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CLIMATOLOGY

Increasing prevalence of hot drought across western
North America since the 16th century

Karen E. King'*#, Edward R. Cook?, Kevin J. Anchukaitis®*?, Benjamin I. Cook>®,
Jason E. Smerdon®’, Richard Seager®, Grant L. Harleys, Benjamin Spei®

Across western North America (WNA), 20th-21st century anthropogenic warming has increased the prevalence
and severity of concurrent drought and heat events, also termed hot droughts. However, the lack of independent
spatial reconstructions of both soil moisture and temperature limits the potential to identify these events in the
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past and to place them in a long-term context. We develop the Western North American Temperature Atlas (WNA-
TA), a data-independent 0.5° gridded reconstruction of summer maximum temperatures back to the 16th century.
Our evaluation of the WNATA with existing hydroclimate reconstructions reveals an increasing association be-
tween maximum temperature and drought severity in recent decades, relative to the past five centuries. The syn-
thesis of these paleo-reconstructions indicates that the amplification of the modern WNA megadrought by
increased temperatures and the frequency and spatial extent of compound hot and dry conditions in the 21st

century are likely unprecedented since at least the 16th century.

INTRODUCTION

Over the past century, anthropogenic climate change has increased the
frequency and intensity of concurrent heat and drought events globally
(I-4). In a warming climate, a more comprehensive understanding of
compound climate hazards has immediate relevance for evaluating and
planning for climate change impacts. Individual climatic events can have
serious effects on agriculture, infrastructure, and ecosystems, but com-
pounding hazards can result in cascading and intensified consequences
for these systems (5, 6). The combination of anomalous heat with rainfall
deficits have already led to droughts that are substantially more intense
because of high temperatures and elevated vapor pressure deficits
and have thus been called hot droughts (7, 8). While the past century
documents an increase in the concurrence of heat and drought
conditions around the world, the mechanism for this is still somewhat
unclear. For example, one explanation for the increase in hot drought is
that because droughts are now occurring in a warmer world, the
probability of any given event occurring during a warm year is increasing
(9). Another explanation suggests that temperature has an amplifying
effect on drought through increased evaporative demand (10, 11). In
addition to uncertainties related to the mechanisms driving the 20th-
21st century increases in hot drought occurrence, little is known about
the pre-instrumental frequency and magnitude of compound hot and
dry conditions. While the paleorecord allows for the longer-term evalu-
ation and contextualization of modern climate extremes, the utility
of paleorecords to document changes in shorter-term extremes and to
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assess compound extreme events (12, 13) is still unexplored. However,
the systematic collection and analysis of paleoclimate records can in-
deed provide evidence of these changes over longer timescales (14).

As in many other regions around the world, both instrumental re-
cords and model-based attribution establish unequivocally increasing
temperature trends for western North America (WNA), as well as
increasing coeval extreme heat and drought events during the 20th
and 21st centuries (15-19). At the same time, there is no evidence of
anthropogenic trends in precipitation over the past decades in WNA
(20, 21), although some have argued for limited evidence of anthropo-
genic spring season drying in the south of southwestern North Amer-
ica and summer drying in the Pacific Northwest (22). While the
local- to regional-scale occurrence of hot drought in WNA has been
documented since the turn of the 20th century [e.g., the Dust Bowl
Drought of 1932 to 1938 (23)], beginning in the early 21st century,
WNA experienced a particularly severe, protracted, and spatially ex-
tensive hot drought. Across the region, the first two decades of the
21st century were the driest 22-year period over the past 1200 years,
with an average soil moisture anomaly only analogous to the 22 years
of the late 16th-century megadrought (10, 21, 24). Because of both its
duration and severity, the 21st-century WNA drought is also consid-
ered a megadrought (21, 24). However, the occurrence of megadrought
conditions is not a unique feature of the 21st century in WNA (25).
While 21st-century precipitation deficits alone would have been suf-
ficient to sustain drought conditions across WNA (10), the
additional contributions of anthropogenic climate change through
temperature-driven increases in evapotranspiration (26) and vapor
pressure deficits (27) exacerbated soil moisture deficits and increased
both the spatial extent and the duration to levels characteristic of
megadrought conditions (10, 24).

While all evidence therefore suggests that the modern megadrought
across much of WNA is an anthropogenically influenced hot drought,
(10, 15, 16, 24, 28, 29), the relationship between temperature and the
severity and persistence of past droughts in this region remains almost
entirely unknown before the instrumental era. This stems from the
comparative paucity of temperature-sensitive tree-ring chronologies in
the coterminous United States (30-33) despite the region having com-
prehensive paleoclimate evidence of hydroclimate variability over the
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past millennium (25). Furthermore, existing temperature reconstruc-
tions (34-36) make use of some of the same drought-sensitive trees
used for soil moisture reconstructions and, thus, do not allow for an
independent separation of temperature and drought through time.

Providing paleoclimatic context for modern temperature extremes,
trends, and their role in drought severity is critical for better under-
standing the range of possible hot drought intensities, the drivers of
these compound events, and for anticipating the potential consequences
of hot drought under a range of future emission scenarios. Here, we
synthesize a network of tree-ring density and blue intensity (BI) data
(see the Supplementary Materials) from across WNA to develop a 0.5°
spatial field reconstruction of summer maximum temperatures (June
to August; JJA Tpay) that is independent of available drought recon-
structions and herein referred to as the Western North American Tem-
perature Atlas (WNATA). Over the period 1553 to 2020 CE, we use the
WNATA in combination with a preexisting gridded drought recon-
struction (37) for an examination of how modern temperature-drought
relationships compare to those documented over the past ~480 years,
particularly during past megadroughts (38, 39). In addition, we use the
WNATA in conjunction with preexisting gridded reconstructions of
warm (May to July) and cool (December to February) season precipita-
tion (40) to evaluate spatiotemporal trends in the occurrence of com-
pound hot and dry conditions over the past several centuries.

RESULTS

Reconstructed summer temperatures across WNA

since 1553 CE

We use an extensive network of tree-ring chronologies (fig. S1) as the
predictors for a spatial reconstruction of summer maximum tem-
peratures extending back to at least 1553 CE. Density and BI records
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comprising the WNATA network exhibit significant (P < 0.01) positive
relationships with warm season (April to September) monthly average
maximum temperatures, with the strongest average monthly tempera-
ture response occurring in August (fig. S2). All WNATA tree-ring
chronologies are representative of densiometric tree growth (see the
Supplementary Materials), thus, it is expected that the maximum tem-
perature response coincides with the seasonal timing of secondary cell
wall thickening (41), characteristic of temperate North American coni-
fers. Our reconstructions explain at least 40% of the variance in both the
calibration and verification periods across most WNA (fig. S3). Positive
validation statistics (42) indicate adequate model skill and temporal sta-
bility across much of the region. The spatial patterns of reconstructed
temperature variability are further corroborated by the similar patterns
in the leading empirical orthogonal functions (EOFs) in both the re-
constructed and the instrumental data (fig. S4), explaining 90.8 and
72.5% of their total variability, respectively. We applied a varimax
rotation to the first four EOFs of the WNATA and used the factor load-
ings from these rotations to determine the geographic bounds of the
four subregional, spatially averaged temperature reconstructions: VF1-
Texas/Mexico, VF2-Pacific Northwest, VF3-Great Plains, and VF4-
southwest United States (Fig. 1). Pearson’s correlation values between
the four-leading varimax-rotated EOF time series based on the recon-
struction and the instrumental data (r = 0.42, 0.72, 0.67, and 0.66; 1901
t0 2000 CE; fig. S5) further reflect the overall strong skill of the WNATA
for capturing the spatial nature of temperature variability at 0.5° resolution.
However, the comparatively low skill of the WNATA in the Texas/Mexico
subregion reflects the limited temperature-sensitive tree-ring collections
in the WNATA network in this area (fig. S1), and results pertaining
to this part of WNA should be interpreted with caution. The
subregional-average reconstructions reflect multidecadal trends in
temperature variability, most notably documenting a steady warming
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Fig. 1. Subregional expression of reconstructed temperatures across WNA since 1553 CE. (Left) First four varimax-rotated EOF factor scores (ranging from —1.0 to
+1.0) are mapped and labeled with the variance explained by each factor. (Right) Annual (thin black line) and 10-year low pass—filtered (thick red lines) reconstruction
time series of JJA maximum temperatures for four major regions of WNA, spanning the period 1553 to 2020 CE. Anomalies are relative to the 1951 to 1980 CE mean. The
four regional time series are calculated using the rotated varimax factor loadings over the period 1901 to 2000 CE.
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trend spanning ~1960 to present. Reconstructed summer temperatures
also reflect significant (P < 0.01) seasonal cooling following major vol-
canic eruptions (fig. S6). Subregional WNATA reconstructions are
highly correlated and exhibit similar multidecadal patterns of tempera-
ture variability with preexisting reconstructions back to 1600 CE based
solely on tree-ring maximum latewood density (MXD) (fig. S7) (43).
However, the WNATA dataset allows for the examination of tempera-
ture for several decades to several centuries further back in time,
and the reconstruction models calibrate over an additional 20 years for-
ward in time. The temporal extension back to 1553 CE allows for
direct and independent comparisons of maximum temperature and
drought through recent times including during the late 16th-century
megadrought.

