5 0 2.9 0 0.2 0 0 0
<-15
Very strong Nifno3.4 0.5 0 0.8 0 0.2 0 1.4 0 0.9 0 0.1 0 0 0
La Nifia <=2

Note. SST = sea surface temperature; CESM LME = Community Earth System Model Last Millennium Ensemble; NOAA ERSSTv5 = National Oceanic and
Atmospheric Administration Extended Reconstructed Sea Surface Temperature version 5; CP = central Pacific; EMI = El Nifio Modoki Index.

Following the unusually warm tropical Pacific before a drought starts, the CESM LME shows that a cool tro-
pical Pacific tends to coincide with drought initiation, and on average, cool conditions maintain droughts
(Figure 1b). Specifically, in the year of drought initiation, ~34% of years show a moderate La Nifia, ~14% of
years coincide with a warm tropical Pacific, and ~2-3% of years show moderate El Nifio conditions (Table 1
). The range of Nifio3.4 index values during the central years of droughts show that the conditions that main-
tain droughts are variable (Table 1 and Figure 1b). During the middle of droughts, ~7% of years show moderate
El Nifo events and ~28% of years coincide with a warm tropical Pacific. There is a slightly elevated likelihood
of a moderate La Nifia in the middle of a drought (~12% of years) as compared to any year in the CESM (~10%
of years), but a persistent (i.e., multiyear) moderate to strong La Niiia state (e.g., Cole et al., 2002) does not
appear to be a necessary condition for the continuation of multiyear droughts in SWNA. Still, the average year
during SWNA droughts is more likely to coincide with a cool tropical Pacific (~73% of central drought years),
and the overall occurrence of any type of El Nifio is decreased during droughts. The geopotential height pat-
terns in the early and middle drought years in the CESM are generally consistent with cool tropical Pacific
SST patterns; on average, there is a 250-mbar ridge-like pattern in the northern Pacific.

As opposed to the slightly cooler than average conditions that maintain SWNA droughts, a warm tropical
Pacific tends to coincide with the year that ends a drought in the CESM LME and ERSSTv5 (Table 1 and
Figure 1b). Indeed, the year that ends a drought in SWNA is almost twice as likely to coincide with a warm
tropical Pacific (~78% of years) in the CESM LME. Drought-ending years show an increased incidence of a
moderate eastern Pacific El Nifio (~31% of years), and specifically of a central Pacific El Nifio (~41% of
years). By contrast, these drought-ending wet years almost never coincide with moderate (~0.3%) to strong
La Nifia (0%) events in the CESM. This finding suggests that both central and eastern Pacific El Nifio events
tend to end multiyear droughts in SWNA, but central Pacific events are much more likely at the end of
drought as opposed to at the start or middle of these events. Geopotential height patterns at the end of
droughts in the CESM are generally consistent with a warm tropical Pacific, with an upper level trough
in the northern Pacific emerging from anomalously high upper level geopotential height in the tropical
Pacific. Although an analysis of a small subset of other CMIP5-class models (e.g., GFDL-ESM 2 M,
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FGOALS, and NCAR CCSM4, not shown) suggests that other models show similar ocean-atmosphere states
before, during, and after SWNA droughts, these results should be further tested in other state-of-the-art cli-
mate models.

The observation-based data and CESM also show relatively similar patterns outside the tropical Pacific
that coincide with the life cycle of SWNA droughts; a warm PDO often precedes droughts, and a cool
PDO tends to coincide with central drought years. However, a warm tropical Atlantic generally coincides
with droughts in the instrumental data, but in the CESM, a cool tropical Atlantic typically coincides with
a dry SWNA. Also, the magnitude of SST anomalies is slightly larger and more concentrated on the equa-
tor in the CESM LME (e.g., Taschetto et al., 2014) as compared to the observation-based data. This
model-data discrepancy is likely due to the “cold tongue bias” in many climate models (e.g., Li &
Xie, 2014).

