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A compound event-oriented framework to tropical fire risk
assessment in a changing climate
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!BSTRACT
4ROPICAL FIRE ACTIVITY CLOSELY FOLLOWS THE CO
OCCURRENCE OF MULTIPLE CLIMATE STRESSORS� 9ET� IT REMAINS
CHALLENGING TO QUANTIFY HOW CHANGES IN CLIMATE ALTER THE LIKELIHOOD OF FIRE RISKS ASSOCIATED WITH
COMPOUND EVENTS� 2ECENT ABRUPT CHANGES IN FIRE REGIMES IN ICONIC LANDSCAPES IN "RAZIL �NAMELY THE
0ANTANAL AND 8INGU	 PROVIDE A KEY OPPORTUNITY TO EVALUATE HOW EXTREMELY DRY AND HOT CONDITIONS�
BOTH TOGETHER AND INDIVIDUALLY� HAVE INFLUENCED THE PROBABILITY OF LARGE FIRES� (ERE WE QUANTIFY THE
RELATIONSHIPS BETWEEN CLIMATE AND FIRE ACROSS THESE REGIONS AND PROVIDE EVIDENCE ON THE EXTENT TO
WHICH FIRE RISK AND THE ASSOCIATED IMPACTS COULD BE CONSTRAINED IF ANTHROPOGENIC GLOBAL WARMING IS
LIMITED� 7E INVESTIGATE THE BURNED AREA� DIFFERENTIATING BETWEEN FIRE TYPES ACCORDING TO LAND USE
�FOREST FIRES� SAVANNA FIRES� FARMING FIRES AND GRASSLAND AND WETLAND FIRES	� AND DERIVE PRESENT AND
FUTURE FIRE RISKS LINKED TO MULTIPLE CLIMATE VARIABLES� 7E SHOW THAT CONCURRENT AIR DRYNESS �HIGH
VAPOUR
PRESSURE DEFICIT �60$		 AND LOW PRECIPITATION HAVE DRIVEN FIRE OCCURRENCE IN BOTH 8INGU
AND THE 0ANTANAL� WITH 60$ PLAYING A DOMINANT ROLE� (ISTORICAL CLIMATIC CHANGE HAS ALREADY
INCREASED COMPOUND EVENT
RELATED �#%
RELATED	 FIRE RISKS OF ALL FIRE TYPES ���n���	� AND THESE
RISKS ARE LIKELY TO INCREASE IN THE FUTURE DUE TO GLOBAL WARMING� 4HE LIKELIHOOD OF #%
RELATED
INCREASE IN FIRE RISK MAY BE REDUCED BY UP TO ����� IF GLOBAL WARMING IS CONSTRAINED TO+��� ◦#
INSTEAD OF+� ◦#� .EVERTHELESS� SUBSTANTIALLY INCREASED #%
RELATED FIRE RISKS ARE STILL EXPECTED EVEN IF
RESTRICTING GLOBAL MEAN WARMING TO ��� ◦#� PARTICULARLY IN THE 0ANTANAL� 7E THUS CONCLUDE THAT
CLIMATE ACTION SHOULD BE COORDINATED WITH ENVIRONMENTAL PROTECTION TO REDUCE IGNITION SOURCES
AND PROMOTE EFFECTIVE CONSERVATION MEASURES TO PRESERVE THESE BIOMES�

�� )NTRODUCTION

! COMPLEX INTERPLAY BETWEEN CLIMATE VARIABILITY AND
HUMAN ACTIVITIES CONTROLS MOST OF THE CONTEMPORARY
FIRE REGIME OF TROPICAL ECOSYSTEMS ;�n�=� )N RECENT
DECADES� EXTREMELY DRY ANDWARM YEARS HAVE TRIGGERED
WILDFIRES THAT WERE LARGER� MORE INTENSE AND MORE
SEVERE THAN DURING YEARS WITH NORMAL CLIMATE CONDI

TIONS ;�� �=� #OMBINED WITH HIGH DEFORESTATION RATES
AND INCREASING AGRICULTURAL EXPANSION� THE IMPACTS

OF FOREST DEGRADATION HAVE BEEN EXACERBATED BY THE
COMBINATION OF CONCURRENT WARM AND DRY CONDITIONS
AND HUMAN ACTIVITIES THAT INCREASE IGNITION SOURCES
AND FUEL LOADS ;�=� 4HIS CREATES A POSITIVE FEEDBACK
LOOP WHERE RAPID CHANGE IN CLIMATE AND LAND USE
LEADS TO FUNDAMENTAL SHIFTS IN FIRE REGIMES� DEGRADA