Comparing modern summer T,,,-PDSI relationships to
those in the past

We first compare the WNATA temperature reconstructions with collocated
and data-independent dendroclimatic reconstruction estimates of
JJA Palmer’s Drought Severity Index (JJA PDSI) (44) from the Living
Blended Drought Atlas (LBDA) (37). Over the shared period (1553 to
2020 CE), the grid point reconstructions of JJA Ty and PDSI are
significantly (P < 0.01) negatively correlated (fig. S8). Across WNA,
50-year Pearsons correlations between the WNATA and LBDA dem-
onstrate that the negative relationships between T, and PDSI are the
most spatially contiguous in recent decades (fig. S9). To evaluate multi-
decadal Ti,x-PDSI relationships at the subregional scale, we calculated
spatially averaged PDSI reconstructions from the LBDA over the same
four areas used to produce the subregional WNATA temperature re-
constructions. Bivariate distributions of 20-year moving averages from
the subregional Ty, and PDSI reconstructions indicate that the most
recent decades are among the warmest and driest multidecadal periods
across WNA (Fig. 2). The two decades from 2000 to 2020 CE is the
warmest period of the past five centuries across the southwestern United
States, Pacific Northwest, and Texas/Mexico and ranks second behind
the 1929 to 1949 CE “Dust Bowl” (37) average for the Great Plains. Both
the Great Plains and Pacific Northwest subregional averages indicate
that periods encompassing the Dust Bowl (e.g., 1921 to 1941 and 1929
to 1949 CE) exhibit similar Ty, averages relative to modern times, but
they reflect more severe 20-year average soil moisture deficits. The 2000
t0 2020 CE average PDSI value for the southwestern United States rivals
those of the 20-year periods encompassing the 16th-century mega-
drought (e.g., 1570 to 1590 CE) as being the driest, and the T,y aver-
ages for the most recent decades far surpass those experienced during
the late 16th century.

Over the past five centuries, megadrought periods show substan-
tial spatiotemporal variability in the relationship between summer
Tmax and PDST across WNA (fig. S10). However, despite the varying
durations and spatial footprints of WNA megadroughts, grid point
locations where the average PDSI anomalies are most severe during
these times also experience some of the highest average temperature
anomalies. Evaluating WNA as a whole, summer temperatures re-
corded during the Dust Bowl (1932 to 1939 CE) (23) and the mod-
ern (2000 to 2020 CE) (10) megadrought are, on average, at least
0.6°C warmer than during any other historical WNA megadrought
(fig. S11). Notably, the late 16th century and modern periods are
analogous in terms of duration, spatial footprint, and average soil
moisture anomaly; however, the former is not characterized by
exceptionally warm summer maximum temperatures. This pattern
is especially apparent in the Pacific Northwest region, where the
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regional expression of colder temperatures during the Little Ice Age
is particularly pronounced (45).

To further evaluate relationships between summer T, and
PDSI over the past several centuries, we apply a dynamic regres-
sion model using a Kalman filter (KF) (46) between the WNATA
and LBDA at each shared grid point (see Materials and Methods).
Locations exhibiting the highest KF variance are interpreted as
places where the greatest change in the coupled temperature-
drought relationship has occurred; the KF variance is highest over
the Pacific Northwest and the intermontane/southwest United
States (Fig. 3). For both regions, averaged KF coeflicients trend
increasingly negative, indicating a strengthening of the negative
relationship between PDSI and Ty, at high-frequency time inter-
vals. The decades spanning the modern megadrought exhibit the
strongest negative relationships between summer maximum tem-
peratures and soil moisture compared to any other historical pe-
riod of megadrought conditions experienced across these regions
of WNA. Although grid points where the KF variance is highest
often correspond with some of the most data-rich portions of the
WNATA network, we find no statistical evidence linking the KF
variance to either the relative skill of the reconstruction or the
number of predictors retained for each WNATA grid point recon-
struction (fig. S12).

Quantifying the historical prevalence of co-occurring
warmth and precipitation deficits

In addition to comparing the WNATA with the LBDA, we compare
the WNATA to both the May to July (warm season) and December
to February (cool season) Standardized Precipitation Indices (SPI)
from the North American Seasonal Precipitation Atlas (NASPA)
(40) for the evaluation of compound warm and dry conditions back
through time. The dominant mode of total annual moisture deliv-
ery is not ubiquitous across WNA. Evaluating both warm and cool
season SPI, in addition to summer PDSI, thus potentially allows for
a more complete understanding of hot drought occurrence across
varying seasonal precipitation regimes. Over the past five centuries,
moderate hot drought characterized as above-average warm season
temperatures concurrent with either warm or cool season precipi-
tation deficits >1.0 o is historically most prevalent across the inter-
mountain/southwest United States and the Great Plains regions
(Fig. 4). When considering cool season precipitation and PDSI
deficits, the Pacific Northwest region shows some of the highest fre-
quencies of concurrent warm and dry conditions >1.0 6. The spa-
tial footprint of compound warm and dry events, denoted by the
cumulative number of grid point locations experiencing concur-
rent warm and dry conditions, increases sharply in the 20th cen-
tury compared to the prior ~480 years. This 20th-century increase
is present when examining both PDSI and the seasonal precipita-
tion deficits. The 20-year period characterized by the most wide-
spread concurrent warmth and dryness occurs in the most recent
decades, with the second-ranking period encompassing the Dust
Bowl. We find that the Great Plains region is historically most
prone to experiencing anomalously warm and dry summers >2.0 o,
while the central/southern United States Rocky Mountains and
much of California show the highest historical prevalence of con-
current warm summer temperatures and low winter precipitation.
Once more, the spatial footprint of severe hot drought over the past
two decades far exceeds that of any other period since at least the
middle of the 16th century.

30f10

$20C ‘87 ABJA UO BUOZLIY JO AJISIOAIU) J& SI10°00UQI0S MMM,//:Sd)Y WOy papeojumo(



SCIENCE ADVANCES | RESEARCH ARTICLE

. 20-year
.5 VF1 (Texas/Mexico) periods
: : (CE)
: 2000
1.0 ' 1900

1800
1700
1600

PDSI z-score
o
<

|
o
[¢,]

L

_1.0.

1570-
1590 CE

_1.5.

-05 00 05 10 15

Temperature z score

-15 -1.0

VF3 (Great Plains)
1.5 .
1.0 5
0.5- C@\zooo-
(% 2020 CE
004 -------=% O e
-0.51
1921—
1570- O
10 1500 CE | 1941 CE
-1.51 :

VF2 (Pacific Northwest)

1.5 .
1.0 !
051 E
004 ---ia-c SUEIOCEERRL O .
\ : 2000-
-051 1570- ! 2020 CE
1590 CE 5
-1.01 5 1921-
| 1941 CE
-1.51 :
-15 -10 -05 00 05 10 15

VF4 (Southwest United States)

1921—
ol 1570 | 1941CE 2000
' 1590 CE ! 2020 CE
-151 ;
-15 -10 -05 00 05 10 15

Fig. 2. Bivariate distribution of 20-year moving averages of summer maximum temperature and PDSI across four subregions of WNA. Twenty-year moving averages
of regionalized summer temperature z scores from the WNATA and PDSI values from the LBDA are relative to the full period (1553 to 2020 CE). Averages are calculated using
a 20-year backward moving window beginning in 2020 CE. For each subregion, the average Trax and PDSI anomaly for the 2000 to 2020 CE period is annotated in blue. Select
20-year periods capturing the Dust Bowl (e.g., 1921 to 1941 CE) and 16th-century megadroughts (e.g., 1570 to 1590 CE) are annotated in black.

