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ABSTRACT: By summer 2021 moderate to exceptional drought impacted 28% of North America, focused west of the
Mississippi, with serious impacts on fire, water resources, and agriculture. Here, using reanalyses and SST-forced climate
models, we examine the onset and development of this southwestern drought from its inception in summer 2020 through
winter and spring 2020/21. The drought severity in summer 2021 resulted from four consecutive prior seasons in which pre-
cipitation in the southwest United States was the lowest on record or, at least, extremely dry. The dry conditions in summer
2020 arose from internal atmospheric variability but are beyond the range of what the studied atmosphere models simulate
for that season. From winter 2020 through spring 2021 the worsening drought conditions were guided by the development
of a La Niña in the tropical Pacific Ocean. Decadal variability in the Pacific Ocean aided drought in the southern part of
the region by driving the cool season to be drier during the last two decades. There is also evidence that the southern part
of the region in spring is drying due to human-driven climate change. In sum the drought onset was driven by a combina-
tion of internal atmospheric variability and interannual climate variability and aided by natural decadal variability and
human-driven climate change.
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1. Introduction

At the end of summer 2021 the U.S. DroughtMonitor reported
that “90% of theWest region (including Colorado andWyoming)
is characterized as ‘in drought’ with 54% in Extreme Drought or
Exceptional Drought” (https://cpo.noaa.gov/News/ArtMID/7875/
ArticleID/2642/What-Caused-The-Summer-2020-to-Spring-2021-
Drought-in-Southwestern-North-America). Amidst multiple
and widespread impacts, the Dixie fire in California became
the second largest in the state’s history and reservoir levels
were low across almost the whole U.S. West including at the
Colorado River’s Lake Powell and Lake Mead at just 31%
and 35% of capacity, respectively. Multiple states rated most
of their rangelands and pasture in poor to very poor conditions
and in October a statewide drought emergency was declared
for California. Drought extended from northern Mexico into
western Canada and from the Pacific Ocean to the Great Plains.
Notably, the drought was intense in the Southwest despite large
areas of above-normal precipitation in the summer of 2021
while the highest temperature anomalies were in the Pacific
Northwest and western Canada (Fig. 1). This reflects that the
severity of drought in summer 2021 was largely due to the pre-
ceding seasons. Drought rapidly onset in the summer of 2020

(Hoell et al. 2022) and intensified in the fall of 2020, winter
2020/21, and spring of 2021 [Fig. 1d; also see the report of the
National Oceanic and Atmospheric Administration Drought
Task Force in Mankin et al. (2021)]. This set the stage for the
high-impact drought of summer 2021. Here we examine what
large-scale atmosphere–ocean conditions were responsible for
the onset and intensification of this latest widespread and severe
drought in southwestern North America.

Drought over southwestern North America is invariably
caused by persistent high pressure that induces northerly flow
reducing moisture supply from the Pacific and Atlantic Oceans
and subsidence that favors drying and enhanced static stabil-
ity, and diverts away moisture-bearing synoptic systems. In a
review Seager and Hoerling (2014), using observations and
models and examining annual mean precipitation, claimed that
internal atmosphere variability was responsible for most of such
drought-inducing circulation variability. However, they also
noted that sea surface temperature (SST) variability drove a
substantial fraction of annual mean precipitation variability
focused in the southern plains but also across most of southern
North America. Previously, based on coordinated model simula-
tions by many groups, the pioneering study of Schubert et al.
(2009) showed that ideal conditions for drought in southwest
North America were a cold tropical Pacific and warm tropical
North Atlantic Ocean, a conclusion that has been validated
since. Hence, the tropical oceans play a significant role in driving
drought variability over southwestern North America and in the
Great Plains. Given that tropical SSTs vary on seasonal to multi-
decadal time scales, this translates into precipitation variability
on seasonal to multidecadal time scales as well, as has now been
well established in examinations of drought history using
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observations and tree ring records over the last millennium
(Schubert et al. 2004a,b; Seager et al. 2005; Herweijer et al.
2006; Huang et al. 2005; Cook et al. 2007; Seager et al. 2008;
Hoerling et al. 2010; Feng et al. 2008; Shin et al. 2010; Shin
and Sardeshmukh 2011; Delworth et al. 2015).

For the first two decades of the twenty-first century, south-
western North America has been in near-perpetual drought,
which has rivaled the great megadroughts of the medieval pe-
riod (Xiao et al. 2018; Hoerling et al. 2019; Williams et al. 2020,
2022). The causes of this drought, which has followed a very wet
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FIG. 1. (a) The North American Drought Monitor status report for 31 Aug 2021, together with CPC observed
(b) precipitation and (c) temperature anomalies for JJA 2021 and (d) the percentage of North America in drought
over November 2002–August 2021 as estimated by the Drought Monitor. The southwestern region studied and its
division into coastal and interior subregions are shown in (b). (The white square in the temperature plots over Alberta
results from missing data.)
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1980s and 1990s (Swetnam and Betancourt 1998; Huang et al.
2005; Seager 2015), are much debated but many researchers
agree that the associated precipitation decline has been influ-
enced by the cool tropical Pacific phase of Pacific decadal vari-
ability (Seager and Hoerling 2014; Delworth et al. 2015; Lehner
et al. 2018) while the associated warming is significantly human
induced (Lehner et al. 2018) and has turned an ordinary decadal
drought into a megadrought comparable to the medieval ones
(Williams et al. 2020, 2022). Higher temperatures impact
drought by increasing atmospheric water vapor holding capacity
and, hence, evaporative demand. This can draw moisture from
soils and vegetation, provided the extracted moisture is diverged
away by the atmosphere [see, e.g., Ting et al. (2021) for how in-
creased transient eddy moisture flux divergence enables soil dry-
ing over the Midwest in summer].