3.3. Continuum of Climate States During All Years in SWNA Drought Intervals

As indicated by the presence of El Nifio events during multiyear droughts, the trajectory of climate patterns
during an individual drought is often inconsistent with our canonical understanding based on a composite
view. As a specific example, in run 3 of the CESM LME, the SST patterns that coincide with an individual 18-
year drought, spanning the years 1222-1239 CE, do not show a consistently cool tropical Pacific. In fact,
there was a moderate El Nifio event between the twelfth and thirteenth years of the drought (Figure S3).
Although the persistent 250-mbar ridge-like pattern over the northern Pacific disappears during this El
Nifio event, a ridge reforms after the El Nifio, and PR does not exceed the long-term mean until a strong
El Nifio event coincides with a warm PDO 4 years later (Figure S3).

The trajectory of varying ocean-atmosphere conditions during this drought illustrates the need to assess the
range of potential trajectories during multiyear droughts in SWNA. Here we use a SOM approach (section 2)
to examine the continuum of SST patterns that coincide with all years within SWNA multiyear drought
intervals in the CESM LME. We find that over half (~73%) of all SWNA drought years are associated with
a cool tropical Pacific (Table 1, lower rows of Figure 2, and Figure S1), and ~15-16% of drought years coin-
cide with moderate La Nifia events, so these cool tropical Pacific events are about 1.5 times more likely to
occur during a persistent drought. However, as we note in the previous section, ~27% of drought years are
associated with above-average SST in the Nifio3.4 region (Maps 1 and 4 in Figure 2). E1 Nifio events are about
half as likely to coincide with SWNA droughts as compared to the background occurrence of these warm
Pacific events. Average PR anomalies during drought years tend to follow the SST and 250-mbar geopoten-
tial height patterns; drought years coinciding with a cool tropical Pacific tend to show lower composite PR
values, with mean anomalies between —63 and —84 mm/year (Figure 2, Maps 3, 6, and 9), and drought years
coinciding with neutral to warm tropical Pacific anomalies tend to show PR anomalies closer to the long-
term average, with mean anomalies between —13 and —27 mm/year (Figure 2, Maps 1, 4, 7).

Observations suggest that the North Atlantic can also influence PR variability over North America (e.g.,
McCabe et al., 2004; Seager et al., 2005; Kushnir et al., 2010), but the CESM appears to have difficulty repro-
ducing the observed SWNA-Atlantic relationship (e.g., Coats, Cook, et al., 2015; Coats, Smerdon, et al., 2015;
Parsons et al., 2018). Specifically, the tropical Pacific and Atlantic appear to be tightly coupled in the CESM;
when the tropical Pacific is cool, the tropical North Atlantic (TNA, 5-24°N, 58-15°W) is cool, and vice versa.
Although there is model-based (e.g., Yang et al., 2018) and observation-based evidence that the tropical
Pacific can influence SST variability in the TNA via a variety of mechanisms, including weakening trade
winds leading to reduced heat loss over the TNA during and after El Nifio events (e.g., Enfield & Mayer,
1997), this relationship appears to be too strong in the CESM. We compare this Pacific-TNA relationship
by conducting a cross-correlation analysis on the Nifio3.4 and TNA indices in the CESM LME and
ERSSTvS5 data. There is a strong Nifio3.4-TNA relationship in the CESM at zero lag (r values range from
0.21 to 0.55) and when the Nifio3.4 index leads TNA by 1 year (r values range from 0.32 to 0.72); by contrast
in the observation-based ERSSTV5 data, this relationship is much weaker (r = 0.2 when the Nifo3.4 index
leads by 1 year). This strong tropical Pacific-Atlantic coupling in the CESM may also explain the bias noted
in the previous section, wherein the CESM LME tends to simulate a cold tropical Pacific and Atlantic during
SWNA droughts (Figures 1b and 2), in contrast to the observation-based data, which often show an out-of-
phase tropical Pacific and Atlantic during SWNA droughts (Figure 1a).
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CESM LME SOM: All 6,546 Years During SWNA Drought
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Figure 2. SOM output conducted on annual mean surface temperature anomaly patterns during the 6,546 years coinciding with SWNA droughts in the CESM
LME. Percent of drought years is shown in parentheses, and mean annual precipitation anomaly for these years is shown above each map. Positive (negative)
250-mbar geopotential height anomalies associated with each SOM shown in solid (dashed) contour lines. Geopotential height contour interval is 4 mbar. SOM =
self-organizing maps; CESM LME = Community Earth System Model Last Millennium Ensemble; SWNA = southwestern North America.

