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CLIMATOLOGY

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

Karen E. King 1*, Edward R. Cook 2, Kevin J. Anchukaitis 3'4'2, Benjamin I. Cook 5'6,
Jason E. Smerdon ®7, Richard Seager °, Grant L. Harley 2, Benjamin Spei

AcrossvesternNorth America(WNA),20th-21st century anthropogeniovarminghasincreasedhe prevalence
andseverityof concurrentiroughtandheatevents alsotermedhot droughts Howeverthe lackofindependent
spatialreconstructionef both soilmoistureand temperaturelimitsthe potentialto identifytheseeventsin the
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pastandto placetheminalongtermcontextWedevelopthe WesternNorth AmericarifemperatureAtlas(WNA-
TA),adata-independert 0.5°griddedreconstructionf summemaximumtemperaturesackto the 16th century.
Our evaluationof the WNATAwith existinghydroclimatereconstructionsevealsan increasingassociatiorbe-
tweenmaximumtemperatureand droughtseverityin recentdecadesrelativeto the pastfivecenturiesThesyn-
thesisof these paleotreconstructionindicatesthat the amplificationof the modern WNA megadroughtby
increasedemperaturesand the frequencyand spatialextent of compoundhot and dry conditionsin the 21st
century are likely unprecedented since at least the 16th century.

INTRODUCTION

Overthe pastcentury,anthropogeniclimatechangéhasincreasedhe
frequencyandintensityof concurrentheatanddroughteventgglobally
(7-4).In awarmingclimate,a more comprehensivenderstandingf
compoundclimatehazardhasimmediaterelevancéor evaluatingand
planningfor climatechangémpactsIndividualclimaticeventcanhave
seriouseffecton agriculture jnfrastructure andecosystembut com
poundinghazardsanresultin cascadingndintensifiedconsequences
for thesesystemsb, 6). Thecombinationof anomalouseatwith rainfall
deficitshavealreadyledto droughtsthat aresubstantiallymoreintense
becausef high temperatureand elevatedraporpressurealeficits
andhavethusbeencalledhot droughts(7, 8). While the pastcentury
documentsanincreasen the concurrenceof heatand drought
conditionsaroundtheworld,the mechanisnfor this is still somewhat
unclearForexamplepneexplanatiorfor theincreasén hot droughtis
that becauselroughtsarenow occurringin awarmerworld, the
probabilityof anygivenevenibccurringduringawarmyearisincreasing
(9). Anotherexplanatiorsuggestthat temperaturéhasanamplifying
effecton droughtthroughincrease@vaporativelemand(70, 77).In
addition to uncertaintieselatedto the mechanismsliriving the 20th-
214 centuryincreases hot droughtoccurrenceljttle is known about
the pre-instrumentalfrequencyand magnitudeof compoundhot and
dry conditions While the paleorecorallowsfor thelongertermevalu-
ation and contextualizatiorof modernclimateextremesthe utility
of paleorecord$ documentchangein shortertermextremesandto
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assessompoundextremeeventy 12, 13)is still unexploredHowever,
the systematicollectionand analysiof paleoclimaterecordscanin-
deedprovideevidencef thesechangesverlongertimescale$74).

Asin manyotherregionsaroundtheworld, both instrumentalre-
cordsandmodelbasedattribution establistunequivocallyncreasing
temperaturetrendsfor westernNorth America(WNA), aswell as
increasingcoevalextremeheatand drought eventsduring the 20th
and21stcenturiey 15—19) At the sametime, thereis no evidenceof
anthropogenidrendsin precipitationoverthe pastdecadein WNA
(20,21),althoughsomehavearguedor limited evidencef anthropo-
genicspringseasomryingin the southof southwesteriNorth Amer-
ica and summerdrying in the Pacific Northwest (22). While the
local-to regionalscaleoccurrenceof hot droughtin WNA hasbeen
documentedsincethe turn of the 20th century[e.g.,the Dust Bowl
Drought of 1932to 1938(23)], beginningin the early21stcentury,
WNA experienced particularlysevereprotracted and spatiallyex-
tensivehot drought. Acrossthe region, the first two decade®f the
21stcenturywerethe driest22-yearperiod overthe past1200years,
with anaveragesoil moistureanomalyonly analogouso the 22years
of thelate 16th-centurymegadrough{70,21,24).Becausef bothits
durationandseveritythe 21steentury WNA droughtis alsoconsid-
eredamegadrough{21,24).Howeverthe occurrencef megadrought
conditionsis not a uniquefeatureof the 21stcenturyin WNA (25).
While 21steentury precipitationdeficitsalonewould havebeensuf
ficient to sustaindrought conditions acrossWNA (10), the
additionalcontributionsof anthropogeniclimatechangehrough
temperaturedriven increasesn evapotranspiratior{26) and vapor
pressurealeficits(27)exacerbatedoil moisturedeficitsandincreased
both the spatialextentand the duration to levelscharacteristiof
megadrought conditions (124).