The apparent important role of natural Pacific decadal vari-
ability however does not exclude the possibility of human-
induced precipitation changes also being important, either al-
ready or in the near future. Climate models predict reduced pre-
cipitation in the southern ranges of southwestern North
America in midwinter and, more robustly, a reduction in precipi-
tation across the Southwest and West Coast in spring (Seager
et al. 2014b; Gao et al. 2014; Maloney et al. 2014; Ting et al.
2018). However, since the tropical Pacific plays an active role in
the hydroclimate of southwest North America it should be noted
that these projections are from models that systematically do
not reproduce the observed lack of warming in the equatorial
Pacific cold tongue (Seager et al. 2019a, 2022). It has been sug-
gested that the observed trend toward an enhanced zonal SST
gradient across the tropical Pacific is a response to radiative forc-
ing that models misrepresent and also that it favors a high pres-
sure ridge at the West Coast and drying (Seager et al. 2017).

Figure 1a shows that the recent drought across the West
covers a vast area that includes several climate regimes. Along
the west coast there is a Mediterranean-type climate with win-
ter precipitation and warm-to-hot dry summers. But the
drought extended into the interior West where there are both
winter rains and a summer precipitation peak that might be
thought of as a northward extension of the North American
monsoon (Douglas et al. 1993; Adams and Comrie 1997). The
easiest way to have a meteorological drought that covers both
areas would be to have a common driver that reduces winter
precipitation augmented by drought-inducing circulation anom-
alies that inhibit summer precipitation in the interior.

Against this background, here we consider the physical pro-
cesses that caused the precipitation decline that led to drought
onset and intensification from summer 2020 to spring 2021.
Using observations and models we will attempt to ascertain
the roles of internal atmospheric variability, SST forcing, and
human-driven climate change in establishing this drought and
examine the long-term trends that provide the context.

2. Data, models, and methods

a. Observational and reanalysis data

We use a variety of observational datasets generated by the
National Oceanic and Atmospheric Administration (NOAA)

for the purpose of monitoring national and global climate var-
iations. For precipitation over North America we used the
NOAA Climate Prediction Center (CPC) Unified dataset
gridded at 0.58 resolution provided by the NOAA Office of
Atmospheric Research Earth System Research Laboratory
Physical Sciences Division, Boulder, Colorado, and obtained
from the International Research Institute for Climate and Soci-
ety (IRI) at http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.
NCEP/.CPC/.UNIFIED_PRCP/.GAUGE_BASED/.GLOBAL/.
v1p0/index.html (Chen et al. 2008). For surface air temperature
over North America we use the NOAA CPC Climate Anomaly
Monitoring System (CAMS) data gridded at 28 resolution and ob-
tained from the IRI at http://iridl.ldeo.columbia.edu/SOURCES/.
NOAA/.NCEP/.CPC/.CAMS/.anomaly/ (Ropelewski et al. 1985).
For global precipitation we use the CPC Merged Analysis of
Precipitation (CMAP), which combines five satellite-based
estimates with gauge observations (Xie and Arkin 1996,
1997). For geopotential heights and SST, we use data from
the NOAA National Centers for Environmental Prediction
and National Center for Atmospheric Research (NCEP–
NCAR) reanalysis obtained from the IRI at http://iridl.ldeo.
columbia.edu/expert/SOURCES/.NOAA/.NCEP-NCAR/.CDAS-
1/.MONTHLY/ (Kalnay et al. 1996; Kistler et al. 2001). The
NCEP–NCAR reanalysis is used here to be consistent with our
other related work that takes a longer-term perspective on North
American drought (e.g., Seager et al. 2014a, 2017). Results were
found to be essentially the same using the more recent NCEP–
Department of Energy Reanalysis II (Kanamitsu et al. 2002),
which only covers the post-1979 period. We also use the Niño-3.4
SST index (SST anomaly averaged over 58S–58N, 1708–1208W)
and the Pacific decadal oscillation (PDO) index taken from
the NOAA National Centers for Environmental Information
(at https://www.ncei.noaa.gov/access/monitoring/pdo/), which
follows the PDO index of Mantua et al. (1997) and is based
on the leading principal component of monthly Pacific SST
anomalies, with global mean removed, north of 208N. All data
used cover the period from January 1979 to May 2021.

b. SST-forced and radiatively forced models

Atmosphere models forced by observed SSTs are used to
assess how drought onset is influenced by SST anomalies in
the world’s oceans. We use ensembles of simulations from
three models created for community use by NCAR. For each
model, each ensemble member is initialized with a different
initial condition but then forced by a common SST dataset.
The first model is NCAR Community Climate Model 3
(CCM3; Kiehl et al. 1998) run at the Lamont Doherty Earth
Observatory (LDEO) of Columbia University with a spectral
dynamical core and triangular truncation at zonal wavenum-
ber 42 (approximately 2.88 at the equator). CCM3 is forced by
the HadISST SSTs from the United Kingdom Meteorological
Office’s Hadley Centre (Kennedy et al. 2011a,b) and data are
available at http://kage.ldeo.columbia.edu:81/expert/SOURCES/
LDEO/.ClimateGroup/.MODELS/.CCM3/.PROJECTS/.goga/.
CCM3 has been our workhorse model for studying North
America drought (see Seager et al. 2005). The second model
is a low-resolution (28 3 28) version of the current NCAR
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Community Atmosphere Model 6 (CAM6-LR; CAM team
2021; Bogenschutz et al. 2018), run in “-chem none” mode,
which disables prognostic aerosols, that was modified and set
up by us at LDEO. CAM6-LR was forced by the Hadley
blended SST data of Hurrell et al. (2008) and is available at
http://hodges.ldeo.columbia.edu:81/expert/SOURCES/.CAM6/.
forRichard/.CAM6/.runs/. This model version was created to be
more computationally efficient than the standard version and
allows us to generate large ensembles of projections for an on-
going NOAA-funded project, which these simulations are part
of. The third model is the standard medium-resolution (183 18)
CAM6 run by NCAR, denoted CAM6-MR, which is forced by
NOAA ERSSTv5 SST data (Huang et al. 2017) and available
at https://www.cesm.ucar.edu/working_groups/CVC/simulations/
cam6-prescribed_sst.html. There are 16 ensemble members for
CCM3 and CAM6-LR and 10 for CAM6-MR. The climate simu-
lated by each ensemble member contains a forced component
common to all and internal variability that is uncorrelated across
the ensemble members. The ensemble mean isolates the forced
component. In the case of CCM3 the only forcing is the SST
but for CAM6-LR and CAM6-MR the models are forced by
both the SST history and the history of trace gases. In this case
the ensemble mean isolates the SST plus trace gas–forced
component but we expect this to be dominated by the SST-
forced component.