3.4. Continuum of Climate States Before, During, and at the End of Drought

To more explicitly examine the trajectories of SST and 250-mbar geopotential height patterns associated with
the life cycle of a multiyear drought in SWNA, we study the continuum of climate states before, during, and
after SWNA droughts using a SOM approach. This approach allows us to visualize the full range of SST and
geopotential height patterns that coincide with the various stages of SWNA droughts.

To examine the continuum of SST patterns preceding SWNA droughts, we conduct a SOM analysis on the
1,210 SST patterns the year before a SWNA drought starts in the CESM LME. Most of the years before a mul-
tiyear SWNA drought show warm conditions in the eastern Pacific (Figure 3). However, about a quarter of
years 1 year before a SWNA drought show a weak La Nifa or neutral tropical Pacific (Figure 2, Maps 6, 8,
and 9). In the SOM maps with a warm tropical Pacific, a 250-mbar trough extends across the northern
Pacific and western North America, originating from anomalously high upper level geopotential height in
the tropical Pacific. By contrast, in years with a neutral tropical Pacific, this trough tends to be focused over
the northwest Pacific (Figure 3, Maps 3 and 6), and in La Nifia-like years, a 250-mbar ridge is located over the
northern Pacific (Figure 3, Map 9).

A SOM analysis of the 1,210 SST patterns in the CESM LME coinciding with the years in which SWNA
droughts start shows that the first year of SWNA droughts almost always coincides with a cool tropical
Pacific and an elevated likelihood of a La Nifia (Figure 4, top and Table 1). This finding is consistent with
the east Pacific El Nifio that tends to occur in the years before drought initiation (Figure 3), as a La Nifia
often follows large El Nifio events (e.g., DiNezio et al., 2017). The consistency of a cool tropical Pacific during
the first year of a SWNA drought suggests that the paradigm of SWNA droughts and a cool tropical Pacific is
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Figure 3. Same as Figure 2, but for the annual mean surface temperature and 250-mbar geopotential height anomaly patterns in the 1,210 years before drought
initiation in southwestern North America in the CESM LME.

valid when considering drought initiation. Many of the La Nifia events during drought initiation appear to
be associated with warm conditions in the tropical Atlantic in the CESM (Figure 4, top, Maps 1, 4, and 7); it
has been suggested that a warm tropical Atlantic and cold tropical Pacific are a worst case for droughts
(Hoerling & Kumar, 2003). While this out-of-phase relationship appears to be in opposition to the overly
strong in-phase relationship highlighted in the previous section, in this case, the warm tropical Atlantic
may result from the large eastern Pacific El Nifio event in the previous year (e.g., Enfield & Mayer, 1997;
Saravanan & Chang, 2000). Specifically, for a large enough El Nifio the Atlantic warming can persist
despite any subsequent cold state of the tropical Pacific. Although this finding highlights the importance
of the tropical Pacific dynamics in the year before drought initiation, this cool Pacific-warm Atlantic
pattern may be a result of model bias (see section 3.3).

A SOM analysis of the 4,126 years during the middle of SWNA droughts (excluding the first and last years,
which are analyzed separately in the top panels of Figures 4 and 5) shows that most years during drought
coincide with a cool tropical Pacific and cool PDO pattern (Figure 4, bottom, Maps 1, 2, 4, 5, 7, and 8). As
we discuss in section 3.2, an analysis of the Nifio3.4 indices shows that in the middle of droughts, ~28% of
years coincide with a warm tropical Pacific (Figure 4, bottom, Maps 6 and 9), and a moderate El Nifio occurs
in ~7% of years (Table 1). Tropical Pacific warm events are about twice as common in the central years of
droughts (Figure 4) as compared to drought initiation years, in which ~14% of years coincide with a warm
tropical Pacific and ~3% with a moderate El Nifio (Table 1). In the tropical Atlantic, conditions are generally
cool in the middle of a SWNA drought, with the exception of the weak to moderate El Nifio years. More spe-
cifically, there is also a tripolar pattern over the North Atlantic across most drought years, with a cool Arctic
and cool tropical Atlantic that coincide with the cool tropical Pacific. The geopotential height patterns indi-
cate that the cool PDO and cool tropical Pacific correspond with a 250-mbar ridge over the northeastern
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Figure 4. Same as Figure 2, but for the annual mean surface temperature and 250-mbar geopotential height anomaly patterns in the 1,210 first years of drought
(top) and 4,126 central years of drought (bottom) in the CESM LME.
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CESM LME SOM: Last Year of SWNA Drought