While all evidencéhereforesuggestthatthemodernmegadrought
acrossnuch of WNA is an anthropogenicallynfluencedhot drought,
(10,15,16,24, 28, 29), the relationshipbetweertemperatureand the
severityandpersistencef pastdroughtsin this regionremainsalmost
entirely unknown beforethe instrumental era. This stemsfrom the
comparativeaucityof temperaturesensitivetreering chronologiesn
the coterminoudUnited Stateg30—33)despitethe regionhavingcom-
prehensivepaleoclimatesvidenceof hydroclimatevariability overthe
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pastmillennium (25). Furthermore existingtemperaturereconstruc-
tions (34-36)makeuseof someof the samedrought-sensitivetrees
usedfor soil moisturereconstructionsand, thus, do not allow for an

independent separation of temperature and drought through time.

Providingpaleoclimatiaccontextfor moderntemperatureextremes,
trends,and their role in drought severityis critical for betterunder
standingthe rangeof possiblehot droughtintensities the drivers of

comprisingthe WNATA networkexhibitsignifican{P< 0.01)positive
relationshipswith warmseasorf{April to Septembennonthly average
maximumtemperatureswith the strongesaveragenonthly tempera-
ture responseoccurring in August (fig. S2).All WNATA tree+ing
chronologiesare representativef densiometrictree growth (seethe
Supplementariaterials)thus, it is expectedhat the maximumtem-
peratureresponseoincideswith the seasondiming of secondargell

thesecompoundeventsandfor anticipatingthe potentialconsequences wall thickening (417), characteristic of temperate North American coni-

of hot drought under a rangeof future emissionscenariosHere,we
synthesize network of treeting densityand blue intensity (Bl) data
(seethe Supplementariaterials)from acros§/VNA to developa 0.5°
spatialfield reconstructionof summermaximum temperaturegJune
to August; JJATax) that is independentof availabledrought recon-
structionsandhereinreferredto asthe WesternNorth AmericanTem-

peratureAtlas(WNATA). Overtheperiod 1553to 2020CE,weusethe

WNATA in combinationwith a preexistinggridded drought recon-
struction(37)for anexaminatiorof how moderntemperaturedrought
relationshipscompareto thosedocumentedoverthe past~480years,
particularlyduring pastmegadrought$38,39).In addition,weusethe

WNATA in conjunctionwith preexistinggridded reconstructionsof

warm(May to July)andcool(Decembeto Februaryseasomprecipita-
tion (40)to evaluatespatiotemporatrendsin the occurrenceof com-

pound hot and dry conditions over the past several centuries.

RESULTS

Reconstructed summer temperatures across WNA

since 1553 CE

We usean extensivenetworkof tree+ing chronologiegfig. S1)asthe
predictorsfor a spatialreconstructionof summermaximum tem-
peraturesextendingbackto at least1553CE. Densityand Bl records

fers Our reconstructiongxplainatleas#0%of the variancen both the
calibrationandverificationperiodsacrossnostWNA (fig. S3)Positive
validationstatistic§42)indicateadequatenodelskill andtemporalsta-
bility acrossnuch of the region.Thespatialpatternsof reconstructed
temperaturevariability arefurther corroboratedy the similarpatterns
in the leadingempirical orthogonalfunctions (EOFs)in both the re-
constructedand the instrumental data (fig. S4)explaining90.8and
72.5%of their total variability, respectivelyWe applied a varimax
rotationto thefirst four EOF sof the WNATA andusedthefactorload-
ings from theserotationsto determinethe geographidoundsof the
four subregionakspatiallyaveragedemperatureeconstructionsyF1-
Texas/MexicoVF2-Pacific Northwest, VF3-Great Plains,and VF4-
southwestUnited StategFig. 1).Pearsongorrelationvaluesbetween
the four-leadingvarimax+otatedEOFtime seriesbasedn the recon-
structionandtheinstrumentaldata(r = 0.420.720.67 and0.66;1901
to 2000CE;fig. S5jurther reflectthe overallstrongskill of the WNATA
for capturinghespatiahatureoftemperatureariabilityat0.5resolution.
Howeverthecomparativelyow skill ofthe WNATA in theTexas/MeX|co
subregiomreflectghelimited temperaturesensitivdreeting collections £
in the WNATA networkin this area(fig. S1)andresultspertaining
to this part of WNA should be interpreted with caution. The
subregionabverageeconstructionseflect multidecadaltrendsin
temperaturevariability, mostnotablydocumentingasteadywvarming
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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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trendspanning~1960to presentReconstructedummertemperatures
alsoreflectsignificant(P< 0.01)seasonatoolingfollowing majorvol-
canic eruptions (fig. S6). SubregionaMVNATA reconstructionsare
highly correlatedandexhibitsimilar multidecadabpatternsof tempera-
ture variabilitywith preexistingeconstructiondackto 1600CEbased
solelyon treeting maximum latewooddensity(MXD) (fig. S7)43).
Howeverthe WNATA datasetllowsfor the examinationof tempera-
ture for severaldecadedo severakenturiesfurther backin time,
andthereconstructiormodelscalibrateoveranadditional20yeardor-
wardin time. Thetemporalextensionbackto 1553CE allowsfor
direct and independentcomparisonsof maximum temperatureand
droughtthrough recenttimesincluding during the late 16th-century
megadrought.