For radiatively forced coupled climate models we use the
latest simulations from CMIP6 up to 2018 using the historical
simulations extended with the Shared Socioeconomic Pathway
8.5 (SSP-585) (Eyring et al. 2016) through May 2021. Data
were obtained from https://esgf-node.llnl.gov/search/cmip6/.
We analyze all runs from all models with the necessary data,
which provides 45 models and 249 runs (Table 1 in the online
supplemental material provides information and citations and
data sources for the CMIP6 models). To determine the radia-
tively forced response we average across ensemble members
for each model and then average the ensemble means of all
models.

c. Methods

For southwest North America, we use an area-weighted
average across the entire Southwest (308–408N, Pacific coast
to 1058W, marked in Fig. 1). The analysis is also based on four
seasons defined as June–August (JJA; summer), September–
November (SON; fall), December–February (DJF; winter),
and March–May (MAM; spring). For time series of any data,
trends were estimated using linear least squares regression
with significance assigned at the 95% confidence level accord-
ing to a two-sided t test. Pearson correlations between the
observed and model mean are listed in the legend with signifi-
cant correlations marked in boldface. To show statistical dis-
tributions across years in observations and across ensemble
members, or ensemble members and years, in models we use
box-and-whisker diagrams. The box encloses the 25th and
75th percentiles of the distribution, the whiskers show the
normal distribution range, the middle horizontal line shows
the median, and outliers beyond the normal distribution range
are shown as circles. To quantify the level of agreement

between observed and modeled patterns of geopotential
heights we use an area-weighted pattern correlation coeffi-
cient (Wilks 1995). For the CMIP6 multimodel-mean trends,
we show robustness of results by marking where the multi-
model-mean trend is significant at the 95% confidence level
and also where three-quarters of model ensemble means
agree on the sign of the trend and agree with the sign of the
multimodel-mean trend.

3. Results

a. Drought onset in 2020 to 2021 across the Southwest
and large-scale atmosphere–ocean context

In Figs. 2a–d we show the time series from March 1979 to
May 2021 of observed precipitation over southwest North
America. For each season, the last data point is within the
drought of 2020 to 2021. Focusing on the blue lines that show
the NOAA observed data, the extreme dryness of 2020 to
2021 is clear and it was either the driest or among the driest in
the 43 years of data. However, only in MAM does this ex-
tremely dry season in 2021 appear at the tail end of a statisti-
cally significant drying trend over the period since 1979. The
lower four panels in Fig. 2 show the observed surface air tem-
perature time series also with blue lines. There has been a
warming trend in the Southwest in all seasons of about 18C
over the last 43 years, which is statistically significant in JJA
and SON. JJA 2020 and SON 2020 were among the warmest
few summers and falls in this record.

To examine the large-scale context of this run of extreme
dry seasons in 2020 to 2021 in the Southwest, in Fig. 3 we plot
the anomalies in each season of NOAA CPC precipitation
over land, SST over the ocean, and 200-hPa heights (left col-
umn) and NOAA CMAP satellite-gauge precipitation over
land and sea and 700-hPa heights (right column) for the equa-
torial and Northern Hemisphere domain. First of all, looking
at the precipitation it is seen that the dry conditions in the
Southwest were part of a low precipitation anomaly that, in
all four seasons, extended across the North Pacific Ocean and
into North America. Also, in all four seasons, there are dry
anomalies across the entire equatorial Pacific Ocean. The rea-
sons for that are clear in the maps of the SST anomaly, which
show that cold anomalies formed in JJA 2020 (Fig. 3a) in the
central to eastern equatorial Pacific, intensified in SON 2020
(Fig. 3c), and spread west across almost the entire equatorial
Pacific, strengthening in the west Pacific in DJF 2020/21 (Fig. 3e)
but weakening in the east and dissipating in MAM 2021 (Fig. 3g).
Hence the drought onset was concurrent with the development,
intensification, and weakening of a La Niña event.

Seager et al. (2014a) show La Niña composites of circulation
anomalies by season. In summer the composite circulation
anomalies are very weak but coherent circulation anomalies
span the Northern Hemisphere from fall to spring. The circu-
lation signal of a La Niña in these seasons is typically low
upper-troposphere heights in the tropics with twin cyclones
straddling the equator above and to the west of the anomalous
negative heat source and, in the Northern Hemisphere, ridges
in the subtropics to midlatitudes, an anomalous high over the
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North Pacific, and an anomalous low over Canada (e.g., Lau
et al. 2005; Seager et al. 2014a; Okumura et al. 2017). Despite
the appearance of cold eastern equatorial Pacific SSTs in JJA
2020, consistent with Seager et al. (2014a) and Kumar and
Hoerling (1998), the Northern Hemisphere circulation did not
show any canonical evidence of tropical forcing, in agreement
with tropics-to-extratropics teleconnections being weak in the
summer (Kumar and Hoerling 1998). Instead there was a high
anomaly between 208 and 508N over the North Pacific in the
upper troposphere, which would lead to descending air over
western North America (Fig. 3a). This high is also present, but

weaker, at 700 hPa (Fig. 3b). However, these seasonal mean
circulation anomalies do not appear particularly strong or
readily able to explain the exceedingly dry conditions in sum-
mer 2020, a matter we return to later.