7: 220 Years (18.2%), -18.1mm
S i,

ars (15.7%), 35.4mm
ST W

-1.5 12 -09 06 -03 0 03 06 09 12 15
Temp. Anom. (°C)

Figure 5. Same as Figure 2, but for the 1,210 annual mean surface temperature and 250-mbar geopotential height anomaly patterns during the last year of drought
(top) and first wet year that ends drought (bottom) in southwestern North America in the CESM LME.
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Pacific, and a warm tropical Pacific coincides with a 250-mbar trough over the North Pacific (Figure 4, bot-
tom, Maps 3, 6, and 9).

We also examine the SST and geopotential height patterns associated with the last year of a SWNA drought
and the wet years which break SWNA drought intervals. A SOM of the 1,210 years associated with the last
year of a SWNA drought in the CESM LME shows a weakening La Nifia (Figure 5, top, Maps 3, 6, 8, and 9) or
the start of an El Nifio event (Figure 5, top, Maps 1, 2, 4, 5, and 6). In the years that correspond with a warm-
ing tropical Pacific, a 250-mbar trough appears over the North Pacific. However, in the years that show a cool
tropical Pacific, there is still a 250-mbar ridge over the North Pacific. By contrast, a SOM of the 1,210 years
terminating SWNA droughts almost always shows a warm tropical Pacific (Figure 5, bottom, all maps), with
30-40% of drought-ending years resembling a central Pacific El Nifio (e.g., Weng et al., 2009). Furthermore,
almost all drought-ending years coincide with a warm PDO pattern. All of these warm tropical Pacific events
also show a 250-mbar trough over the North Pacific (Figure 5, bottom, Maps 1, 2, 4, 5, 7, and 8).

3.5. Teleconnection Patterns During Wet and Dry Years in SWNA in the CESM LME

As we have shown, El Nifio events often precede and terminate SWNA droughts, yet many El Nifio events can
occur during droughts. There also appear to be differences in the incidence of different flavors of El Nifio
events during the various stages of the drought life cycle. We thus further investigate the relationship between
the tropical Pacific and SWNA droughts by comparing composites of SST and 250-mbar geopotential height
patterns during above-normal and below-normal SWNA precipitation years that coincide with moderate El
Nifio and La Nifia events. Here we define “above-normal” precipitation years (“below-normal”) as years when
the annually integrated PR exceeds one standard deviation above (below) the long-term mean. However, the
main results are nearly identical if we use the long-term mean as the drought/pluvial threshold.