TION OF TROPICAL FORESTS AND SAVANNAS� AND DRYER AND
MORE FLAMMABLE LANDSCAPES ;�=� 4HE COMBINATION OF
THESE FACTORS HAS MADE WIDESPREAD WILDFIRES DURING
EXTREMELY DRY AND WARM YEARS INCREASINGLY COMMON
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;�� �n��=� /F PARTICULAR CONCERN IS THAT CLIMATE CHANGE
IS EXPECTED TO REINFORCE THIS DOWNWARD SPIRAL OF SOCIO

ENVIRONMENTAL IMPACTS ACROSS THE TROPICS� THREATEN

ING THE TERRESTRIAL CARBON CYCLE� THE HYDROLOGICAL CYCLE�
BIODIVERSITY� THE LIVELIHOOD OF INDIGENOUS PEOPLES ;��=
AND OTHER TRADITIONAL COMMUNITIES ;��=�

)CONIC LANDSCAPES IN "RAZIL� NAMELY THE 8INGU
"ASIN AND THE 0ANTANAL� ARE EXPECTED TO BECOME
MORE FLAMMABLE IN A FUTURE DRIER AND WARMER CLI

MATE IN COMBINATION WITH HUMAN
MODIFIED LAND

SCAPES� AND THUS PARTICULARLY VULNERABLE TO A @GATHER

ING FIRESTORM� ;��=� "OTH REGIONS HOUSE STAKEHOLDERS
LACKING RESOURCES TO PROPERLY MANAGE FIRE OUTBREAKS
ASSOCIATED WITH NOVEL FIRE REGIMES� AND A GENERALIZED
LACK OF GOVERNMENTAL ACTION TO MITIGATE THIS CRISIS HAS
JEOPARDIZED THE LIVELIHOOD OF THE POPULATIONS LIVING IN
THOSE REGIONS�

,OCATED IN THE ECOTONE BETWEEN THE !MAZONIA
AND #ERRADO BIOMES� THE 8INGU REGION IS HYPOTHES

IZED TO BECOME VULNERABLE TO TRANSITIONS FROM FOREST
INTO DRIER ENVIRONMENT WITH MORE SPARSE VEGETATION�
AND AN INTENSIFICATION OF THE REGION�S FIRE REGIMES DUE
TO CLIMATE CHANGE MAY ALREADY BE UNDERWAY ;��=� )N
THE SAME MANNER� THE 0ANTANAL HAS BEEN INCREASINGLY
DEGRADED BY FIRES ;��� ��= AND ABRUPT CHANGES IN ITS
FIRE REGIMES COULD DRIVE LARGE
SCALE VEGETATION DEGRAD

ATION� WITH CATASTROPHIC CONSEQUENCES FOR BIODIVERSITY
;��� ��n��=� )N COMBINATION WITH THE LACK OF SUS

TAINABLE ENVIRONMENTAL AND CONSERVATION PRACTICES�
CLIMATE CHANGE MIGHT EXACERBATE THE DECREASING RESI

LIENCE DURING EXTREMELY DRY AND WARM YEARS� RESULT

ING IN MANY NEGATIVE SOCIAL AND ENVIRONMENTAL CON

SEQUENCES ACROSS THESE BIOCULTURAL HERITAGE SITES�

4HE FREQUENCY AND INTENSITY OF CO
OCCURRING
DROUGHTS AND ATMOSPHERIC ARIDITY WILL LIKELY CONTINUE
TO INCREASE WITH GLOBAL WARMING ;��� ��=� HOWEVER�
IT IS STILL UNCLEAR HOW THEY WILL AFFECT THE PROBABIL

ITY OF FIRE ACTIVITY ACROSS DIFFERENT LAND USES IN THE
TROPICS� #OMPOUND DRY AND HOT CONDITIONS HAVE SUB

STANTIAL NEGATIVE IMPACTS ON TROPICAL ECOSYSTEMS BY
INCREASING THE LIKELIHOOD OF WIDESPREAD FIRES� BUT FEW
STUDIES HAVE QUANTIFIED THE RELATIONSHIP BETWEEN COM

POUND EVENTS AND TROPICAL FIRE ACTIVITY �FOR TROPICAL
REGIONS SEE ;��n��= AND FOR OTHER REGIONS SEE E�G�
;��n��=	� )N PRINCIPLE� MULTIVARIATE EVENTS CHARAC