DISCUSSION

Improved spatial reconstructions of past summer temperature from
independent tree-ring data collocated with existing hydroclimate re-
constructionsis essential for the independent evaluation of temperature-
drought relationships through time (47). Our reconstruction now
permits important findings regarding the influence of summer tem-
peratures on the development of notable past droughts in WNA. For
example, the late 16th-century megadrought may be comparable to the
modern southwestern U.S. megadrought in terms of severity (cumula-
tive soil moisture deficit), but our results indicate that the earlier event
was not a hot drought analogous to the early 21st-century megadrought.
The most recent drought is exacerbated by high temperatures (10, 24),
which substantially exceed those during the late 16th century. Although
it has been long-established that precipitation deficits during WNA
megadroughts over the past millennium are driven by sea surface
temperature (SST) variability, our results here require that we examine
another potential driver that may help explain the differences between
modern and 16th-century drought conditions: The link between

King et al., Sci. Adv. 10, eadj4289 (2024) 24 January 2024

increased evaporative demand and anthropogenically accelerated tem-
perature increases.

As expected, summer Tyax-PDSI relationships across WNA are
consistently negative over the past several centuries, with the most re-
cent decades reflecting the strongest negative coupling. The document-
ed strengthening of the association between summer T, and PDSI
over the past century is consistent with increasing aridity trends due to
anthropogenic warming across much of the region (32, 48), and we ul-
timately speculate that this pattern reflects a combination of the feed-
back pathways characterizing temperature-soil moisture interactions.
Negative Tmax and PDSI relationships are not unexpected, given that
circulation anomalies that induce subsidence will simultaneously sup-
press precipitation, drive adiabatic warming, and potentially reduce
cloud cover and enhance solar absorption at the surface. However, the
strengthening of the temperature-drought relationships through time
likely reflects altered land-surface interactions due to anthropogenic
climate change, which perturbs these relationships through positive
feedback interactions and amplified evapotranspiration (23, 37). Across
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Fig. 3. Dynamic regression modeling using a KF reveals a strengthening relationship between reconstructed maximum temperature and Palmer’s modified
Drought Severity Index across WNA over the period 1553 to 2020 CE. (A) KF variance resulting from dynamic regression modeling using a KF filter between the LBDA
and WNATA time series for each shared grid point. Only variances >0 that also meet the Akaike information criteria are shown in blue. The two selected regions of high
variance are denoted with colored boxes. For each of the two identified regions, the regional average of the KF traces (regression coefficients; solid, colored lines) are
plotted in (B) for the Pacific Northwest and (C) for the Intermontane/Southwest United States with 95% confidence intervals (dashed, colored lines), where a 30-year high-

pass filter was applied to the LBDA and WNATA before regression modeling.

WNA, amplified evapotranspiration exacerbates surface drying in areas
where precipitation is already reduced and can also lead to drought
conditions in places that would otherwise experience minimal drying
from precipitation trends alone (49). Anthropogenic alterations of
land-surface feedbacks have been previously linked to the amplification
of warmth and drying across the Great Plains region of WNA during
the Dust Bowl drought (23). Furthermore, multidecadal drying exacer-
bated by high temperatures may further alter surface energy balance in
ways that lead to additional warming. This type of temperature-soil
moisture interaction is particularly relevant for the occurrence of ex-
treme hot temperatures and heat waves. For example, Bartusek et al.
(50) argue that multidecadal drying experienced across the Pacific
Northwest is contributing to the increased prevalence of hot and dry
summers. In addition to the influence of anthropogenic warming, the
dynamic relationship between T, and PDSI through time is likely
influenced by competing hydroclimatic controls on regional PDSI
values. These controls, such as whether the dominant control on sum-
mer moisture variability is antecedent winter snowpack or the North
American Monsoon, vary across WNA. For example, unlike in the
intermontane/southwest U.S. region, dynamic regression modeling
without prefiltering of the WNATA or LBDA for the Pacific Northwest
indicates that the negative KF coeflicients do not consistently strengthen
through time (fig. S13). This likely reflects the influence of multidecadal
snowpack variability across the region (51-53). Nevertheless, our
discovery of the increased association between Ty, and PDSI over the
past several centuries corroborates evidence of historically energy-
limited regions of North America becoming more moisture-limited
because of increases in surface net radiation and higher temperatures
over the 20th century (54, 55).

The frequency of moderate and severe hot drought across WNA
over the past century has no precedent since 1553 CE. The increasing
prevalence of hot drought over the 20th and 21st centuries has im-
portant implications for future regional climate change adaptation
strategies and for water resource management, particularly in the
most historically drought-prone regions. Our analysis identifies the
Great Plains as the region most historically prone to experiencing hot

King et al., Sci. Adv. 10, eadj4289 (2024) 24 January 2024

drought in terms of above-average warm summers and reduced sum-
mer precipitation. This region also contains the Ogallala aquifer, one
of the world’s largest aquifers, which supports nearly 25% of all irri-
gated agricultural ground water for the United States (56). Concur-
rent increases in temperature and decreases in summer precipitation
in this region during the growing season may require greater water
withdrawals to support agriculture, thereby increasing the risk of ac-
celerated aquifer depletion (57). Similarly, portions of the Colorado
River basin also are highlighted as historically prone to severe hot
drought. The increased prevalence of hot drought in recent decades
has already been linked to reduced river flow across many regions of
the United States (48), including numerous large and growing urban
centers that critically depend on a tenuous supply of freshwater. Of
the 19% reduction in annual flow of the Colorado River during 2000
to 2014 relative to a 1906 to 1999 baseline, it is estimated that about
one-third was due to unprecedented temperatures (58). While the fu-
ture of precipitation in the region remains uncertain, projections of
increasing temperatures pose substantial risk for intensifying drought
conditions and increasing water insecurity (58-60) for these econom-
ically important, population-dense, and historically active mega-
drought regions.

Collectively, the paleoclimate records analyzed here corroborate
conclusions from a growing body of literature that examine the in-
strumental record and provide evidence that anthropogenic activity
has already led to an increase in both the frequency and severity of
concurrent warm and dry summer conditions across parts of the
WNA (61). Our results demonstrate the imprint of the anthropogenic
warming trend and the amplification of warm summer temperatures
across WNA over the past century. Furthermore, for much of WNA,
the bivariate relationship between summer maximum temperatures
and PDSI is stronger during the modern megadrought than during
any other historical period of megadrought conditions. Our results
also corroborate previous findings from Williams et al. (10), which
show substantial contributions (58%) of anthropogenic trends in tem-
perature and relative humidity to the 2000 to 2018 average soil-
moisture anomaly over southwestern North America. The increased
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Fig. 4. Historical occurrence of compound hot drought (hot and dry conditions) across WNA since 1553 CE. The fractional probability of occurrence of compound
hot and dry conditions is mapped, where in any given year over the period 1553 to 2016 CE, each grid point location experiences concurrent warm season (May to July;
top row), cool season (December to February; middle row), standardized precipitation index deficits, or warm season (JJA; bottom row) PDSI deficits and positive sum-
mer maximum temperature anomalies exceeding 1.0 ¢ (left column) and 2.0 ¢ (right column). Counts of occurrence at the grid point level of compound warm and dry
summer conditions are plotted in 20-year bins to the right of each map. For bar plots, year corresponding to bin numbers 1 to 23 are: 1) 1557 to 1576, 2) 1577 to 1596, 3)
1597 to 1616,4) 1617 to 1636, 5) 1637 to 1656, 6) 1657 to 1676, 7) 1677 to 1696, 8) 1697 to 1716,9) 1717 to 1736, 10) 1737 to 1756, 11) 1757 to 1776, 12) 1777 to 1796, 13)
1797 to 1816, 14) 1817 to 1836, 15) 1837 to 1856, 16) 1857 to 1876, 17) 1877 to 1896, 18) 1897 to 1916, 19) 1917 to 1936, 20) 1937 to 1956, 21) 1957 to 1976, 22) 1977 to

1996 and 23) 1997 to 2016 CE.