Comparing modern summer T ,.,-PDSI relationships to

those in the past

Wefirstcomparéhe WNATA temperatureeconstructionsvith collocated
and dataindependentdendroclimaticreconstructionestimatesof
JJAPalmer'sDrought Severityindex (JJAPDSI)(44) from the Living
BlendedDrought Atlas (LBDA) (37).Overthe sharederiod (1553to
2020CE), the grid point reconstructionsof JJA Tmax and PDSlare
significantly(P < 0.01)negativelycorrelatedfig. S8)AcrossWNA,
50yearPearsonsorrelationsbetweerthe WNATA and LBDA dem-
onstratethat the negativarelationshipsbetweenl.x andPDSlarethe
mostspatiallycontiguousn recentdecadegfig. S9)To evaluatenulti-
decadall . PDSlrelationshipsat the subregionascalewecalculated
spatiallyaveraged®DSlIreconstructionsrom the LBDA overthe same
four areasusedto producethe subregionalWWNATA temperaturere-
constructionsBivariatedistributionsof 20yearmovingaveragefom
the subregionall'max and PDSlIreconstructionsndicatethat the most
recentdecadeareamongthe warmestnddriestmultidecadaperiods
across/VNA (Fig. 2).Thetwo decadegrom 2000to 2020CE is the
warmesperiodof thepasffivecenturiesacrosshe southwestertbnited
StatesPacificNorthwest,and Texas/Mexicand rankssecondehind
the 192%0 1949CE“DustBowl” (37)averagéor the GreatPlains Both
the GreatPlainsand PacificNorthwestsubregionabhveragesdicate
that periodsencompassintihe DustBowl (e.g.,1921to 1941and 1929
to 1949CE)exhibitsimilar Trax averageeelativeto moderntimes,but
theyreflectmoresever&0-yearaveragsoil moisturedeficits The2000
to 2020CEaverag®DSlIvaluefor the southwestertnited Statesivals
thoseof the 20year periods encompassinghe 16th-century mega-
drought(e.g.,1570to 1590CE)asbeingthe driest,andthe Trax aver
agedor the mostrecentdecadesar surpasthoseexperiencedluring
the late 16th century.

Overthe pastfivecenturiesmegadroughperiodsshowsubstan-
tial spatiotemporalariability in the relationshipbetweensummer
TmaxandPDSlacros3WNA (fig. S10)Howeverdespiteghevarying
durationsand spatialfootprints of WNA megadroughtsgrid point
locationswherethe averagé?DSlanomaliesaremostseverealuring
thesdimesalsoexperienceomeof thehighestaveragéemperature
anomaliesEvaluating?WNA asa whole,summertemperaturese-
cordedduring the DustBowl (1932to 1939CE)(23)andthe mod-
ern (2000to 2020CE) (70) megadroughtare,on averageat least
0.6°Cwarmerthan during anyotherhistoricaWNA megadrought
(fig. S11)Notably,the late 16th century and modern periodsare
analogousn termsof duration, spatialfootprint, and averagesoil
moisture anomaly;however,the former is not characterizedy
exceptionallywarm summermaximum temperaturesThis pattern
is especiallyapparentin the PacificNorthwestregion,wherethe
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regionalexpressiomf coldertemperaturesluring the Little Ice Age
is particularly pronounced (45).

To further evaluaterelationshipsbetweensummer T2« and
PDSloverthe pastseverakenturies we apply a dynamicregres-
sion modelusinga Kalmanfilter (KF) (46) betweenthe WNATA
andLBDA ateachsharedgrid point (seeMaterialsand Methods).
Locationsexhibiting the highestKF varianceare interpretedas
placeswhere the greatestchangein the coupled temperature-
droughtrelationshiphasoccurredithe KF variancds highestover
the Pacific Northwest and the intermontane/southwesbtnited
States(Fig. 3).For both regions,averageKF coefficientstrend
increasinglynegative jndicating a strengtheningof the negative
relationshipbetweerPDSland T« at high-frequencytime inter-
vals.Thedecadespanningthe modern megadroughexhibit the
strongeshegativerelationshipdbetweersummermaximumtem-
peraturesand soil moisturecomparedto any other historicalpe-
riod of megadroughtonditionsexperiencedcrosgheseregions
of WNA. Although grid points wherethe KF varianceis highest
oftencorrespondwith someof the mostdatarich portions of the
WNATA network,we find no statisticalevidencdinking the KF
varianceto either the relativeskill of the reconstructionor the
numberof predictorsretainedfor eachWWNATA grid point recon-
struction (fig. S12).