In SON 2020 a typical La Niña circulation pattern for the
cooler seasons appears with a ridge stretching across the North
Pacific, the United States, and Mexico and into the midlatitude
Atlantic. This went along with reduced precipitation over
Mexico and the western to central United States (Figs. 3c,d).
In DJF 2020/21 and MAM 2021 (Figs. 3e–h) there was also a
high over the North Pacific that extended to western North

FIG. 2. Time series of (a)–(d) precipitation and (e)–(h) surface air temperature for observations (blue) and the three
SST-forced atmosphere models for four seasons as indicated by panel headings. Linear trends are shown where signif-
icant at the 95% confidence level.
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America where precipitation was low. In these seasons the cy-
clone north of the equator in the tropical Pacific was associ-
ated with reduced diabatic heating and reduced precipitation
(Figs. 3f,h). The 700-hPa heights (Figs. 3b,d,f,h) show that the
extratropical circulation anomalies are coherent from the up-
per to lower troposphere in all seasons, including summer.
The similarity of the height anomalies in fall 2020 through
spring 2021 to the La Niña composites in Seager et al. (2014a)
suggests a role for tropical SST driving of the drought evolu-
tion in these seasons.

b. Climatological configuration of precipitation and
circulation in the West

The drought has impacted the entire Southwest, encompass-
ing regions with different climates and seasonality of precipita-
tion. To illustrate this, Fig. 4 shows maps of climatological
land precipitation and 700-hPa heights and winds for JJA,
SON, DJF, and MAM (Figs. 4a–d) as well as monthly climato-
logical time series of precipitation for coastal (coast to 1178W)
and central (1178–1058W) subdivisions of the Southwest
region between 30–408N as shown in (Figs. 1 and 4e,f).

The coastal portion of the Southwest receives maximum pre-
cipitation in midwinter related to strong onshore westerly
flow and is almost totally dry in the summer, typical of a
Mediterranean-type climate (Seager et al. 2019b). The interior
West, by contrast, receives maximum precipitation in summer
and is drier in spring and fall, but also has a weaker precipita-
tion maximum in winter. The summer precipitation maximum
is related to southwesterly flow that can draw moisture from
the southeast tropical Pacific and southeasterly curving to
southwesterly flow that can draw moisture from the Caribbean
and Gulf of Mexico. Of the three SST-forced models, CCM3
notably fails to simulate the summer interior precipitation maxi-
mum (Figs. 4h,j,l). For a drought to impact the entire Southwest
throughout the year requires cool season circulation anomalies
that have the potential to impact the whole region and warm
season circulation anomalies that impact the interior.

c. Time evolution over 2020 to May 2021 of drought in
the coastal and interior West

Figures 4e–l also show the time series of precipitation for
the coastal and interior boxes from January 2020 to May 2021.

FIG. 3. The large-scale atmosphere–ocean context of the 2020/21 drought onset. Maps show (left) the anomalies of
SST (ocean) (colors; K), CPC precipitation (land) (colors; mm day21), and 200-hPa heights (contours; m) and (right)
CMAP precipitation (colors; mm day21) and 700-hPa heights (contours; m) for (from top to bottom) JJA 2020
through MAM 2021.
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In the coastal region, midwinter 2020 was dry followed by a nor-
mal spring and then fall, winter and spring were dry, interrupted
by a near-normal January in 2021. Notably in February 2021 the
region received only one-third of normal precipitation and the
wet season ended early with only half the normal precipitation in
March 2021. In the interior, after a very wet March 2020 every
month through to May 2021 was drier than normal and the

deficits in August and September 2020 were particularly striking.
As will be examined in detail later, the three SST-forced models
fail to simulate the dry summer in 2020 in the interior but suggest
some ability to simulate drier than normal conditions in winter/
spring 2021 (Figs. 4h,j,l). All three SST-forced models simulate
drier than normal conditions in the coastal region in January to
April 2021 although less than observed (Figs. 4g,i,k).

FIG. 4. The climatological observed precipitation (land) (colors; mm day21) and reanalysis 700-hPa heights
(contours; m) and winds (vectors; m s21 with a reference vector at the top right of each panel) for the (a) JJA,
(b) SON, (c) DJF, and (d) MAM seasons. Also shown are the climatological precipitation (blue line), the 2020 precip-
itation (red line), and January–May 2021 precipitation (green line) for (e),(f) observations and the (g),(h) CCM3,
(i),(j) CAM6-LR, and (k),(l) CAM6-MR SST-forced models, for the (left) coastal and (right) interior subregions.
Precipitation units are mm day21.
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d. Using simulations with SST-forced models to examine
the role of ocean driving of drought onset and
evolution

1) PRECIPITATION SIMULATIONS

The SST-forced ensembles provide a useful model-based
estimate of the roles of ocean forcing and internal atmosphere
variability in generating the drought onset and subsequent
evolution. The ensemble mean for each model provides an es-
timate of the response to SST forcing that is common to each
ensemble member. The spread of ensemble members around

the ensemble mean provides the model’s internal atmosphere
variability. For the observations, with the limited data avail-
able, we can estimate the total variability by looking at the
spread of precipitation anomalies across years for a given
season.

Figure 5a shows the seasonal precipitation anomalies for the
entire Southwest box. Given the knowledge of the seasonal
distribution of precipitation across the Southwest, the winter
anomalies will be reflective of those in the coastal region and
the summer anomalies of those in the interior region. Shown
are the cross-year spread for observations and cross-year

FIG. 5. Box-and-whisker plots showing the distribution of precipitation anomalies in observa-
tions and three SST-forced models area-weighted and averaged over the Southwest drought
region. (a) Distributions across all seasons and, for models, all seasons and ensemble members.
(b) Distributions for just the 2020–21 drought seasons for which the observed values are just the
single red crosses. The box shows the 25th–75th-percentile range of the distribution, the whiskers
indicate the range, the horizontal line shows the median, and the cross is the mean, with outliers
shown as circles. Units are mm day21.
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and cross-ensemble members spread for each of the three
SST-forced models.