association between rising temperatures and declining soil moisture
over the past few decades coincides with an increased frequency of
hot drought across WNA, thereby providing evidence in support of
the argument that bivariate interactions between temperature and soil
moisture are at least one of the driving forces exacerbating the preva-
lence of hot drought across WNA. However, it is still less clear as to
whether the circulation anomalies associated with high pressure and
subsidence that drive droughts are themselves being intensified or
made more likely by climate change or perhaps themselves respond-
ing to changing land-surface conditions. Nevertheless, Seager et al.
(62) identified a multidecadal trend toward a cool season ridge at the
west coast of North America that would tend to suppress precipita-
tion. In this regard, our results showing an increase in the occurrence
of compound summer warmth and declined winter precipitation in
the 21st century also align with results from Seager et al. (63), which
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suggest that 21st-century summer megadrought conditions over the
southwestern portion of WNA are closely linked to winter precipita-
tion deficits driven by decadal variations in SSTs. It is evident that
more work is needed to examine whether regions across WNA are
undergoing both a transition in land-atmosphere coupling that favors
hot droughts and a change in circulation that is suppressing precipita-
tion and drying soils and/or inducing adiabatic warming. Neverthe-
less, our comparisons of modern conditions to historical analogs
suggest that climate change has already altered the drivers of drought
severity in WNA over the past ~500 years. As model simulations show
that climate change is projected to substantially increase the severity
and occurrence of compound drought and heatwaves across many
regions of the world by the end of the 21st century (63, 64), it is clear
that anthropogenic drying has only just begun (10). We advocate for
the continued synthesis of paleoclimate data elsewhere in the world to
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achieve a more complete understanding of regional- to hemispheric-
scale drivers of extreme compound climatic extremes.

MATERIALS AND METHODS

Climate data

The target field for the WNATA temperature reconstruction is 0.5°
CRU TS 4.06 (land) maximum temperature (64), averaged over JJA
Tmax for the period spanning 1901 to 2020. To evaluate spatial pat-
terns and relationships of temperature and drought over the observa-
tional period, we use the global CRU TS 4.05 PDSI data, spanning
1901 to 2020 (65, 66). The WNATA reconstructions are augmented
with CRU instrumental JJA Ty« over the period 2001 to 2020 CE (see
Supplementary Text). Similarly, the LBDA reconstructions are augmented
with instrumental PDSI data spanning 2006 to 2020 CE.

Tree-ring data

This study uses a network of tree-ring chronologies comprising a
combination of preexisting, previously published BI (67) and density
data (e.g., MXD) (43, 68) from the International Tree Ring Databank,
as well as new BI chronologies specifically developed for inclusion in
this study (Fig. 1; see Supplementary Text). The network of tree-ring
chronologies used to create the WNATA is completely independent of
the tree-ring network used to create the NASPA or the LBDA.

All WNATA tree-ring chronologies are standardized to preserve as
much low-frequency temperature variability as possible, especially that
which relates to 20th-century warming. Assuming that the Bl and den-
sity parameters rarely increase with age due to biological or geometrical
factors, all chronologies are initially detrended following the guidelines
of Wilson et al. (69) and Heeter et al. (70) based on an age-dependent
spline (ADS) (71) applied within the signal-free (SF) standardization
framework (72) and modified with nonincreasing end constraints (69).
Detrended chronologies are then screened against their local 0.5° JJA
Timax data (fig. S2). Using the SF-ADS detrending approach most fre-
quently returns the strongest calibration results between the chronolo-
gies and CRU instrumental JJA Tp, data, but some modifications to
detrending are performed for a small number of individual sites. Only
chronologies exhibiting significant (P < 0.01) positive correlations with
current year JJA Ty are retained for inclusion in the WNATA network
for reconstruction purposes.

Reconstructing summer maximum temperatures using
tree-ring network
We use a nested ensemble point-by-point regression (EPPR) to recon-
struct summer season surface air temperatures. The EPPR method of
climate field reconstruction is comprehensively described in Cook et al.
(73-75). Unlike previous applications of EPPR that used multiple
search radii for locating candidate tree-ring chronologies (73, 74), we
use a single search radius of 1200 km for reconstructing each JJA Tpax
grid point, with a minimum of four chronologies used for each grid
point reconstruction. The 1200-km search radius is based on the
correlation decay (e-folding) distance used for interpolating single-
station temperature data to the 0.5° grid of the target CRU TS 4.06
land Ty« dataset (64). In principle, using this search radius should
locate only the candidate predictors that are most likely to be physi-
cally related to the collocated temperature data at the reconstruction
grid point (75).

For the first of three total reconstruction nests, we calibrate and
validate each grid point reconstruction over the period 1901 to 1980 CE,
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as this is the common period shared between the instrumental
temperature data and all tree-ring predictors in the WNATA network.
We use a split calibration/verification approach (76), where we cali-
brate over the period spanning 1941 to 1980 CE and verify on the
period spanning 1901 to 1940 CE. We repeat this approach for the
remaining two forward nests: 1901 to 1990 CE and 1901 to 2000 CE.
The verification period remains constant, but the calibration period
varies for each nest (1941 to 1980 CE, 1941 to 1990 CE, and 1941 to
2000 CE). For each reconstruction nest, we apply eight weights to each
of the selected tree-ring predictors based on their correlations with
temperature, as described in Cook et al. (73), resulting in a 24-member
ensemble. The mean of this ensemble is recalibrated to provide the
goodness of fit of each 0.5° grid point reconstruction using two cali-
bration statistics: the coefficient of determination (R?) and the cross-
validation leave-one-out reduction of error statistics. Reconstruction
accuracy is determined for the validation period of withheld data us-
ing the explained variance (VRSQ), reduction of error (VRE), and
coeflicient of efficiency (VCE) statistics (42, 76, 77). Positive VRSQ,
VRE, and VCE values indicate different measures of model skill and
are expressed in units of fractional explained variance over the valida-
tion period, whereas negative values indicate no reconstruction skill
(42, 77). After final calibration and validation of the ensemble mean,
the final WNATA reconstruction spanning 1553 to 2000 CE is res-
caled at each grid point to recover lost variance due to regression. This
enables the WNATA reconstructions to be extended to 2001 to 2020 CE
with instrumental data. A similar approach is also used to augment
the LBDA, which originally ends in 2005 CE.

To further assess reconstruction skill, we use EOF analysis to com-
pare spatial patterns of the leading modes of temperature variability
across the region between the reconstructed temperature estimates
and the instrumental data over the shared period (1901 to 2000 CE).
Eigenvalue traces are calculated from the correlation matrices of each
dataset. For both the reconstruction and the instrumental data, we
plot the eigenvalue traces with uncertainty expressed as +2 SEs (78)
out to the order 20 and map the actual and reconstructed EOF load-
ings for comparison. For the subset of eigenvalues traces of each data-
set that separate from the rest, we apply a varimax rotation to more
distinctly identify subregional patterns of temperature variability. Using
the n number of subregions identified by the North criterion, we
calculate an average temperature reconstruction for each subregion
based on factor loading values >0.60. We then compare our WNATA
regional temperature reconstructions to the WNA regional tempera-
ture reconstructions originally developed by Briffa et al. (43), which
were solely developed from tree-ring MXD records.

Comparing the WNATA reconstruction to existing
hydroclimate reconstructions

We compare the WNATA gridded JJA Ty, reconstruction with esti-
mates of JJA PDSI, May to July SPI, and December to February SPI
back through time using the data-independent LBDA and the NASPA,
respectively. The LBDA is described by Cook et al. (37), whereas the
NASPA is described by Stahle et al. (44). Both of these gridded datasets
are two of the most current, spatially contiguous, and finest-resolution
seasonal reconstructions of hydroclimate fields currently available
for North America. While the NASPA and LBDA have substantial
tree-ring data overlap, the WNATA is data independent of both of
these datasets. The original spatial extent of the WNATA initially
encompassed 4080 grid points (encompassing 25° to 60.0°N, 135°
to 95.0°W). To ensure complete spatiotemporal overlap between
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all datasets, this larger grid was reduced to the same 3029 grid points
comprising the LBDA and NASPA over the area 25° to 55°N, 135° to
95°W and that extend back to at least 1553 CE. We use 1553 CE as the
cutoft year because the majority (95%) of the original set of WNATA
grid points extends back to this year; this cutoff also allows for the
analysis of the late 16th-century megadrought. For each WNATA and
LBDA grid point reconstruction, temperature and PDSI estimates are
converted to anomalies relative to the full period (1553 to 2020 CE)
average. We first use a bivariate analysis between 20-year moving av-
erages from subregional reconstructions of the WNATA and LBDA to
evaluate multidecadal periods of concurrent warm and dry periods.
To further evaluate summer temperature-drought relationships back
through time, we focus on several known WNA drought periods that
are well-documented by the observational or paleoclimate records:
the 21st century drought (2000 to 2020 CE), mid-20th century
drought (1948 to 1957 CE), the Dust Bowl drought (1932 to 1939 CE),
the American Civil War drought (1856 to 1865 CE), the Puebloan
drought (1666 to 1671 CE), and the late-16th century drought (1568
to 1591 CE).