Quantifying the historical prevalence of co-
warmth and precipitation deficits

In additionto comparingthe WNATA with the LBDA, wecompare
the WNATA to both the May to July(warm seasonandDecember
to February(cool seasonBtandardizedPrecipitationindices(SPI)
from the North American SeasonaPrecipitation Atlas (NASPA)
(40)for the evaluationof compoundwarmanddry conditionsback
through time. Thedominant mode of total annualmoisturedeliv-
eryis not ubiquitousacrossVNA. Evaluatingboth warmandcool
seasorSPl,in addition to summerPDSI thus potentiallyallowsfor
amore completeunderstandingof hot drought occurrenceacross
varyingseasongbrecipitationregimesOverthe pastfivecenturies,
moderatehot droughtcharacterizedisaboveaveragavarmseason
temperaturesoncurrentwith eitherwarm or cool seasorprecipi-
tation deficits>1.00 is historicallymostprevalentacrosghe inter-
mountain/southwestUnited Statesand the Great Plains regions
(Fig. 4). When consideringcool seasonprecipitation and PDSI
deficits the PacificNorthwestregionshowssomeof the highestfre-
quenciesof concurrentwarm anddry conditions>1.0c. Thespa-
tial footprint of compoundwarm and dry events,denotedby the
cumulative number of grid point locationsexperiencingconcur
rent warm and dry conditions,increasesharplyin the 20th cen-
tury comparedto the prior ~480years This20th-centuryincrease
is presentwhen examiningboth PDSIland the seasonaprecipita-
tion deficits. The 20-yearperiod characterizedy the most wide-
spreadconcurrentwarmth and drynessoccursin the mostrecent
decadeswith the secondranking period encompassinghe Dust
Bowl. We find that the GreatPlainsregionis historically most
proneto experiencinggnomalouslywarmanddry summers>2.00,
while the central/southernUnited StatesRocky Mountains and
much of California showthe highesthistorical prevalencef con-
currentwarm summertemperaturesand low winter precipitation.
Oncemore,the spatialfootprint of severéot droughtoverthe past
two decadedar exceedshat of any other period sinceat leastthe
middle of the 16th century.

occurring
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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 IBd A 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 Tnax and PdSi anomaly for the 2000 to 2020 ce period is annotated in blue. Select
20-year periods capturing the d ust Bowl (e.g., 1921 to 1941 ce) and 16th- century megadroughts (e.g., 1570 to 1590 ce) are annotated in black.

DISCUSSION

Improved spatialreconstructionsof pastsummertemperaturefrom
independentreeting data collocatedwith existinghydroclimatere-
constructiongsessentigbrtheindependenévaluatiorof temperature-
drought relationshipsthrough time (47). Our reconstructionnow
permitsimportant findings regardingthe influenceof summertem-
peratureson the developmenbf notablepastdroughtsin WNA. For
examplethelate 16th-centurymegadroughinaybecomparablédo the
modernsouthwestertJ.S.megadroughin termsof severity(cumula-
tive soil moisturedeficit),but our resultsindicatethat the earlierevent
wasnotahotdroughtanalogouso theearly21steenturymegadrought.
Themostrecentdroughtis exacerbateby high temperature$10,24),
whichsubstantiallyexceedhoseduring thelate16thcentury Although
it hasbeenlong-establishedhat precipitation deficits during WNA
megadroughtsover the past millennium are driven by seasurface
temperaturg SST Vvariability,our resultshererequirethat weexamine
anothempotentialdriver that may helpexplainthe differencebetween
modern and 16th-century drought conditions: The link between

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

increaseavaporativelemandandanthropogenicallyacceleratetem-
perature increases.

As expected summer T PDSI relationshipsacrossWNA are
consistentlynegativeoverthe pastseveratenturieswith the mostre-
centdecadeseflectingthe strongeshegativecoupling. Thedocument-
ed strengtheningof the associatiorbetweensummer T and PDSI
overthe pastcenturyis consistentvith increasingaridity trendsdueto
anthropogeniavarmingacrossnuchof theregion(32,48),andweul-
timately speculatéhat this patternreflectsa combinationof the feed-
back pathwayscharacterizingemperaturesoil moistureinteractions.
NegativeTax and PDSIrelationshipsare not unexpectedgiventhat
circulationanomalieghat inducesubsidenceavill simultaneouslysup-
pressprecipitation, drive adiabaticwarming, and potentially reduce
cloudcoverandenhancesolarabsorptionat the surfaceHoweverthe
strengtheningof the temperaturedrought relationshipsthrough time
likely reflectsalteredland-surfaceinteractionsdue to anthropogenic
climate changewhich perturbs theserelationshipsthrough positive
feedbaclinteractionsandamplifiedevapotranspiratiof23,37).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 IBd A
and WnAtA time series for each shared grid point. Only variances >0 that also meet the Akaike information criteria are shown in blue. t he 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 IBd A and WnAtA before regression modeling.