In the CESM LME, the tropical Pacific shows two distinct types of warm events that may have different
impacts on SWNA: on average, if SWNA is dry and this dry event coincides with an El Nifio event, this El
Nifio event tends to be a strong eastern Pacific El Nifio, whereas a wet SWNA coincides with a more central
Pacific warm anomaly (e.g., Guo et al., 2017; Weng et al., 2009). Although a 250-mbar trough extends over
the northwest Pacific and North America in both dry and wet SWNA years coinciding with moderate El
Nifio events, this trough is focused over the Pacific during wet years, whereas it is focused over North
America during dry years (Figure 6). This westward shift in the wave train during wet SWNA years is con-
sistent with the underlying SST patterns and may help explain the differences in PR over SWNA. These find-
ings also generally support the results shown in Figure 5, which show that central Pacific El Nifio events
coincide with particularly wet years that break droughts. A comparison among various tropical Pacific
indices (e.g., Nifio 1+2, Nifio 3, and Nifio 4, EMIs) and SWNA PR time series in the CESM shows that on
average, the relationship between the tropical Pacific and SWNA weakens from the central to the eastern
tropical Pacific; Pearson's correlation coefficients are 0.6 in the Nifio 4 region in the central Pacific and drop
to 0.44 in the eastern Pacific in the Nifio 142 region (e.g., Weng et al., 2009; Parsons et al., 2018; Figure S4).
According to the CESM, the precipitation teleconnection patterns of central Pacific El Nifio events are thus
more likely to produce wet conditions that can break SWNA droughts as compared to eastern Pacific events.
See Figures S4 and S5 for a comparison of various tropical Pacific SST indices, their relationships with SWNA
PR, and their associated surface temperature and geopotential height teleconnection patterns in the CESM
LME and the ERSSTvS5 data. Although several of these indices show similar relationships with SWNA PR,
their time series and associated teleconnection patterns can vary, with 250-mbar geopotential height anoma-
lies that shift and focus to the west moving from the Nifio 1+2 to the Nifio 4 region in the CESM (e.g., Ashok
et al., 2007; Ren & Jin, 2011; Takahashi et al., 2011; Trenberth & Stepaniak, 2001; Yeh et al., 2009). By con-
trast, in the instrumental data, the Nifio 3 region shows the strongest relationship with SWNA among the
various tropical Pacific indices. The longitudinally dependent relationship between the tropical Pacific
and SWNA supports the idea that the eastward extent of convection plays an important role in determining
extratropical impacts of El Nifio-Southern Oscillation events, and predetermined regional “boxes” (e.g., the
Nino3 or Nino3.4 indices) may be insufficient to adequately represent the continuum of variability in the tro-
pical Pacific (Williams & Patricola, 2018).

Observation-based data show that both the Pacific and Atlantic can influence North American PR patterns
(e.g., McCabe et al., 2004). However, in the CESM LME, the TNA appears to play a minimal role in determin-
ing whether it is wet or dry in SWNA during El Nifio events: both coincide with a warm TNA during El Nifio
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Figure 6. Composite annual mean surface temperature and 250-mbar geopotential height anomaly maps in the CESM LME during all dry years in SWNA, during
dry years coinciding with non-El Nifio years (Nino3.4 < +1 °C), during dry years coinciding with El Nifio years (Nino3.4 > +1 °C), during wet years coinciding with
El Nifio years, during dry years coinciding with La Nifia years (Nino3.4 < —1 °C), and during wet years coinciding with La Nifia years (Nino3.4 < —1 °C). Solid
(dashed) black contour lines in maps mark positive (negative) geopotential height anomalies, with a contour interval of 5 mbar. For this analysis, a dry (wet) year is
defined as a year when precipitation is < —1 (>1) standard deviation below (above) the long-term mean. CESM LME = Community Earth System Model Last
Millennium Ensemble; SWNA = southwestern North America.

events. By contrast, the extratropical North Pacific shows distinct patterns during El Nifio events (e.g.,
Gershunov & Barnett, 1998) when SWNA is dry as opposed to wet (Figure 6). During dry years in SWNA
that coincide with El Nifio events, the extratropical North Pacific shows a much stronger cool PDO
pattern as compared to El Nifio periods coinciding with a wet SWNA. Similarly, dry years in SWNA that
coincide with La Nifia events also show a cool extratropical PDO and wet years in SWNA that coincide
with La Nifia events show a warm PDO-like SST pattern in the extratropical North Pacific (e.g.,
Gershunov & Barnett, 1998; McCabe and Dettinger, 1999; Gutzler et al., 2002). Furthermore, these wet La
Nifia years also tend to show a warm TNA (and a 250-mbar trough over the northern Pacific), which may
suggest that these years follow an El Nifio event (see results in previous section).

4. Conclusions

Correlation and composite analyses of SST patterns and SWNA PR tend to show that SWNA droughts cor-
respond with a cool tropical Pacific and a cool PDO pattern (Cayan et al., 1999; Coats, Cook, et al., 2015;
McCabe et al., 2004; Meehl & Hu, 2006). Similarly, we find that La Nifia events tend to initiate drought
and that strong El Nifio events are much less likely during droughts in the CESM and in observations
(Table 1 and Figure S2). Yet observation-based data and climate model simulations agree that warm
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tropical Pacific (El Nifio) events can occur during persistent SWNA droughts without ending these dry per-
iods (Figures S2, S3, 1, and 2).