To quantify and identify changes in the relationship between JJA
Tmax and PDSI over time, we apply the KF (46, 79) to the WNATA and
LBDA at each shared grid point. Briefly, the KF estimates the dynamic
relationship between two variables in contrast to a constant-coefficient
linear model and is done so objectively based on maximum likelihood
estimation (79). The broader application of the KF in dendroclimatol-
ogy is comprehensively described in Cook and Johnson (80), Jacoby
and D’Arrigo (81), Cook et al. (74), and Allen et al. (82). To identify
grid points where the dynamic regression model provides a truly bet-
ter fit to the data compared to the constant-coeflicient model, we use
the modified Akaike information criteria (AIC) (83), where the AIC
of the dynamic model (AIC;) must be smaller (i.e., explain more vari-
ance) than the AIC value of the constant coefficient model (AIC.) by
at least two (the penalty term of the AIC to account for additional
parameters) (84). For each grid point where AIC, - AIC, < 2, we as-
sess the variance associated with the final KF fit. A variance >0 with
AIC, - AIC, < 2 indicates that the fitted relationship between the two
variables over time has improved at a level larger than expected by
chance. We then map grid points where these two criteria were met to
identify the most likely subregions of WNA where the largest changes
to the temperature-drought relationships occurred since 1553 CE. Once
these subregions were identified, we calculate regionally averaged
time series for the LBDA and WNATA and reapply the KF to the re-
gionalized time series.

For this study, we use the term “hot drought” to describe average
summer conditions where any given grid point location experiences
the concurrence of anomalously warm conditions and anomalously
low warm-season (JJA) PDSI or low warm-season (May to July) or
cool-season (December to February) precipitation (based on SPI).
This means that the assessment is valid for regions in the west with
Mediterranean-type climates and cool-season precipitation only and
regions in the interior with cool- and warm-season precipitation
maxima or a single warm-season maximum. To evaluate spatiotem-
poral patterns of hot drought since 1553 CE, we convert the WNATA
and NASPA datasets into z scores, relative to the full shared period
(1553 to 2016 CE). Then, we sum the frequency of occurrence over the
full period where any given year is characterized by WNATA z scores >
1 0 and NASPA z scores < —1 6. We repeat this method using the
criteria of the WNATA showing z-score values > 2 ¢ and the NASPA
showing values < —2 o. For both the 1 and 2 o criteria, we identify
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regions that were historically most prone to experiencing compound
hot and dry summer conditions by calculating and mapping the rela-
tive percent occurrence of hot drought for each grid point. To evaluate
changes in the spatial footprint of compound hot and dry conditions
across WNA over time, we plot the total occurrence of compound hot
and dry conditions over the entire region for both 1 and 2 ¢ using
20-year bins. For additional comparison, we repeat the aforementioned
process using the combination of the WNATA and the LBDA.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S13

References

REFERENCES AND NOTES

1. A. AghaKouchak, L. Cheng, O. Mazdiyasni, A. Farahmand, Global warming and changes in
risk of concurrent climate extremes: Insights from the 2014 California drought. Geophys.
Res. Lett. 41, 8847-8852 (2014).

2. Z.Hao, F.Hao, V. P. Singh, X. Zhang, Changes in the severity of compound drought and
hot extremes over global land areas. Environ. Res. Lett. 13, 124022 (2018).

3. A.Sarhadi, M. C. Ausin, M. P. Wiper, D. Touma, N. S. Diffenbaugh, Multidimensional risk in
a nonstationary climate: Joint probability of increasingly severe warm and dry
conditions. Sci. Adv. 4, eaau3487 (2018).

4. M.R. Alizadeh, J. Adamowski, M. R. Nikoo, A. AghaKouchak, P. Dennison, M. Sadegh, A
century of observations reveals increasing likelihood of continental-scale compound
dry-hot extremes. Sci. Adv. 6, eaaz4571 (2020).

5. J.Zscheischler, S. Westra, B. J. Van Den Hurk, S. . Seneviratne, P. J. Ward, A. Pitman,

A. AghaKouchak, D. N. Bresch, M. Leonard, T. Wahl, X. Zhang, Future climate risk from
compound events. Nat. Clim. Change 8, 469-477 (2018).

6. A.AghaKouchak, F. Chiang, L. S. Huning, C. A. Love, |. Mallakpour, O. Mazdiyasni,

H. Moftakhari, S. M. Papalexiou, E. Ragno, M. Sadegh, Climate extremes and compound
hazards in a warming world. Annu. Rev. Earth Planet. Sci. 30, 519-548 (2020).

7. J.T.Overpeck, The challenge of hot drought. Nature 503, 350-351 (2013).

8. D.Griffin, K. J. Anchukaitis, How unusual is the 2012-2014 California drought? Geophys.
Res. Lett. 41,9017-9023 (2014).

9. F.Chiang, P. Greve, O. Mazdiyasni, Y. Wada, A. AghaKouchak, Intensified likelihood of
concurrent warm and dry months attributed to anthropogenic climate change. Water
Resour. Res. 58, 2021WR030411 (2022).

10. A.P.Williams, E. R. Cook, J. E. Smerdon, B. I. Cook, J. T. Abatzoglou, K. Bolles, S. H. Baek,

A. M. Badger, B. Livneh, Large contribution from anthropogenic warming to an emerging
North American megadrought. Science 368, 314-318 (2020).

11. J. Zscheischler, S. I. Seneviratne, Dependence of drivers affects risks associated with
compound events. Sci. Adv. 3, 1700263 (2017).

12. K. Marvel, B. I. Cook, C. J. Bonfils, P. J. Durack, J. E. Smerdon, A. P. Williams, Twentieth-
century hydroclimate changes consistent with human influence. Nature 569, 59-65
(2019).

13. K.J. Allen, D. C.Verdon-Kidd, J. Z. Sippo, P. J. Baker, Compound climate extremes driving
recent sub-continental tree mortality in northern Australia have no precedent in recent
centuries. Sci. Rep. 11, 18337 (2021).

14. S.I.Seneviratne, X. Zhang, M. Adnan, W. Badi, C. Dereczynski, A. Di Luca, S. Ghosh,

1. Iskander, Weather and Climate Extreme Events in a Changing Climate (Chapter 11), in
IPCC 2021: Climate Change 2021: The Physical Science Basis. Contribution of Working Group |
to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change, V.
Masson-Delmotte, P. Zhai, A. Pirani, S. L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, Eds.
(Cambridge Univ. Press, 2021), pp. 1513-1766.

15. D.R.Easterling, T. W. Wallis, J. H. Lawrimore, R. R. Heim Jr., Effects of temperature and
precipitation trends on U.S. drought. Geophys. Res. Lett. 34, GL031541 (2007).

16. N.S. Diffenbaugh, D. L. Swain, D. Touma, Anthropogenic warming has increased drought
risk in California. Proc. Natl. Acad. Sci. 112, 3931-3936 (2015).

17. O.Mazdiyasni, A. AghaKouchak, Substantial increase in concurrent droughts and
heatwaves in the United States. Proc. Natl. Acad. Sci. 112, 11484-11489 (2015).

18. J.T. Overpeck, B. Udall, Climate change and the aridification of North America. Proc. Natl.
Acad. Sci. 117, 11856-11858 (2020).

19. K. A. McKinnon, A. Poppick, I. R. Simpson, Hot extremes have become drier in the United
States Southwest. Nat. Clim. Change 11, 598-604 (2021).

20. F.Lehner, C. Deser, I. R. Simpson, L. Terray, Attributing the U.S. Southwest's recent shift
into drier conditions. Geophys. Res. Lett. 45, 6251-6261 (2018).