WNA, amplifiedevapotranspiratioexacerbatesurfacedryingin areas
whereprecipitationis alreadyreducedand canalsoleadto drought
conditionsin placeghat would otherwiseexperienceninimal drying
from precipitation trends alone (49). Anthropogenic alterations of
land-surfacdeedbackbhavebeenpreviouslylinked to theamplification
of warmth and drying acrosghe GreatPlainsregionof WNA during
the DustBowldrought(23).Furthermoremultidecadatdrying exacer
batedby high temperaturesnayfurther altersurfacesnergybalancen
waysthat leadto additional warming. This type of temperaturesoil
moistureinteractionis particularly relevantfor the occurrenceof ex-
treme hot temperaturesand heatwavesFor exampleBartuseket al.
(50) arguethat multidecadaldrying experiencedacrossthe Pacific
Northwestis contributing to the increasegrevalencef hot anddry
summersin addition to the influenceof anthropogeniavarming,the
dynamicrelationshipbetweenTax and PDSIthrough time is likely
influencedby competing hydroclimatic controls on regional PDSI
valuesThesecontrols,suchaswhetherthe dominantcontrol on sum-
mer moisturevariability is antecedentvinter snowpaclor the North
AmericanMonsoon,vary acrossVNA. For exampleunlike in the
intermontane/southwesU.S. region, dynamic regressionmodeling
without prefilteringof the WNATA or LBDA for the PacificNorthwest
indicateghatthenegative<F coefficientslo not consistentlgtrengthen
throughtime (fig. S13)Thislikely reflect¢heinfluenceof multidecadal
snowpackvariability acrosshe region(57-53) Neverthelesqqur
discovenyftheincreasedssociatiometweenlma,x andPDSloverthe
past severalcenturiescorroboratesevidenceof historically energy-
limited regionsof North America becomingmore moisturefimited
becausef increasedn surfacenet radiationand highertemperatures
over the 20th century (585).

Thefrequencyof moderateand severehot droughtacrossSVNA
overthe pastcenturyhasno precedensince1553CE. Theincreasing
prevalencef hot drought overthe 20th and 21stcenturieshasim-
portant implications for future regionalclimate changeadaptation
strategiesand for water resourcemanagementparticularly in the
mosthistorically droughtproneregions.Our analysisdentifiesthe
GreafPlainsastheregionmosthistoricallyproneto experiencindpot
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droughtin termsof aboveaveragevarmsummersandreducedsum-
mer precipitation.Thisregionalsocontainsthe Ogallalaaquifer,one
of the world'slargestaquifers which supportsnearly25%o0f all irri-
gatedagriculturalground waterfor the United Stateq56). Concur
rentincreases temperatureanddecreasei® summerprecipitation
in this regionduring the growing seasormay requiregreaterwater
withdrawalsto supportagriculture therebyincreasinghe risk of ac-
celeratedaquiferdepletion(57). Similarly, portions of the Colorado
River basinalsoare highlighted as historically prone to severenhot 0%
drought. Theincreasegrevalencef hot droughtin recentdecades g
hasalreadybeenlinked to reducediver flow acrossnanyregionsof
the United Stateg48),including numerousdargeandgrowingurban
centersthat critically dependon a tenuoussupplyof freshwaterOf 3
the 19%reductionin annualflow of the ColoradoRiverduring 2000 &
to 2014relativeto a 1906to 1999baselineit is estimatedhat about 3
one+hird wasdueto unprecedentetemperature$58).While the fu-
ture of precipitationin the regionremainsuncertain,projectionsof
increasingdemperatureposesubstantiatisk for intensifyingdrought
conditionsandincreasingvaterinsecurity(58—60¥or thesesconom
ically important, populationdense,and historically active mega-
drought regions.

Collectivelythe paleoclimaterecordsanalyzechere corroborate
conclusiondrom a growing body of literature that examinethe in-
strumentalrecordand provideevidencehat anthropogeniactivity
hasalreadyled to anincreasen both the frequencyand severityof
concurrentwarm and dry summer conditions acrossparts of the
WNA (617).Our resultsdemonstratéheimprint of theanthropogenic
warmingtrend andthe amplificationof warm summertemperatures
acrosaVNA overthe pastcentury.Furthermore for muchof WNA,
the bivariaterelationshipbetweensummermaximum temperatures
and PDSlis strongerduring the modern megadroughthan during
any other historical period of megadroughtonditions.Our results
alsocorroboratepreviousfindings from Williams et al.(70), which
showsubstantiatontributions(58% Jof anthropogenidrendsin tem-
peratureand relative humidity to the 2000to 2018 averagesoil-
moistureanomalyover southwesteriNorth America.Theincreased

Q0UQIOS" MMM //:Sd1IY WOy papeo[uMOq

BNIqO,]