For the observations, JJA 2020 was the driest summer in
this period (see also Hoell et al. 2022). It was followed by
three consecutive seasons with abnormally dry conditions
even though each was not the driest on record. Such a four-
season string of dry conditions would be highly unlikely if pre-
cipitation in each season was uncorrelated with that in other
seasons. While land surface feedbacks can provide some persis-
tence, if SST driving was important, given the season-to-season
persistence of SST anomalies, then such persistence of precipi-
tation anomalies across seasons might be less surprising.

Turning to the SST-forced models, they collectively well
simulate the observed variability of seasonal mean precipita-
tion in each season in the Southwest. The model spread is, as
expected, higher than that in observations given the larger
sample size enabled by the model ensemble versus the single
realization in nature. Despite this larger spread, the models
confirm that the observed dry conditions in all four seasons
were quite extreme: they are near the dry limit of what these
three climate models can simulate and, for JJA 2020, only one
model (CAM6-MR) has a JJA more extreme than that ob-
served. In Fig. 5a the model ensemble means for the seasons
from JJA 2020 to MAM 2021 are shown by colored crosses
within each box plot. For JJA 2020, these ensemble means
scatter around zero and hence provide no evidence that the
extreme dry conditions in summer that initiated the drought
were driven by ocean conditions. Similarly, for SON 2020 the
models provide no collective evidence that ocean driving was
responsible for the intensification of the drought. By contrast,
for DJF 2020/21 and MAM 2021 the models provide strong
evidence that continued drought intensification was driven by
ocean conditions. However, even though the ensemble-mean
precipitation anomalies in these two seasons hovered in the
lower tercile, they were still much wetter than observed.

In Fig. 5b, we show the box-and-whisker plots for the model
ensemble spreads for the simulations of just the 2020–21 seasons
together with the single observational value for the seasons.
Clearly, SST-driving did shift the ensemble of precipitation sim-
ulations in DJF 2020/21 and MAM 2021 in the dry direction so
that the entire 25th–75th percentiles of the distribution were
drier than normal and some ensemble members of CCM3 and
CAM6-LR were drier than the observations. As such the dry
conditions in these two seasons can be explained, in the context
of these models, in terms of a combined effect of ocean condi-
tions providing a shift toward drier conditions and internal at-
mosphere variability working in the same direction. This is not
surprising given the extremity of the drying. For JJA and SON
2020, the model ensembles are not shifted dry and the observa-
tions are outside the ensemble range of simulations of that
particular season although less so, or within, the range of simula-
tions of all JJA and SON seasons (Fig. 5a).

2) CIRCULATION SIMULATIONS

It is also necessary to assess how well the SST-forced mod-
els reproduce the circulation anomalies within which the
drought onset was embedded. For example, the models might

simulate the circulation anomaly reasonably but fail to simulate
the associated precipitation anomalies over North America.
To that end, Fig. 6 shows the hemispheric precipitation and
200-hPa height anomalies for the JJA 2020 through MAM
2021 seasons as seen in the ensemble means of the three SST-
forced models. These should be compared to Fig. 3. First of
all, each of the models simulates dry anomalies along the
equatorial Pacific that track the cold SST anomaly in ampli-
tude and longitudinal location from JJA 2020 to MAM 2021.
As we already noted, the observed seasonal mean circulation
anomaly in JJA 2020 (Figs. 3a,b) was indistinct in terms of its
ability to drive drought over the Southwest. It did have a mid-
latitude ridge stretching from the Arabian Peninsula across
Asia and the Pacific to the North American west coast and an-
other high over Hudson Bay. Each of the models also gener-
ates a midlatitude ridge but in different latitudes and with
centers at different longitudes and with little agreement with
the observations (Figs. 6a–c). We discuss JJA 2020 more be-
low. Moving on to SON 2020 (Figs. 6d–f), there is notably
more agreement between observed and modeled Northern
Hemispheric circulation anomalies: the circumpolar ridge
with centers over the western and eastern North Pacific
and over the northwest Atlantic is seen in observations
(Figs. 3c,d) and the two CAM6 models, while CCM3 differs
in having a single North Pacific high. However, in the obser-
vations, the east Pacific high is located to provide northerly
(and descending) flow over western North America but only
CAM6-LR does this and then weakly so. Hence, given these cir-
culation anomaly differences, it is not surprising that the models
underestimate the SON 2020 drying. However, the agreement
does suggest that there was an SST-driven component to the
flow anomalies in this season of the drought, and perhaps
therefore to the drying too, even though the models miss that
crucial detail.

For DJF 2020/21 and MAM 2021 (Figs. 6g–l) all three
model ensemble means have the classic signal of La Niña
forcing in the tropics and in the midlatitudes: twin cyclones
straddling the equatorial Pacific and an anomalous high over
the North Pacific that stretches across southern North America
to the Atlantic Ocean. The Pacific features are similar to those
observed (Figs. 3e–h) but the observed high does not extend
east to the Atlantic. Nonetheless, it is the northerly component
of flow on the eastern flank of the anomalous North Pacific
high that induces drying and the models capture drying in the
same location due to the placement of anomalous highs.
Hence the models support the idea that the drought evolution
in winter and spring was guided by a classic La Niña telecon-
nection. The pattern correlations between the observed and
modeled height anomalies are strongest in spring 2021, sug-
gesting that this is the season in which the ocean driving was
most effective.

e. A closer look at summer 2020

The seasonal maps for JJA 2020 did not show an obvious
drought-inducing circulation anomaly over western North
America. To understand what caused the drought onset in
this season, in Fig. 7 we show North American close-ups of