TERIZED BY CO
OCCURRING DROUGHTS� HEAT WAVES� AND
INCREASED ATMOSPHERIC WATER DEMAND COULD DRIVE
NONLINEAR �E�G� EXPONENTIAL	 INCREASES IN FIRE ACTIVITY�
MOSTLY DUE TO LAND
FEEDBACK MECHANISMS ;��=� /NE
OF THE MAJOR CHALLENGES IN THIS RESPECT IS THE IDEN

TIFICATION OF THE METEOROLOGICAL DRIVERS OF FIRE ACTIV

ITY AND THE THRESHOLDS BEYOND WHICH FIRES BECOME
EXTREME� TO ENHANCE OUR UNDERSTANDING OF WHAT PER

MITS FIRES TO SPREAD OUT OF CONTROL� !NOTHER CHAL

LENGE INVOLVES QUANTIFYING THE DEPENDENCIES OF SUCH
DRIVERS� WHICH ARE LIKELY TO CHANGE UNDER STRONG GREEN

HOUSE GAS FORCING ;��=� )NSTEAD� MOST OF THE IMPACT

CENTRIC STUDIES DISREGARD CHANGES IN THE DISTRIBUTION
OF THE CLIMATE DRIVERS IN THE DIFFERENT FUTURE PATHWAYS�

4O ADDRESS THIS GAP� WE ADOPT A COMPOUND EVENT

ORIENTED FRAMEWORK TO FIRE RISK ASSESSMENT IN THIS
WORK ;��=� ACCOUNTING FOR THE INTERACTIONS BETWEEN
HYDROMETEOROLOGICAL DRIVERS OF FIRE OCCURRENCE�

4HE MAIN GOAL OF THE PRESENT STUDY IS TO CHAR

ACTERIZE COMPOUNDING DRIVERS OF FIRE ACTIVITY AND TO
QUANTIFY THE COMPOUND EVENT
RELATED �#%
RELATED	
FIRE RISK IN PRESENT
DAY AND FUTURE CLIMATE IN 8INGU
AND THE 0ANTANAL� PROVIDING EVIDENCE ON THE NEED
TO CONSTRAIN GLOBAL MEAN WARMING� 4O FOSTER MIT

IGATION OF CLIMATE
 AND HUMAN
INDUCED FIRE RISKS�
IT IS IMPORTANT TO IMPROVE OUR UNDERSTANDING OF
WHAT TRIGGERS AND REGULATES HIGH
INTENSITY TROPICAL
FIRES ACROSS THESE KEY REGIONS� AND HOW CHANGES
IN CLIMATE MAY ALTER THEIR LIKELIHOOD IN THE FUTURE
;�� ��n��=�

�� $ATA ANDMETHODS

���� 3TUDY REGIONS
7E FOCUS ON TWO DISTINCT TROPICAL REGIONS IN "RAZIL�
NAMELY THE 5PPER 8INGU BASIN IN SOUTH EASTERN
!MAZONIA AND THE 0ANTANAL �FIGURES ��E	 AND 3�
�AVAILABLE ONLINE AT STACKS�IOP�ORG�%2,�����������
MMEDIA		� 4HE 8INGU REGION INCLUDES AREAS ACROSS THE
!MAZONIA
#ERRADO REGION� AND THE 8INGU )NDIGENOUS
0ARK� ONE OF THE LARGEST INDIGENOUS CONSERVATION AREAS
IN "RAZIL� 4HIS RESERVE IS HOME TO ���� INDIGENOUS
PEOPLE FROM �� ETHNICITIES BELONGING TO � LINGUISTIC
FAMILIES AND GREATLY CONTRIBUTES TO THE CONSERVATION
OF THE STANDING RAINFOREST AND TO THE STABILIZATION OF
THE LOCAL CLIMATE ;��=� 4HE 8INGU REGION IS PARTICU

LARLY THREATENED BY AGRICULTURAL EXPANSION AROUND THE
EDGES �FIGURES ��E	 AND 3�	� AND THIS GROWING AGRICUL

TURAL FRONTIER IS EXPECTED TO BECOME DRIER AND WARMER
IN THE FUTURE ;��n��=�-OSTWIDESPREAD HIGH
INTENSITY
WILDFIRES COME FROM INTENTIONAL AGRICULTURAL OR DEFOR

ESTATION FIRES� WHICH MAY IGNITE WILDFIRES� )N DRY AND
HOT YEARS� SOME OF THESE WILDFIRES MAY RUN OUT OF CON

TROL AND BURN LARGE FORESTED AREAS� (OWEVER� DESPITE
AN OBSERVED DECLINE IN DEFORESTATION DURING ���� AND
����� THE 8INGU REGION EXPERIENCED MAJOR INTENSIVE
AND WIDESPREAD FIRE ACTIVITY TRIGGERED BY DRYNESS ACT