¥20

5of 10



Science Adv AnceS |ReSeARch ARticle

“ P'-_'Iay .Jul. 5Pl and Jun—ﬁ.ug Tenas 7000 May—Jul SPI and Jun-Aug Tmax 1000
E Compound hot g & . B Compound hot
and dry conditions _ 5000 5 | and dry conditions B0
- (%) 0o 0 5000 3 o | *»2.0@
o 600
4000 % | Fos| ~|
_ 3000 é- 06 ¥ 400
i 2000 & 0.4
a 02 A 200
1000 5 L oy
[ e NG .
g - R | - | "\. T E— 0o
=130 =120 -10  -100 4 12 16 20 23 1 4 12 18 20 23
Zﬂ -year bing
DEG_::-;E ?PI and Jun—a'-".ug Tmax 7000 EP{a—Feb SPI and Jun-Aug Trax 1000
5 y A "
- G000 ™
L [ L BOO
% R 5000 (%) Rl |
B : r H 00
ol - 4000 0g | b \
. “I;' o | 3000 0e l"[ \\ | _J;_ 400
4.0 x__. | L-u. | 00 0 o % I g
L 2.0 p = 200
THERR \V\f' [[L[ h[”] 1000 SRR\ (1
L 0.o i
e anf JUALTLIEPIANIY SelA] Lol d,
1 4 8 12 16 2023 1 4 8 12 16 20 23
Jun- Aug P‘DSI and Jun-Aug Tmae Jun-Aug PDSI and Jun-Aug Tmax
5 i 14000 = 0 I 3000
g H12,000 ™ aEn0
10,000
(%) (%) 2000
LB00O
1500
GOOD
. .\. -'I" 2000 o Y | 1000
o i N e 500
a0 o 2000 0.5 N ‘| L
ey g 0.0 By f' l--J -n_.Mlp

12 16 20 23

4 12 16 20 23

Fig. 4. Historical occurrence of compound hot drought (hot and dry conditions) across WNA since 1553 CE. t he 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 (d ecember 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 0 (left column) and 2.0 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 .

associatiorbetweerrising temperaturesand decliningsoil moisture
overthe pastfew decadesoincideswith an increasedrequencyof
hot droughtacross/VNA, therebyproviding evidencen supportof
theargumenthatbivariateinteractionsbetweertemperatureandsoil
moistureareatleastoneof the driving forcesexacerbatinghe preva-
lenceof hot droughtacross/VNA. However,it is still lessclearasto
whetherthe circulationanomaliesassociatedvith high pressureand
subsidencehat drive droughtsare themselvedeingintensifiedor
mademorelikely by climatechangeor perhapshemselvesespond-
ing to changingland-surfaceconditions.NeverthelessSeageet al.
(62)identifieda multidecadalrend towarda cool seasomidgeat the
westcoastof North Americathat would tend to suppresgrecipita-
tion. In thisregardour resultsshowinganincreasén the occurrence
of compoundsummerwarmth and declinedwinter precipitationin
the 21stcenturyalsoalign with resultsfrom Seageet al.(63),which

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

suggesthat 21steenturysummermegadroughtonditionsoverthe
southwestermortion of WNA arecloselylinked to winter precipita-
tion deficitsdriven by decadalvariationsin SSTslt is evidentthat
more work is neededio examinewhetherregionsacross’WNA are
undergoingooth atransitionin land-atmosphereouplingthatfavors
hot droughtsandachangen circulationthatis suppressingrecipita-
tion and drying soilsand/orinducingadiabatiowarming.Neverthe-
less,our comparisonsof modern conditionsto historicalanalogs
suggesthat climatechangénasalreadyalteredthe driversof drought
severityin WNA overthe past~500yearsAs modelsimulationsshow
that climatechangsés projectedto substantiallyincreasehe severity
and occurrenceof compounddrought and heatwavesacrossmany
regionsof the world by the endof the 21stcentury(63,64),it is clear
that anthropogenid@rying hasonly justbegun(70). We advocatédor
the continuedsynthesief paleoclimatelataelsewheré theworld to
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achievea morecompleteunderstandingf regional-to hemispheric-
scale drivers of extreme compound climatic extremes.

MATERIALS AND METHODS

Climate data

Thetargetfield for the WNATA temperaturereconstructionis 0.5°
CRUTS4.06(land) maximum temperatureg(64), averagedver JJA
Trmax for the period spanning1901to 2020.To evaluatespatialpat-

ternsandrelationshipof temperatureanddroughtoverthe observa-
tional period, we usethe global CRU TS 4.05PDSIdata,spanning
1901to 2020(65, 66). The WNATA reconstructionsareaugmented
with CRUinstrumentaldJJAT naxovertheperiod2001to 2020CE(see
Supplementaryfext).Similarly,the LBDAreconstructionsireaugmented
with instrumental PDSI data spanning 2006 to 2020 CE.

Tree-ring data
This study usesa network of treeting chronologiescomprisinga
combinationof preexistingpreviouslypublishedBl (67)anddensity
data(e.g.MXD) (43,68)from the International TreeRingDatabank,
aswellasnewBI chronologiespecificallydevelopedor inclusionin
this study(Fig. 1;seeSupplementaryext). Thenetworkof tree+ing
chronologiesisedo createhe WNATA iscompleteliindependenbf
the treering network used to create the NASPA or the LBDA.
All WNATA treering chronologiesrestandardizedo preservas
muchlow-frequencytemperaturevariabilityaspossiblegspeciallyhat
whichrelatedo 20th-centurywarming.Assuminghatthe Bl andden-
sityparametersarelyincreasevith agedueto biologicalor geometrical
factorsall chronologiegreinitially detrendedollowing the guidelines
of Wilson et al.(69)andHeeteret al.(70)basedn anagedependent
spline(ADS) (71) appliedwithin the signaliree (SF)standardization
framework(72)andmodifiedwith nonincreasingndconstraintg69).
Detrendedchronologiesarethen screenedgainstheir local 0.5°JJA
Thax data(fig. S2)Usingthe SFADS detrendingapproachmostfre-
quentlyreturnsthe strongestalibrationresultsoetweerthe chronolo-
giesand CRU instrumental JJATax data,but somemodificationsto
detrendingareperformedfor asmallnumberof individual sites Only
chronologiegxhibitingsignificant{P< 0.01)positivecorrelationswith
currentyeardJAT o areretainedfor inclusionin the WNATA network
for reconstruction purposes.