80of 10

$20C ‘87 ABJA UO BUOZLIY JO AJISIOAIU) J& SI10°00UQI0S MMM,//:Sd)Y WOy papeojumo(



SCIENCE ADVANCES | RESEARCH ARTICLE

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

King et al., Sci. Adv. 10, eadj4289 (2024)

B. 1. Cook, J. E. Smerdon, E. R. Cook, A. P. Williams, K. J. Anchukaitis, J. S. Mankin, K. Allen,
L. Andreu-Hayles, T. R. Ault, S. Belmecheri, S. Coats, Megadroughts in the Common era
and the Anthropocene. Nat. Rev. Earth Environ. 3, 741-757 (2022).

R. Seager, M. Ting, P. Alexander, J. Nakamura, H. Liu, C. Li, I. R. Simpson, Mechanisms of a
meteorological drought onset: Summer 2020 to spring 2021 in southwestern North
America. J. Climate 35, 3767-3785 (2022).

B. 1. Cook, R. L. Miller, R. Seager, Amplification of the North American “Dust Bowl!” drought
through human-induced land degradation. Proc. Natl. Acad. Sci. 106, 4997-5001 (2009).
A. P.Williams, B. I. Cook, J. E. Smerdon, Rapid intensification of the emerging
southwestern North American megadrought in 2020-2021. Nat. Clim. Change 12,
232-234(2022).

E.R. Cook, R. Seager, M. A. Cane, D. W. Stahle, North American drought: Reconstructions,
causes, and consequences. Earth-Sci. Rev. 81, 93-134 (2007).

S. Zhou, A. P.Williams, A. M. Berg, B. I. Cook, Y. Zhang, S. Hagemann, S. R. Lorenz,

S. 1. Seneviratne, P. Gentine, Land-atmosphere feedbacks exacerbate concurrent soil
drought and atmospheric aridity. Proc. Nat/ Acad. Sci. 116, 18848-18853 (2019).

R. Seager, A. Hooks, A. P. Williams, B. Cook, J. Nakamura, N. Henderson, Climatology,
variability, and trends in the U.S. vapor pressure deficit, an important fire-related
meteorological quantity. J. Appli. Meteorol. Climatol. 54, 1121-1141 (2015).

E. R.Wahl, E. Zorita, H. F. Diaz, A. Hoell, Southwestern United States drought of the 21st
century presages drier conditions into the future. Commun. Earth Environ. 3, 202 (2022).
A. P.Williams, R. Seager, J. T. Abatzoglou, B. I. Cook, J. E. Smerdon, E. R. Cook, Contribution
of anthropogenic warming to California drought during 2012-2014. Geophys. Res. Lett.
42,6819-6828 (2015).

PAGES 2k Consortium, A global multiproxy database for temperature reconstructions of
the Common era. Scientific Data 4, 1-33 (2017).

K. J. Anchukaitis, R. Wilson, K. R. Briffa, U. Biintgen, E. R. Cook, R. D'Arrigo, N. Davi, J. Esper,
D. Frank, B. E. Gunnarson, Last millennium Northern Hemisphere summer temperatures
from tree rings: Part Il, spatially resolved reconstructions. Quater. Sci. Rev. 163, 1-22
(2017).

J.T. Martin, G.T. Pederson, C. A. Woodhouse, E. R. Cook, G. J. McCabe, K. J. Anchukaitis,

E. K. Wise, P. J. Erger, L. Dolan, M. McGuire, Increased drought severity tracks warming in
the United States' largest river basin. Proc. Natl. Acad. Sci. 117, 11328-11336 (2020).

K. J. Anchukaitis, J. E. Smerdon, Progress and uncertainties in global and hemispheric
temperature reconstructions of the Common era. Quater. Sci. Rev. 286, 107537 (2022).
E.R.Wahl, J. E. Smerdon, Comparative performance of paleoclimate field and index
reconstructions derived from climate proxies and noise-only predictors. Geophys. Res.
Lett. 39, (2012).

V.Trouet, H. F. Diaz, E. R. Wahl, A. E. Viau, R. Graham, N. Graham, E. R. Cook, A 1500-year
reconstruction of annual mean temperature for temperate North America on
decadal-to-multidecadal time scales. Environ. Res. Lett. 8,024008 (2013).

E. R.Wahl, H. F. Diaz, J. E. Smerdon, C. M. Ammann, Late winter temperature response to
large tropical volcanic eruptions in temperate western North America: Relationship to
ENSO phases. Global Planet. Change 122, 238-250 (2014).

E.R. Cook, R. Seager, R. R. Heim Jr,, R. S. Vose, C. Herweijer, C. Woodhouse, Megadroughts
in North America: Placing IPCC projections of hydroclimatic change in a long-term
palaeoclimate context. J. Quater. Sci. 25, 48-61 (2010a).

D. W. Stahle, E. R. Cook, M. K. Cleaveland, M. D. Therrell, D. M. Meko, H. D. Grissino-Mayer,
E. Watson, B. H. Luckman, Tree-ring data document 16 century megadrought over
North America. Eos. Trans. AGU 81, 121-125 (2000).

D.W. Stahle, J. S. Dean, North American tree rings, climatic extremes, and social disasters
in Dendroclimatology (Springer, 2011), pp. 297-327.

D. W. Stahle, E. R. Cook, D. J. Burnette, M. C. A. Torbenson, I. M. Howard, D. Griffin,
J.Villanueva Diaz, B. I. Cook, A. P. Williams, E. Watson, D. J. Sauchyn, N. Pederson,

G.T. Pederson, D. Meko, B. Coulthard, C. J. Crawford, Dynamics, variability, and change in
seasonal precipitation reconstructions for North America. J. Climate 33, 3173-3195 (2020).
J. Bjorklund, G. von Arx, D. Nievergelt, R. Wilson, J. Van den Bulcke, B. Glnther,

N. J. Loader, M. Rydval, P. Fonti, T. Scharnweber, L. Andreu-Hayles, Scientific merits and
analytical challenges of tree-ring densitometry. Rev. Geophys. 57, 1224-1264 (2019).
E.R. Cook, D. M. Meko, D. W. Stahle, M. K. Cleaveland, Drought reconstructions for the
continental United States. J. Climate 12, 1145-1162 (1999).

K. R. Briffa, P. Jones, F. Schweingruber, Tree-ring density reconstructions of summer
temperature patterns across western North America since 1600. J. Climate 5, 735-754 (1992).

. W. C. Palmer, Meteorological Drought Weather Bureau Research Paper 45, (U.S. Department

of Commerce, 1965).

K. J. Heeter, G. L. Harley, J. T. Abatzoglou, K. J. Anchukaitis, E. R. Cook, B. L. Coulthard,

L. A. Dye, I. K. Homfeld, Unprecedented 21st century heat across the Pacific Northwest of
North America. Science 6, 5 (2023).

H. Visser, J. Molenaar, Kalman filter analysis in dendroclimatology. Biometrics 44, 929-940
(1988).

B. . Cook, J. S. Mankin, K. J. Anchukaitis, Climate change and drought: From past to
future. Current Clim. Change Rep. 4, 164-179 (2018).

24 January 2024

49.

50.

51.

52

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

. C. A.Woodhouse, G.T. Pederson, K. Morino, S. A. McAfee, G. J. McCabe, Increasing

influence of air temperature on upper Colorado River streamflow. Geophys. Res. Lett. 43,
2174-2181 (2016).

B.1. Cook, T.R. Ault, J. E. Smerdon, Unprecedented 21*' century drought risk in the
American Southwest and Central Plains. Sci. Adv. 1, €1400082 (2015).

S. Bartusek, K. Kornhuber, M. Ting, 2021 North American heatwave amplified by climate
change-driven nonlinear interactions. Nat.Clim. Change 12, 1-8 (2022).

P.W. Mote, S. Li, D. P. Lettenmaier, M. Xiao, R. Engel, Dramatic declines in snowpack in the
western US. Science 1,2 (2018).

G. L. Harley, R. S. Maxwell, B. A. Black, M. F. Bekker, A multi-century, tree-ring-derived
perspective of the North Cascades (USA) 2014-2016 snow drought. Clim. Change 162,
127-143 (2020).

L. A. Dye, B. L. Coulthard, B. Hatchett, I. K. Homfeld, T. N. Salazar, J. S. Littell, K.J.
Anchukaitis KJ, The severity of the 2014-2015 snow drought in the Oregon Cascades in a
multicentury context. Water Resour. Res. 59, e2022WR032875 (2023).