S EAGER E T AL . 377515 NOVEMBER 2022

Brought to you by Columbia University | Unauthenticated | Downloaded 11/02/22 07:32 PM UTC



the 700-hPa circulation and precipitation anomaly for each
month from June through September 2020. In June 2020
(Fig. 7a), a complex of small-scale circulation anomalies did
lead to modestly dry conditions across the Southwest; in July
2020 (Fig. 7b) there were also scattered but weak negative
precipitation anomalies across the Southwest. In contrast, in
August 2020 (Fig. 7c) there was a large high pressure anomaly
over California and the Gulf of California and a deep low
over the Mississippi valley to the east. These pressure systems
established strong northerly flow from Canada to southern
Mexico across the Southwest. This flow would have effectively
hindered moisture flow into the southwest from both the Gulf
of California and the Gulf of Mexico and, consistently, was
associated with widespread dry conditions. This circula-
tion feature actually persisted in September 2020 and even
strengthened (Fig. 7d) and explains why precipitation in these
2 months was only about a third of normal (Figs. 4e,f). This
key subseasonal-time-scale anomaly was obscured in the JJA
seasonal mean. Although not shown here, none of the SST-
forced models produced these subseasonal circulation fea-
tures. Furthermore, while the August and September 2020 cir-
culation anomalies were similar over North America, they
were embedded within quite different hemispheric patterns.

In August there was a zonally extended north–south trough–
ridge pattern fromAsia to North America whereas in September
there was a circumpolar Rossby wave with a prominent arching
structure from subtropical Asia to the Bering Sea and then to the
North AmericanWest Coast.

f. What is the role of climate change? Long-term trends
in precipitation and temperature

1) PRECIPITATION–TEMPERATURE RELATIONSHIPS

DURING SUMMER IN THE INTERIOR WEST

Southwestern North America has warmed over the study
period (1979–2021) as seen in Fig. 2 and, according to this
data, this is significant in summer and fall. However, surface
air temperature also responds to drought. It might be ex-
pected for purely meteorological reasons that droughts associ-
ated with high pressure would also be warm due to, for
example, subsidence and less cloud cover. However, beyond
that, in water-limited areas, drying soils lead to a repartition-
ing of the surface energy budget from latent cooling to sensi-
ble and longwave cooling requiring an enhanced surface
temperature (e.g., Hoerling et al. 2013; Koster et al. 2009; Yin
et al. 2014; Cheng et al. 2019; McKinnon et al. 2021). Indeed,

FIG. 6. Large-scale atmosphere–ocean context of the drought onset in simulations from the (left) CCM3, (center) CAM6-LR, and
(right) CAM6-MR SST-forced models for (a)–(c) JJA 2020, (d)–(f) SON 2020, (g)–(i) DJF 2020/21, and (j)–(l) MAM 2021. Shown are
precipitation anomalies in colors (mm day21) and 200-hPa height anomalies in contours (m). The pattern correlation between the ob-
served and modeled height anomaly across the domain is shown to the upper right of each panel.
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Berg et al. (2014) show how interactive soil moisture in a cli-
mate model enhances variance of summer surface air temper-
ature including over western and central North America. To
look into this for our case, in Fig. 8 we plot temperature
anomalies against precipitation anomalies for each year for
the JJA summer season and just for the interior Southwest re-
gion. We focus on the summer interior, where and when mois-
ture supply is most limited, because this is where we expect to
possibly see evidence of a drought–heat relationship. For the
observations (Fig. 8a) the 2020 JJA season clearly stands out
as the driest on record and also, by a smaller margin, the hot-
test on record. The years are color-coded and the warming
over the time period (over 18C) is obvious but 2020 does not
stand apart from the general warming trend. The scatter of
points hints at a tendency for drier years to be warmer, ac-
cording to the physics of droughts and heat waves as the
above references discuss, but this relationship in this location
and season is weak. It also was not any stronger when the pre-
cipitation time period was expanded to March–August to al-
low for soil moisture memory and a delayed effect on summer
temperature.

The observed precipitation anomaly in JJA 2020 is clearly
out of range of the CCM3 model (Fig. 8b) but, according to
both versions of CAM6 (Figs. 8c,d), is attainable but exceed-
ingly rare. For all three models the observed temperature
anomaly of JJA 2020 is easily attainable but made much more
likely by the steady warming trend over the past few decades.
The scatter of ensemble members for JJA 2020 (red crosses in
Figs. 8b–d) again confirms the lack of a tendency to dry condi-
tions arising from SST forcing. The two CAM6models, especially

the MR version, support the existence of a weak negative corre-
lation between surface air temperature and precipitation,
according to established drought physics. For both CAM6 ver-
sions, the observed JJA precipitation and temperature anoma-
lies can be explained in terms of this relationship and do not
require extraordinary explanations for their occurrence.

2) TRENDS IN OBSERVED AND SST- AND RADIATIVELY

FORCED MODEL PRECIPITATION AND TEMPERATURE

OVER 1979–2021

To assess if the observed trends in precipitation and tem-
perature can be explained in terms of SST and/or radiative
forcing in Fig. 9 we show box-and-whisker plots of the
1979–2021 trends by season from each of the three SST-forced
model ensembles and the CMIP6 ensemble. The single ob-
served value for each season is also shown and is enclosed
within a diamond if significant at the 95% confidence level.
The observed trend is toward drying in every season (Fig. 9a;
see also Fig. 2) but only in MAM is it statistically significant.
Looking at Figs. 2a and 2b, it is clear that the drying trends in
JJA and SON are highly influenced by wet years at the begin-
ning of the record and the 2020/21 drought in the final year.
In contrast, and consistent with its significance, the drying in
MAM (Fig. 2d) arises from a steadier drying or a shift at the
turn of the century to a drier climate.