Reconstructing summer maximum temperatures using
tree-ring network
Weuseanestedznsembl@oint-by-point regressio(EPPR o recon-
structsummerseasorsurfaceair temperaturesTheEPPRmethodof
climatefieldreconstructioris comprehensivelgescribedn Cooket al.
(73-75) Unlike previousapplicationsof EPPRthat usedmultiple
searchradii for locatingcandidatedree+ing chronologies73,74),we
useasinglesearctradiusof 1200km for reconstructinggachJ JAT max
grid point, with a minimum of four chronologiesisedfor eachgrid
point reconstruction.The 1200km searchradiusis basedon the
correlationdecay(e-folding) distanceusedfor interpolating single-
stationtemperaturedatato the 0.5°grid of the targetCRU TS 4.06
land Tphax datasef(64). In principle, usingthis searchradiusshould
locateonly the candidatepredictorsthat aremostlikely to be physi-
callyrelatedto the collocatedemperaturedataat the reconstruction
grid point (75).

For the first of three total reconstructionnests we calibrateand
validateeachgrid point reconstructioroverthe period 1901to 1980CE,

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

asthis is the common period sharedbetweenthe instrumental
temperaturedataandall treering predictorsn the WNATA network.
We usea split calibration/verificationapproach(76), wherewe cali-
brate over the period spanning1941to 1980CE and verify on the
period spanning1901to 1940CE. We repeatthis approachfor the
remainingtwo forwardnests1901to 1990CE and 1901to 2000CE.

The verification period remains constant, but the calibration period

variesfor eachnest(1941to 1980CE, 194 1to 1990CE,and 194 1to
2000CE).Foreacthreconstructiomestweapplyeightweightd¢o each
of the selectedreering predictorsbasedon their correlationswith
temperatureasdescribedn Cooket al(73),resultingn a24-member
ensembleThe meanof this ensemblés recalibratedo providethe
goodnessf fit of each0.5°grid point reconstructionusingtwo cali-
bration statisticsthe coefficieniof determination(R?) andthe cross-
validationleaveene-out reductionof error statisticsReconstruction
accuracys determinedor the validationperiod of withheld dataus-
ing the explainedvariance(VRSQ),reduction of error (VRE), and
coefficientof efficiency(VCE) statistics(42, 76, 77). PositiveVRSQ,
VRE,and VCE valuesndicatedifferentmeasuresf modelskill and
areexpresseih unitsof fractionalexplainedrarianceoverthe valida-
tion period, whereasiegativevaluesindicateno reconstructionskill
(42,77).After final calibrationandvalidationof the ensemblenean,
the final WNATA reconstructionspanning1553to 2000CE is res-
caledateachgrid point to recovetostvariancedueto regressionl his
enablethe WNATA reconstructionso beextendedo 2001to 2020CE
with instrumentaldata.A similarapproachs alsousedto augment
the LBDA, which originally ends in 2005 CE.

To further asseseconstructiorskill, weuseEOFanalysido com-
parespatialpatternsof the leadingmodesof temperaturevariability =
acrosghe region betweenthe reconstructedemperatureesﬂmates
andthe instrumentaldataoverthe sharedberiod (1901to 2000CE).
Eigenvaludracesarecalculatedrom the correlationmatricesof each
datasetFor both the reconstructionand the instrumentaldata, we
plot the eigenvaludraceswith uncertaintyexpresseds+2 SEY78)
out to the order20 and mapthe actualandreconstructed OF load-
ingsfor comparisonForthe subsebf eigenvaluesacesf eachdata-
setthat separatdrom the rest,we applya varimaxrotation to more
distinctlyidentify subregiongbatternsof temperaturevariability. Usmg
the n number of subregionsdentified by the North criterion, we
calculatean averagdemperaturereconstructionfor eachsubregion
basedn factorloadingvalues> 0.60.We thencompareour WNATA
regionaltemperaturaeconstructiongo the WNA regionaltempera-
ture reconstructionsriginally developedy Briffa et al.(43),which
were solely developed from tnéieg MXD records.