F. Babst, O. Bouriaud, B. Poulter, V. Trouet, M. P. Girardin, D. C. Frank, Twentieth century
redistribution in climatic drivers of global tree growth. Sci. Adv. 5, eaat4313 (2019).

J. M. Denissen, A. J. Teuling, A. J. Pitman, S. Koirala, M. Migliavacca, W. Li, M. Reichstein,
A. J. Winkler, C. Zhan, R. Orth, Widespread shift from ecosystem energy to water
limitation with climate change. Nat. Clim. Change 12, 677-684 (2022).

N. A. Houston, S. L. Gonzales-Bradford, A. T. Flynn, S. L. Qi, S. M. Peterson, J. S. Stanton,
D.W. Ryter, T. L. Sohl, G. B. Senay, Geodatabase Compilation of Hydrogeologic, Remote
Sensing, and Water-Budget-Component Data for the High Plains Aquifer, 2011 (U.S.
Geological Survey Data Series 777:12, 2013).

S.B. Roy, L. Chen, E. H. Girvetz, E. P. Maurer, W. B. Mills, T. M. Grieb, Projecting water
withdrawal and supply for future decades in the US under climate change scenarios.
Environ. Sci. Technol. 6, 2545-2556 (2012).

B. Udall, J. Overpeck, The twenty-first century Colorado River hot drought and
implications for the future. Water Resour. Res. 53, 2404-2418 (2017).

N.J. Rosenberg, D. J. Epstein, D. Wang, L. Vail, R. Srinivasan, J. G. Arnold, Possible impacts
of global warming on the hydrology of the Ogallala aquifer region. Clim. Change 42,
677-692 (1999).

K. E. Trenberth, A. Dai, G. Van Der Schrier, P. D. Jones, J. Barichivich, K. R. Briffa, J.
Sheffield, Global warming and changes in drought. Nat. Clim. Change 4, 17-22
(2014).

H. Douville, K. Raghavan, J. Renwick, R. P. Allan, P. A. Arias, M. Barlow, R. Cerezo-Mota,

A. Cherchi, T.Y. Gan, J. Gergis, D. Jiang, Water cycle changes in Climate Change 2021: The
Physical Science Basis. Contribution of Working Group | to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change, Masson-Delmotte V, Zhai P, Pirani A, Connors
SL, Péan C, Berger S, et al. Eds. (Cambridge Univ. Press, 2021), pp. 1055-1210.

R. Seager, N. Henderson, M. A. Cane, H. Liu, J. Nakamura, Is there a role for human-
induced climate change in the precipitation decline that drove the California drought?
J. Climate 30, 10237-10258 (2017).

R. Seager, M. Ting, P. Alexander, H. Liu, J. Nakamura, C. Li, M. Newman, Ocean-forcing of
cool season precipitation drives ongoing and future decadal drought in southwestern
North America. Science 6, 141 (2023).

K. P. Tripathy, S. Mukherjee, A. K. Mishra, M. E. Mann, A. P. Williams, Climate change will
accelerate the high-end risk of compound drought and heatwave events. Proc. Natl.
Acad. Sci. 120, €2219825120 (2023).

G. van der Schrier, J. Barichivich, K. R. Briffa, A scPDSI-based global data set of dry and
wet spells for 1901-2009. J. Geophys. Res. Atmosp. 118, 4025-4048 (2013).

J. Barichivich, T. J. Osborn, I. Harris, G. van der Schrier, P. D. Jones, Drought [in "State of the
Climate in 2019"]. Bull. Am. Meteorol. Soc. 101, S1-S429 (2020).

D. McCarroll, E. Pettigrew, A. Luckman, F. Guibal, J. L. Edouard, Blue reflectance provides a
surrogate for latewood density of high-latitude pine tree rings. Arctic, Antarctic, Alpine
Res. 34, 450-453 (2002).

F. Schweingruber, H. Fritts, O. Bréker, L. Drew, E. Schér, The X-ray technique as applied to
dendroclimatology. Dendrochronologia 42, 42-50 (1978).

R. Wilson, K. Anchukaitis, L. Andreu-Hayles, E. Cook, R. D'Arrigo, N. Davi, L. Haberbauer,
P. Krusic, B. Luckman, D. Morimoto, R. Oelkers, Improved dendroclimatic calibration using
blue intensity in the southern Yukon. Holocene 29, 1817-1830 (2019).

K. J. Heeter, G. L. Harley, J. T. Maxwell, R. J. Wilson, J. T. Abatzoglou, S. A. Rayback,

M. L. Rochner, K. A. Kitchens, Summer temperature variability since 1730 CE across the
low-to-mid latitudes of western North America from a tree ring blue intensity network.
Quater. Sci. Rev. 267, 107064 (2021a).
T. M. Melvin, K. R. Briffa, K. Nicolussi, M. Grabner, Time-varying-response smoothing.
Dendrochronologia 25, 65-69 (2007).
T. M. Melvin, K. R. Briffa, A‘signal-free’ approach to dendroclimatic standardisation.
Dendrochronologia 26, 71-86 (2008).

E.R. Cook, K. J. Anchukaitis, B. M. Buckley, R. D. D'Arrigo, G. C. Jacoby, W. E. Wright, Asian
monsoon failure and megadrought during the last millennium. Science 328, 486-489
(2010b).

90of 10

$20C ‘87 ABJA UO BUOZLIY JO AJISIOAIU) J& SI10°00UQI0S MMM,//:Sd)Y WOy papeojumo(



SCIENCE ADVANCES | RESEARCH ARTICLE

74. E.R.Cook, P.J. Krusic, K. J. Anchukaitis, B. M. Buckley, T. Nakatsuka, M. Sano, Tree-ring
reconstructed summer temperature anomalies for temperate East Asia since 800 C.E.
Climate Dynam. 41, 2957-2972 (2013).

75. E.R.Cook, R. Seager, Y. Kushnir, K. R. Briffa, U. Blintgen, D. Frank, P. J. Krusic, W. Tegel,
G. van der Schrier, L. Andreu-Hayles, M. Baillie, Old World megadroughts and pluvials
during the Common era. Sci. Adv. 1,e1500561 (2015).

76. H. Fritts, Tree Rings and Climate (Elsevier, 1976).

77. E.R.Cook, K. R. Briffa, P. D. Jones, Spatial regression methods in dendroclimatology: A
review and comparison of two techniques. Int. J. Climatol. 14, 379-402 (1994).

78. G.R.North, T.L. Bell, R. F. Cahalan, Sampling errors in the estimation of empirical
orthogonal functions. Mon. Weather Rev. 110, 699-706 (1982).

79. A.C.Harvey, Forecasting, Structural Time Series Models and the Kalman Filter (Cambridge
Univ. Press, Cambridge, 1990).

80. E.R.Cook, A. H.Johnson, Climate change and forest decline: A review of the red spruce
case. Water Air Soil Pollut. 48, 127-140 (1989).

81. G.C.Jacoby, R. D. D'Arrigo, Tree ring width and density evidence of climatic and potential
forest change in Alaska. Global Biogeochem. Cycles 9, 227-234 (1995).

82. K.J.Allen,R.Villalba, A. Lavergne, J. G. Palmer, E. C. Cook, P. Fenwick, D. M. Drew,

C.S. M. Turney, P.J. Baker, A comparison of some simple methods used to detect
unstable temperature responses in tree-ring chronologies. Dendrochronologia 48, 52-73
(2018).

83. C. M. Hurvich, C.-L. Tsai, Regression and time series model selection in small samples.
Biometrika 76, 297-307 (1989).

84. R.H.Jones, Time series analysis- Time domain in Probability, Statistics, and Decision
Making in the Atmospheric Sciences, A. H. Murphy, R. W. Katz, Eds. (Westview Press, 1985),
pp. 223-259.

85. S.S.George, T. R. Ault, The imprint of climate within Northern Hemisphere trees. Quater.
Sci. Rev. 89, 1-4 (2014).

86. R.Wilson, K. Anchukaitis, K. R. Briffa, U. Biintgen, E. Cook, R. D'arrigo, N. Davi, J. Esper,

D. Frank, B. Gunnarson, G. Hegerl, Last millennium Northern Hemisphere summer
temperatures from tree rings: Part |: The long term context. Quater. Sci. Rev. 134, 1-18
(2016).