ING TOGETHER WITH ELEVATED TEMPERATURES ;�� ��� ��=�
4HIS SUGGESTS THE PARAMOUNT ROLE OF CLIMATE AND THE
VULNERABILITY OF THIS REGION TO DRY AND HOT CONDITIONS�
EVEN UNDER THE SUPPRESSION OF IGNITION SOURCES ASSO

CIATED WITH DEFORESTATION ;��=�

4HE 0ANTANAL IS THE WORLD�S LARGEST CONTINUOUS
TROPICAL WETLAND� )T CONSISTS OF A VERY COMPLEX AND
DIVERSE ECOSYSTEM� SHARING BORDERS WITH THE !MAZO

NIA� #ERRADO AND #HACO BIOMES AND HOUSING SEVEN
NATIVE INDIGENOUS POPULATIONS �FIGURES ��E	 AND 3�	�
4HE 0ANTANAL�S BURNED AREA BETWEEN ���� AND ����
EXCEEDED ALL THE OTHER "RAZILIAN BIOMES ;��=� AND
DURING THE ANOMALOUS DRY AND WARM YEAR OF �����
NEARLY ���OF THE "IOMEWAS BURNED� AFFECTING AT LEAST
�� MILLION VERTEBRATES ;��=� DIRECTLY KILLING �� MIL

LION OF THEM ;��=� )N ����� THE FIRE SEASON ACROSS THE

�

https://stacks.iop.org/ERL/17/065015/mmedia
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&IGURE �� "URNED AREA BY LAND USE AND HYDROMETEOROLOGICAL DRIVERS DURING ����n����� !NNUAL AMOUNTS �A	� �C	 AND MEAN ANNUAL
CYCLE �B	� �D	 OF BURNED AREA BY LAND USE COMPRISING FOREST FIRES �GREEN	� SAVANNA FIRES �PURPLE	� FARMING FIRES �ORANGE	 AND
GRASSLAND AND WETLAND FIRES �BLUE	� DURING ����n���� IN 8INGU �A	� �B	 AND THE 0ANTANAL �C	� �D	� �E	 ,OCATION OF THE 5PPER 8INGU
BASIN �DARK GREEN	 AND THE 0ANTANAL �BLUE	 IN RELATION TO "RAZIL �GREY	 AND THE BIOMES OF !MAZONIA �LIGHT GREEN	 AND #ERRADO
�LIGHT BROWN	� SURROUNDED BY THE RESPECTIVE #-)0� DOMAIN BOX �BLACK SQUARES	� -EAN ANNUAL CYCLE OF PRECIPITATION �F	�
VAPOUR
PRESSURE
DEFICIT �60$	 �F	� CUMULATIVE WATER DEFICIT �#7$	 �G	� MAXIMUM TEMPERATURE �4MAX	 �G	� TERRESTRIAL WATER
STORAGE �473	 �H	 AND POTENTIAL EVAPOTRANSPIRATION �0%4	 �H	 ACROSS 8INGU �F	n�H	 AND THE 0ANTANAL �I	n�K	� 3HADING IN �F	n�K	
ILLUSTRATES THE RANGE BETWEEN THE �TH AND ��TH PERCENTILE OF EACH MONTH DURING ����n���� �����n���� IN THE CASE OF 473	�

0ANTANAL HAS REACHED STRIKING RECORDS OF FIRE ACTIVITY�
WITH AN INCREASE OF ABOUT SIX TIMES THE ANNUAL CUMU

LATIVE NUMBER OF FIRES IN RELATION TO THE ����n����
AVERAGE ;��n��=� 4HE DRY ���� AND ���� IN THE
0ANTANAL WERE INDUCED BY UNUSUALLY WARM WATERS IN
THE TROPICAL .ORTH !TLANTIC� DECREASING SUMMER PRE

CIPITATION BY ∼��� AND DEPLETING WATER LEVELS ACROSS
THE BASIN ;�=�

���� "URNED AREA BY LAND USE AND CLIMATE DATASETS
4O INVESTIGATE BURNED AREA BY LAND USE� WE COM

BINE THE-/$)3
DERIVED-#$��!�MONTHLY BURNED
AREA PRODUCT DURING ����n���� ;��= AND THE ANNUAL

-AP"IOMAS #OLLECTION � LAND
COVER MAPS DURING
����n���� ;��= �HTTPS���MAPBIOMAS�ORG	 IN 'OOGLE
%ARTH %NGINE� -AP"IOMAS IS A LAND
USE MAPPING INI