The instrumental record during which climate observations are available is too short to study the full distri-
bution and temporal trajectories of climate patterns during droughts. To address this problem, here we ana-
lyze the Nifio3.4 index and EMI and use a SOM approach to help visualize the SST anomaly patterns during
the 1,210 multiyear droughts in SWNA in the CESM Last Millennium Ensemble (CESM LME). Both SST
composites and the SOM-based approach show that the years preceding a SWNA drought often exhibit a
warm tropical Pacific. La Nifia events often correspond with SWNA drought initiation, and a generally cool
or neutral tropical Pacific tends to coincide with the middle years of persistent droughts (Cayan et al., 1998;
Cole et al., 2002). Although the average SST pattern during multiyear droughts in SWNA shows a cool tro-
pical Pacific, an analysis of SST patterns from all years associated with these features shows that ~28% of
years in the middle of multiyear droughts coincide with a warm tropical Pacific in the CESM. Specifically,
weak El Nifio events coincide with ~12% of drought years in the CESM, and moderate El Nifio events coin-
cide with ~5% of drought years in the CESM (Table 1). Much like the observed 2015-2016 CE EI Nifio event,
simulated El Nifio events do not always break persistent droughts in SWNA. However, when a drought does
end, there is an elevated likelihood of an El Nifio event, particularly one that is focused in the central Pacific.
Furthermore, moderate El Nifio events are quite rare during especially dry years in SWNA: Only ~1.5% of
years in the CESM LME with PR one standard deviation below the long-term mean show a moderate El
Nino (Figure 6). Similarly, moderate La Nifia events are quite rare during wet periods in SWNA: Only
~1% of years in the CESM LME with PR one standard deviation above the long-term mean coincide with
a moderate La Nifia (Figure 6).

With these results as motivation, we additionally examined the differences between El Nifio events that coin-
cide with wet years in SWNA and El Nifio events that coincide with dry years in SWNA (Figure 6). We find
that a warm PDO pattern and a warm central rather than far eastern tropical Pacific stand out as the major
differences in wet versus dry El Nifio years in SWNA, respectively (Figure 6). Together these analyses suggest
that both the timing of El Nifio events and their specific character, for instance, if they correspond with a
warm North Pacific and/or are focused in the central Pacific, play an important role in determining the life
cycle of multiyear droughts in SWNA (e.g., Weng et al., 2009; Teng & Branstator, 2017; Swain et al., 2017).

Based on these results, we hypothesize that there may be consistent coupled ocean-atmosphere dynamics
that set the stage for the trajectory of the climate system during multiyear droughts in SWNA, and that some
of this trajectory is potentially predictable. As compared to the background El Nifio occurrence in the CESM
LME, eastern Pacific El Nifio events are nearly twice as likely to occur the year before drought initiation;
these warm events produce a large discharge of heat and an associated thermocline response (e.g.,
Trenberth et al., 2002). Nonlinearities in the thermocline feedback that drive asymmetry in the time scale
of the associated heat content recharge lead to a high probability of a 2-year (or longer) La Nifia event
(DiNezio et al., 2017; DiNezio & Deser, 2014). Despite these La Nifia conditions, and in contrast to a cano-
nical La Nifia in the CESM LME, the tropical Atlantic is often warm in the year of drought initiation.
This too can be explained by the large El Nifio in the year before the drought—a lagged warming response
of the TNA to tropical Pacific warming is consistent with expected changes in trade winds and associated
evaporative heat loss (e.g., Enfield & Mayer, 1997). The simultaneous multiyear warm conditions in the tro-
pical Atlantic and cool conditions in the tropical Pacific is the so-called worst case for drought (Hoerling &
Kumar, 2003) and thus may produce a high probability of a multiyear drought event. However, this finding
should be interpreted with caution; the relationship between the tropical Pacific and TNA in the CESM
appears to be stronger than the observed relationship (section 3.3). Furthermore, although certain states
in the Pacific and Atlantic may shift the likelihood of drought in SWNA, internal atmospheric dynamics
can decouple from the SST patterns and fail to produce “worst case” (or any) drought condition.
Nonetheless, given seasonal predictability of large eastern Pacific El Nifio events, it may be possible to con-
strain the risk probability of a multiyear drought even before the onset of an El Nifio (e.g., DiNezio
et al., 2017).