87. P.R.Sheppard, L. J. Graumlich, L. E. Conkey, Reflected-light image analysis of conifer tree
rings for reconstructing climate. Holocene 6, 62-68 (1996).

88. F.Schweingruber, K. Briffa, P. Nogler, A tree-ring densitometric transect from Alaska to
Labrador. Int. J. Biometeorol. 37, 151-169 (1993).

89. F.H.Schweingruber, K. R. Briffa, Tree-ring density networks for climate reconstruction, in
Climatic variations and forcing mechanisms of the last 2000 years (Springer, 1996), pp. 43-66.

90. B.H.Luckman, K. R. Anchu, P. Jones, F. Schweingruber, Tree-ring based reconstruction of
summer temperatures at the Columbia Icefield, Alberta, Canada, AD 1073-1983.
Holocene 7, 375-389 (1997).

91. R.J.Wilson, B. H. Luckman, Dendroclimatic reconstruction of maximum summer
temperatures from upper treeline sites in Interior British Columbia, Canada. Holocene 13,
851-861 (2003).

92. B.Luckman, R. Wilson, Summer temperatures in the Canadian Rockies during the last
millennium: A revised record. Climate Dynam. 24, 131-144 (2005).

93. K.J. Anchukaitis, R. D. D'Arrigo, L. Andreu-Hayles, D. Frank, A. Verstege, A. Curtis,

B. M. Buckley, G. C. Jacoby, E. R. Cook, Tree-ring-reconstructed summer temperatures from
northwestern North America during the last nine centuries. J. Climate 26, 3001-3012 (2013).

94. R.Wilson, R. Rao, M. Rydval, C. Wood, L. A. Larsson, B. H. Luckman, Blue Intensity for
dendroclimatology: The BC blues: A case study from British Columbia, Canada. Holocene
24,1428-1438 (2014).

95. G.Wiles, J. Charlton, R. J. Wilson, R. DArrigo, B. Buma, J. Krapek, B. V. Gaglioti,

N. Wiesenberg, R. Oelkers, Yellow-cedar blue tntensity tree ring chronologies as records
of climate, Juneau, Alaska, USA. Canadian J. Forest Res. 49, 1483-1492 (2019).

96. K.J.Heeter, G. L. Harley, J. . Maxwell, J. H. McGee, T. J. Matheus, Late summer
temperature variability for the Southern Rocky Mountains (USA) since 1735 CE: Applying
blue light intensity to low-latitude Picea engelmannii Parry ex Engelm. Clim. Change 162,
965-988 (2020).

King et al., Sci. Adv. 10, eadj4289 (2024) 24 January 2024

97. K. J.Heeter, M. L. Rochner, G. L. Harley, Summer air temperature for the Greater
Yellowstone Ecoregion (770-2019 CE) over 1,250 years. Geophys. Res. Lett. 48,
€2020GL092269 (2021b).

98. K.R.Briffa, T. J. Osborn, F. H. Schweingruber, I. C. Harris, P. D. Jones, S. G. Shiyatov,

E. A.Vaganov, Low-frequency temperature variations from a northern tree ring density
network. J. Geophys. Res. Atmos. 106, 2929-2941 (2001).

99. F.Wang, D. Arseneault, E. Boucher, F. Gennaretti, S. Yu, T. Zhang, Tropical volcanoes
synchronize eastern Canada with Northern Hemisphere millennial temperature
variability. Nat. Commun. 13, 1-10 (2022).

100. M. Rydval, L. A. Larsson, L. McGlynn, B. E. Gunnarson, N. J. Loader, G. H. Young, R. Wilson,
Blue intensity for dendroclimatology: Should we have the blues? Experiments from
Scotland. Dendrochronologia 32, 191-204 (2014).

101. J. Esper, E. Diithorn, P. J. Krusic, M. Timonen, U. Blintgen, Northern European summer
temperature variations over the Common Era from integrated tree-ring density records.
J. Quater. Sci. 29, 487-494 (2014).

102. M. Rydbval, D. L. Druckenbrod, M. Svoboda, V. Trotsiuk, P. Janda, M. Mikolas, V. Cada,

R. Bace, M. Teodosiu, R. Wilson, Influence of sampling and disturbance history on climatic
sensitivity of temperature-limited conifers. Holocene 28, 1574-1587 (2018).

103. L.J.Lucke, G. C. Hegerl, A. P. Schurer, R. Wilson R, Effects of memory biases on variability
of temperature reconstructions. J. Climate 32, 8713-8731 (2019).

104. R.J.Kaczka, R. Wilson, I-BIND: International Blue Intensity Network Development
Working Group. Dendrochronologia 68, 125859 (2021).

105. L. Larsson, CooRecorder and Cdendro programs of the CooRecorder/C-dendro package
version 7.7 (2014).

106. R.L.Holmes, Computer-assisted quality control in tree-ring dating and measurement.
Tree-Ring Bulletin 43, 69-75 (1983).

107. K.J.Heeter, D.J.King, G. L. Harley, R. J. Kaczka, Video tutorial: Measuring blue intensity
with the CooRecorder software application. Dendrochronologia 76, 125999 (2022).

108. D.W.Stahle, E. R. Cook, D. J. Burnette, J. Villanueva, J. Cerano, J. N. Burns, D. Griffin,

B. 1. Cook, R. Acuna, M. C. Torbenson, P. Szejner, The Mexican Drought Atlas: Tree-ring
reconstructions of the soil moisture balance during the late pre-Hispanic, colonial, and
modern eras. Quaternary Science Reviews 149, 34-60 (2016).

109. R.Touchan, K. J. Anchukaitis, D. M. Meko, M. Sabir, S. Attalah, A. Aloui, Spatiotemporal
drought variability in northwestern Africa over the last nine centuries. Climate Dynam.
37,237-252(2011).

Acknowledgments: We would like to thank all field assistants who helped with sample
collection and the International Blue Intensity Network Development (I-BIND) working group.
Funding: This work was supported by the Lamont-Doherty Postdoctoral Research Fellowship
(to K.E.K.) and National Science Foundation grant nos. BCS-2012482 (to K.E.K. and G.L.H.),
AGS-1803995 (to K.J.A), and BCS-1759629 (to K.J.A.). Author contributions:
Conceptualization: K.EK,, ER.C, KJA, B.L.C, JES, RS, and G.L.H. Methodology: KEK., ER.C.,
KJ.A, BIC, JES, and G.L.H. Resources: K.EK., KJ.A, and G.L.H. Funding acquisition: K.EK.,
K.J.A, and G.L.H. Investigation: K.EK,, G.L.H., and B.S. Formal analysis: K.E.K. and K.J.A.
Visualization: K.EK., KJ.A., and G.L.H. Supervision: K.EKK., E.R.C, K.J.A,, and G.L.H. Software:
E.R.C. and K.E.K. Writing—original draft: K.EK.,, B.C., and G.L.H. Writing—review and editing:
KEK., KJA,B.C, JES., RS, and G.L-H. Data curation: K.E.K. and G.L.H. Validation: K.E.K. Project
administration: K.E.K. Competing interests: The authors declare that they have no competing
interests. Data and materials availability: All tree-ring measurements and the 0.5° WNATA
reconstruction dataset are available through the U.S. National Oceanic and Atmospheric
Administration World Data Service for Paleoclimatology International Tree Ring Databank
(https://ncei.noaa.gov/products/paleoclimatology/tree-ring). All data needed to evaluate the
conclusions in the paper are present in the paper and/or the Supplementary Materials.

Submitted 27 June 2023
Accepted 22 December 2023
Published 24 January 2024
10.1126/sciadv.adj4289

100f 10

$20C ‘87 ABJA UO BUOZLIY JO AJISIOAIU) J& SI10°00UQI0S MMM,//:Sd)Y WOy papeojumo(


https://ncei.noaa.gov/products/paleoclimatology/tree-ring

	Increasing prevalence of hot drought across western North America since the 16th century
	INTRODUCTION
	RESULTS
	Reconstructed summer temperatures across WNA since 1553 CE
	Comparing modern summer Tmax-PDSI relationships to those in the past
	Quantifying the historical prevalence of co-occurring warmth and precipitation deficits

	DISCUSSION
	MATERIALS AND METHODS
	Climate data
	Tree-ring data
	Reconstructing summer maximum temperatures using tree-ring network
	Comparing the WNATA reconstruction to existing hydroclimate reconstructions

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