Comparing the WNATA reconstruction to existing

hydroclimate reconstructions

We comparehe WNATA griddedJJAT o reconstructiorwith estk
matesof JJAPDSI,May to JulySPl,and Decembetto FebruarySPI
backthroughtime usingthe dataindependent. BDA andthe NASPA,
respectivelyTheLBDA is describedy Cook et al.(37),whereashe
NASPAIs describedy Stahlest al.(44).Bothof thesegriddeddatasets
aretwo of the mostcurrent, spatiallycontiguousandfinestresolution
seasonaleconstruction®f hydroclimatefieldscurrently available
for North America.While the NASPAand LBDA havesubstantial
treering dataoverlapthe WNATA is dataindependentf both of
thesedatasetsTheoriginal spatialextentof the WNATA initially
encompassed080grid points (encompassing5°to 60.0°N,135°
to 95.0°W).To ensurecompletespatiotemporabverlapbetween
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all datasetsthis largergrid wasreducedo the same3029grid points
comprisingthe LBDA andNASPAoverthe area25°to 55°N,135°t0
95°Wandthatextendbackto atleast! 563CE.We use1553CEasthe
cutoffyearbecauséhe majority (95% )of the original setof WNATA
grid points extendsbackto this year;this cutoff alsoallowsfor the
analysi®f thelate16th-centurymegadrought-oreach?WNATA and
LBDA grid point reconstructiontemperatureandPDSlestimatesre
convertedio anomalieselativeto the full period (1553to 2020CE)
averagelVe first usea bivariateanalysidetweer0yearmovingav-
eragefrom subregionateconstructionefthe WNATA andLBDAto
evaluateanultidecadalperiodsof concurrentwarm anddry periods.
To further evaluatesummertemperaturedroughtrelationshipsack
throughtime, wefocuson severaknown WNA droughtperiodsthat
arewell-documentedby the observationabr paleoclimaterecords:
the 21stcentury drought (2000to 2020 CE), mid-20th century
drought(1948t0 1957CE),the DustBowldrought(1932to 1939CE),
the American Civil War drought (1856to 1865CE), the Puebloan
drought(1666to 167 1CE),andthe late-16th centurydrought (1568
to 1591 CE).

To quantify and identify changesén the relationshipbetween)JA
TmaxandPDSlovertime,weapplytheKF (46,79)to the WNATA and
LBDA ateachsharedyrid point. Briefly,the KF estimateshedynamic
relationshipbetweeriwovariablesn contrasto aconstanteoefficient
linearmodelandis donesoobjectivelypasedn maximumlikelihood
estimation(79).Thebroaderapplicationof the KF in dendroclimatol-
ogyis comprehensivelgiescribedn Cook and Johnson(80), Jacoby
andDArrigo (87),Cooket al.(74),and Allen et al.(82).To identify
grid pointswherethe dynamicregressiomodelprovidesatruly bet-
ter fit to the datacomparedo the constanteoefficientmodel,weuse
the modified Akaikeinformation criteria (AIC) (83),wherethe AIC
of thedynamicmodel(AIC;) mustbesmaller(i.e.,explainmorevari-
ance)thanthe AIC valueof the constantcoefficientmodel (AIC,) by
at leasttwo (the penaltyterm of the AIC to accountfor additional
parameters)84).For eachgrid point whereAIC; —AIC. < 2,weas-
sesghe varianceassociateavith the final KF fit. A variance>0 with
AIC;—AIC; < 2indicategthat thefitted relationshipbetweerthe two
variablesover time hasimprovedat a levellargerthan expectedy
chanceWethenmapgrid pointswheretheseiwo criteriaweremetto
identify themostlikely subregionef WNA wherethelargesthanges
to thetemperaturedroughtrelationship®ccurredsincel 553CE.Once
thesesubregionsvereidentified, we calculateregionallyaveraged
time seriefor the LBDA andWNATA andreapplythe KF to the re-
gionalized time series.

For this study,we usethe term “hot drought’ to describeaverage
summerconditionswhereanygivengrid point locationexperiences
the concurrenceof anomalouslywvarm conditionsand anomalously
low warm-seasor(JJA)PDSlor low warm-seasor(May to July)or
coolseasonDecemberto February)precipitation (basedon SPI).
This meansthat the assessmeii valid for regionsin the westwith
Mediterraneartype climatesand cool-seasorprecipitationonly and
regionsin the interior with cool- and warm-seasorprecipitation
maximaor a singlewarm-seasormaximum. To evaluatespatiotem-
poralpatternsof hot droughtsince1553CE,weconverithe WNATA
andNASPAdatasetsnto z scorestelativeto the full sharedoeriod
(15530 2016CE).Then wesumthefrequencyfoccurrenceverthe
full periodwhereanygivenyearis characterizethy WNATA zscores
1 0 andNASPAZz scores< —1 0. We repeatthis method usingthe
criteriaof the WNATA showingzscorevalues> 2 g andthe NASPA
showingvalues< -2 a. For both the 1 and 2 ¢ criteria, we identify

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

regionsthat werehistoricallymostproneto experiencinggompound
hot anddry summerconditionsby calculatingandmappingthe rela-
tive percenbccurrencef hot droughtfor eachgrid point. To evaluate
change#n the spatialfootprint of compoundhot anddry conditions
acros8VNA overtime, weplot thetotal occurrencef compoundhot
anddry conditionsoverthe entireregionfor both 1 and2 ¢ using
20yearbins.Foradditionalcomparisonywerepeathe aforementioned
process using the combination of the WNATA and the LBDA.
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Supplementary text

Figs. S1 to S13
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