The higher probability of central Pacific El Nifio events that terminate SWNA droughts is also consistent
with the above mentioned hypothesis. Although El Nifio events tend to produce wet conditions in SWNA,
different teleconnection patterns between eastern Pacific and central Pacific events as well as internal
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atmospheric dynamics can moderate this response (e.g., the 2015-2016 CE El Nifio event). However, there is
a high probability that eastern Pacific El Nifio events will be followed by a multiyear La Nifia and a warm
TNA, leading to a nontrivial probability that the drought can persist through and for multiple years after
these El Nifio events. By contrast, central Pacific El Nifio events are not as likely to be followed by strong
or multiyear La Nifia conditions (e.g., DiNezio et al., 2017; Kao & Yu, 2009) or a warm TNA and thus have
a higher likelihood of breaking a multiyear drought event.

Although the CESM generally shows similar SST patterns as compared to observation-based data at the start,
middle, and end of SWNA droughts, the CESM tends to simulate too much temperature variance in the tro-
pical Pacific and has a stronger tropical Pacific-SWNA teleconnection than is typically found in observation-
based data (e.g., Parsons et al., 2018) and shows a stronger connection between the TNA and tropical Pacific
than is observed. Furthermore, the CESM tends to show an elevated likelihood of an eastern Pacific El Nifio
event before SWNA droughts, but the ERSST data tend to show a slightly warmer than average tropical
Pacific before droughts (Figure 1 and Table 1), suggesting that either the instrumental record is too short
to capture the full range of variability related to drought trajectories or the model is biased (or both).
Although these “drought trajectory” results from the LME appear nearly identical in the CESM1 Large
Ensemble (Figure S6), these results need to be further tested in other millennial-length climate model simu-
lations. Due to the presence of exceptionally strong El Nifio events in the CESM, this analysis may provide an
upper limit on the impact of the tropical Pacific on SWNA, implying that the tropical Pacific may be even less
important for SWNA droughts than is commonly thought, and other regions (Mamalakis et al., 2018;
McCabe et al., 2004; Swain et al., 2017), internal atmospheric variability (Stevenson et al., 2015; Teng &
Branstator, 2017), or local land-atmosphere feedbacks (Langford et al., 2014) may more strongly influence
drought in SWNA. Still, the above mentioned relationship between eastern Pacific El Nifio and multiyear
La Nifia has also been identified in observations (Okumura et al., 2017), and thus the importance of El
Nifio to the initiation phase of the SWNA drought life cycle may still be realistic. This work highlights the
importance of improving model simulations of the frequency and intensity of El Nifio events as well as
the teleconnection patterns associated with these events.

This analysis has relied on one drought definition, the assumption that PR in the SWNA region varies coher-
ently and that the droughts in this region do not shift through space and time. Future work should examine
the evolving ocean-atmosphere dynamics of a drought as a drought itself propagates through space and time.
Future work should also test if these CESM-based results are robust across models and in paleoclimate data
products (e.g., Hakim et al., 2016; Steiger et al., 2018). We have also focused on January-December annual
PR and associated annual SST patterns; using a 12-month annual mean from January-December may arbi-
trarily split certain El Nifio-Southern Oscillation events as well as the annual cycle of PR in SWNA, so future
work could examine the evolving ocean-atmosphere dynamics of droughts through the seasonal cycle (e.g.,
Cayan et al., 1998) as well as rely on different drought definitions. A more detailed analysis of central versus
eastern Pacific El Nifio events (e.g., Weng et al., 2009) and their associated dynamics and covariances with
the broader Earth system in CESM and the real world will provide critical insight into why many El Nifio
events do not end droughts (e.g., Lee et al., 2018). Likewise, further work must elucidate the role for regions
outside of the eastern tropical Pacific (e.g., Teng & Branstator, 2017; Swain et al., 2017), local land-
atmosphere feedbacks (e.g., Langford et al., 2014), or other factors in the life cycle of SWNA droughts.
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