For JJA and SON precipitation none of the SST-forced or
radiatively forced models provide evidence of a drying trend.
However, for DJF and MAM the SST-forced models provide
evidence of SST-driven drying, and CCM3 can readily match

FIG. 7. Observed precipitation (land) (colors) and reanalysis 700-hPa heights (contours) and winds (vectors) anom-
alies for (a) June (b) July, (c) August, and (d) September 2020. Units are mm day21 for precipitation, m for heights
and m s21 for wind with reference vector at the top right of each panel.
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the amplitude of the observed drying trend. In contrast, the
CMIP6 models provide no evidence of a radiatively driven
drying trend and most members do not dry as much as the
observations.

The observed warming trend is significant in JJA and SON
but not in DJF or MAM (Fig. 9b). The CMIP6 models tend to
greatly overestimate the warming in all seasons while the
SST-forced models are more in line with observed warming
though still on the too-warm side, and especially so in DJF ex-
cept for CCM3.

To place these area-averaged trends in a spatial context, in
Fig. 10 we show maps of the observed and CMIP6 multimo-
del-mean precipitation trend over 1979–2021. The observed
trends are marked where significant at the 95% confidence
level. The CMIP6 trend is stippled where the ensemble-mean
trend is significant at the 95% confidence level and hatched
where three-quarters of models agree on the sign of the
change and with the sign of the ensemble-mean change. As
expected, the observed trends, which contain the full value of
any trends introduced by internal climate variability, are often
much larger than the CMIP6 ensemble-mean trends, which
for an ensemble as large as this will well isolate the radiatively
forced trend by averaging out uncorrelated internal variability

in the individual model runs. Despite these differences, there
are some noticeable similarities in the spatial patterns of the
observed and modeled trends. In JJA there is observed drying
across the West that is significant in some locations (Fig. 10a)
and the models suggest the Pacific Northwest component of
this is radiatively forced (Fig. 10b). In the interior Southwest
in JJA the observed drying is significant in some locations but
the models do not support it being forced. Interestingly, the
models suggest a forced wetting in the core of the monsoon in
Mexico and this is also hinted at in observations, though not
significant. Western drying, though again mostly not significant,
has occurred in SON and again the models do not support this
being forced (Figs. 10c,d). In DJF the observed drying in
Mexico is supported as forced by the models (Figs. 10e,f). In
observations, this drying extends into the southern and western
parts of our study area in the United States, but not in models.
In MAM, observations and models both show drying in the
Southwest, supporting this as a forced response (Figs. 10g,h).
(Although outside our study area, the models suggest that the
wetting in the Southeast in JJA and the Appalachians in DJF is
forced.) The lack of significance in model precipitation trends
for the drought region area averages used here, therefore arises
in part from the area straddling regions of forced drying and

FIG. 8. The relationship between surface air temperature and precipitation anomalies in the interior Southwest dur-
ing summer for (a) observations, where each dot represents one summer, and (b)–(d) the models as labeled, where
each dot represents an ensemble-member simulation for a season. The dots are colored according to the year to which
the data refers (see color bar at bottom).
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wetting, each with statistical significance concentrated to their
south or north.

3) PACIFIC DECADAL VARIABILITY AS A CONTRIBUTOR

TO DRYING TRENDS IN THE SOUTHWEST

The SST-forced models suggest that the ocean has driven a
drying trend in the Southwest in winter and spring that con-
tributed to making the drought in the last 2 years worse than
otherwise. This is almost certainly related to Pacific decadal
variability (Zhang et al. 1997; Chen and Wallace 2015) or, as
it is often called, the Pacific decadal oscillation (PDO; Mantua
et al. 1997; Mantua and Hare 2002; Newman et al. 2016). The
PDO is a pan-Pacific mode of natural climate variability that
has many similarities in spatial patterns of SST and precipita-
tion to ENSO, and indeed is coupled to ENSO, but which has
decadal time scales. The PDO was in a phase in which the

tropical Pacific was warm from about 1977 to 1998 and then
switched to the phase with a cool tropical Pacific, which has
lasted, off and on, ever since. Since the PDO is known to in-
fluence precipitation over North America (Huang et al. 2005;
Ault and St. George 2010; McAfee 2014; Seager 2015), this
should have contributed to the drying trend from 1979 to
2021. While the SST anomalies associated with Pacific decadal
variability span the Pacific, it is the tropical component that
drives the global response (Seager et al. 2005; Huang et al.
2005), which, consistently, is quite hemispherically symmetric
(Garreaud and Battisti 1999; Herweijer and Seager 2008;
Seager 2015).

To probe this, we show time series of precipitation in the
Southwest, the Niño-3.4 SST and PDO indices, with linear
trend lines shown if statistically significant (Fig. 11a) and the
linear trend over 1979–2021 of the near-global SST, 200-hPa
height and precipitation (Figs. 11b,c), all for the December to

FIG. 9. Box-and-whisker plots for the trends in (a) precipitation and (b) surface air tempera-
ture over 1979–2021 for, from left to right, JJA, SON, DJF, and MAM for the CCM3, CAM6-LR
and CAM6-MR SST-forced models and the CMIP6 ensemble with observed trends shown as
red crosses and enclosed in a diamond if statistically significant. For the box and whiskers, the
box encloses the 25th–75th-percentile range of the distribution, the horizontal line in the box is
the median, the cross inside the box is the mean, the whiskers show the range, and the circles
mark outliers. Units are mm day21 for precipitation and K for temperature change over the
1979–2021 period.
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May half year when we expect the tropical Pacific to be able
to influence North American climate. Amidst widespread SST
warming, there is cooling in a meridionally broad wedge-shaped
region of the central to eastern equatorial Pacific (Fig. 11b).
Sitting above this is a region of reduced precipitation and as-
sociated off-equatorial anticyclones (Figs. 11b,c), the classic
signal of reduced equatorial diabatic heating induced by
cold SST anomalies (Gill 1980). This is the signature of a

shift to the cool tropics phase of Pacific decadal variability,
which is clear in the downward time history of the PDO
(Fig. 11a). The tropical heating and circulation anomalies are
also teleconnected to a Pacific–North America (PNA)-like
pattern with a North Pacific ridge that extends across southern
North America (Fig. 11b, see also Lehner et al. 2018) to
the Atlantic and a trough over Canada. This decadal trend
pattern is actually rather similar to the height anomalies

FIG. 10. The (left) observed and (right) CMIP6 multimodel-mean trends in precipitation over 1979 to 2020 or 2021
for (a),(b) JJA, (c),(d) SON, (e),(f) DJF, and (g),(h) MAM. The observed and modeled trends are stippled where sig-
nificant at the 95% confidence level and the CMIP6 multimodel-mean trend is also hatched where 3/4 of models agree
on the sign of the trend and agree with the sign of the trend in the multimodel mean. Units are mm day21 change
over the time period.
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simulated by the SST-forced models during the 2020/21
La Niña, which testifies to the role of SST forcing in generat-
ing these decadal circulation trends. Consistently there is a
drying trend in southwest North America although this is only

significant in Mexico and the far southwestern United States
(Fig. 11c). Notably the trend over this period is only contribut-
ing to the drought in the southern portion of the region that
went into drought in 2020/21.

FIG. 11. (a) Time series of the PDO and the Niño-3.4 SST index together with NOAA-CPC
precipitation in the Southwest drought region all for the December–May half years over
1979–2021. Correlation coefficients between PDO/Niño-3.4 and precipitation time series are in-
dicated. Trends are shown where significant at the 95% confidence level, which is only for the
PDO. (b) Linear trends in SST and 200-hPa height and (c) linear trends in combined satellite–
gauge precipitation, all for the December–May half year and 1979–2021. Significance at the
95% confidence level is shown with dots for SST and precipitation and hatching for heights.
Units are mm day21 (for precipitation), K day21 (for SST), and m (for heights) for change
over the time period.
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4. Conclusions

Here we have studied the physical mechanisms that drove
southwestern North America into drought between summer
2020 and spring 2021. We have also placed this drought in the
context of longer-term variations, both due to internal natural
variability and radiatively forced and human-induced climate
change.

The conclusions are as follows:

• The drought onset over summer 2020 to spring 2021 was
caused by four consecutive seasons of below-normal pre-
cipitation that were either records or at least extreme in the
post-1979 period. The drought covered a wide area of the
Southwest that included both Mediterranean-type climates
at the coast and the semiarid interior and, as such, was
driven by reductions in cool-season precipitation, which af-
fected the coastal and interior regions, and warm season
precipitation, which only affected the interior.

• The driest summer in the record occurred in 2020 and
started the drought. This was dominated by extreme dry
conditions in August and appears to be a result of subsea-
sonal internal atmosphere variability since no models simu-
lated SST-induced dry conditions in the season. Fall 2020
dry conditions also appear to have arisen from internal at-
mospheric variability.

• From winter to spring 2021 the drought was partly driven
by La Niña conditions in the tropical Pacific Ocean but the
constructive influence of internal atmosphere variability
was needed for conditions to become as dry as observed.
For all seasons observed dry conditions are just about in-
side the model range of variability produced by the sum of
internal atmosphere variability and SST forcing.

• Over the post-1979 period the PDO has shifted toward its
cool tropical Pacific phase. This has favored a shift toward
dry conditions in the Southwest focused on the southern
part of the recent drought region according to a La Niña–
like teleconnection. In all seasons the observed trend is to-
ward drier conditions but only in MAM does this reach sta-
tistical significance. The SST-forced models have significant
drying trends in both DJF and MAM. These drying trends
in observations and models are consistent with a statisti-
cally significant trend in the PDO index.

• For the drought region as a whole, only in MAM is there a
suggestion of a human-induced drying trend. This is because
the drought region in DJF and MAM spans the northern
reach of a human-induced drying trend and the southern
reach of a human-induced wetting trend while the human-
induced trends in JJA and SON are weak. Consequently,
the human-driven climate change component of long-term
drying in the drought region appears weaker than that due
to natural decadal variability. In contrast, the trend toward
warming is clear, in all seasons and supported by all model
experiments. This is making droughts hotter although the
impacts on, say, soil moisture and runoff were not investi-
gated here.

Our study ends in May 2021 but the drought continued up
until the time of writing (July 2022). Although parts of the

Southwest had wet conditions in early winter 2021, a second-
year La Niña in winter to spring 2022 appears to have once
more driven dry conditions in the Southwest extending this
drought into its second year. Looking forward it is hard to
know when this drought will end. The PDO was mostly in its
cool tropical Pacific phase since 1998 and, while briefly in the
warm tropics phase around the 2015/16 El Niño, has recently
shifted back toward its cold phase, no doubt partly because of
the ongoing persistent La Niña. Human-induced drying in the
southern portions of the region will strengthen and warming
will continue. Also, we should note that it has been argued
that a long-term observed trend toward lack of warming or
even cooling of the equatorial Pacific cold tongue is, in fact, a
coupled atmosphere–ocean dynamical response to rising
greenhouse gases (GHGs) (Seager et al. 2019b, 2022). CMIP6
(and earlier generation) models do not capture this trend and
instead tend to warm the cold tongue over the historical pe-
riod and preferentially warm it over future decades (Watanabe
et al. 2021). If the models are wrong and the cold tongue, in re-
sponse to rising GHGs, remains a region of little warming, this
would likely induce reduced precipitation in the southwest by
analogy to La Niña and the cold tropics phase of the PDO.
Hence it is possible that human-induced climate change could
produce a tendency to drier conditions (less precipitation) in
the Southwest. The best bet for a return to wetter conditions is
a warming of the tropical Pacific due to either a PDO shift or
a tropical Pacific Ocean response to rising GHGs like that
seen in CMIP6 models. However, the persistence of the cool
phase of the PDO and the persistence of cool waters in the
cold tongue mean that it would be wise to not trust to the luck
of natural variability or place faith in CMIP6 model projec-
tions but, instead, to recognize that there is a reasonable
chance drought conditions will persist into the near future.
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