TIATIVE CARRIED OUT BY MULTIPLE INSTITUTIONS BASED ON
REMOTE SENSING AND LOCAL KNOWLEDGE� AVAILABLE FOR
"RAZIL AND OTHER TROPICAL COUNTRIES� WIDELY USED ACROSS
"RAZIL FOR RESEARCH AND DECISION
MAKING PROCESSES�
7E APPLY MONTHLY MASKS OF DETECTED BURNED AREAS
TO THE RESPECTIVE ANNUAL LAND COVER MAPS �FIGURE 3�	
AND COUNT THE NUMBER OF BURNED PIXELS PER LAND
COVER SUBCLASS INSIDE THE BORDERS OF 8INGU AND THE
0ANTANAL �FIGURES 3� AND 3�	� &OR CONVENIENCE AND TO
ALLOW COMPARISON BETWEEN THE TWO REGIONS� WE MERGE

�

https://mapbiomas.org
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THE AVAILABLE SUBCLASSES OF BURNED PIXELS BY LAND USE
TO CHARACTERIZE THE FIRE ACTIVITY IN TERMS OF @FOREST
FIRES�� @SAVANNA FIRES�� @FARMING FIRES� AND @GRASSLAND AND
WETLAND FIRES� �SEE TABLE 3�	� -ORE DETAILS ABOUT THE
-/$)3 AND-AP"IOMAS DATASETS CAN BE FOUND IN THE
SUPPLEMENTARY MATERIAL 3��

4O CHARACTERIZE THE BURNED AREA RESPONSE TO CLI

MATE WE CONSIDER A SUITE OF HYDROMETEOROLOGICAL
VARIABLES INCLUDING MONTHLY MEANS OF DAILY MAX

IMUM�4MAX	� VAPOUR
PRESSURE DEFICIT �60$	� POTEN

TIAL EVAPOTRANSPIRATION �0%4	� MONTHLY ACCUMULATED
PRECIPITATION� CUMULATIVE WATER DEFICIT �#7$	 FROM
%2!�
,AND ;��= AS WELL AS '2!#% TERRESTRIAL WATER
STORAGE �473	 RECONSTRUCTIONS FROM ;��=� 4O FUR

THER ANALYSE PROJECTIONS OF #%
RELATED FIRE RISKS� WE
USE #OUPLED -ODEL )NTERCOMPARISON 0ROJECT 0HASE
� �#-)0� ;��=	 CENTENNIAL SIMULATIONS FROM ��
%ARTH SYSTEM MODELS �%3-S	� 7E ONLY ANALYSE SIM

ULATIONS FROM THE SHARED SOCIOECONOMIC PATHWAYS
�330S	 PROJECTION ;��= 330�
��� FOR GLOBAL WARMING
LEVELS �'7,S	 OF +��� ◦#� +��� ◦#� AND +��� ◦#�
EXPRESSED RELATIVE TO THE PERIOD ����n���� ;��� ��=�
4HE ��MODELS ARE SELECTED BASED ON AVAILABILITY OF THE
REQUIRED ARCHIVED VARIABLES FOR ANALYSIS� 4HE 330�
���
IS CHOSEN TO ENSURE THAT ALL MODELS REACH THE CON

SIDERED '7,S� &OR EACHMODEL INDIVIDUALLY� THE '7,
TIME
PERIOD CORRESPONDS TO THE FIRST �� YEAR PERIOD
WHERE THE GLOBAL MEAN TEMPERATURE IS ON AVERAGE
ABOVE THE TEMPERATURE LEVEL� )N THIS WAY� THE TIME
PERIOD OF EACH '7, IS DIFFERENT IN EVERY MODEL�
WHICH GREATLY REDUCES THE DIFFERENCES BETWEEN EMIS

SION SCENARIOS FOR MANY VARIABLES ;��=�

3PATIAL AVERAGES OF EACH CLIMATE VARIABLE ARE CON

SIDERED AS EXPLANATORY VARIABLES IN FURTHER MODELLING
OF THE BURNED AREA BY LAND USE OVER THE REGIONS OF
8INGU AND THE 0ANTANAL�-ORE DETAILS ABOUT THE DIFFER

ENT CLIMATE DATASETS CAN BE FOUND IN THE SUPPLEMENT

ARY MATERIAL 3��

���� 3TATISTICAL ANALYSIS
������ "URNED AREA RESPONSE TO CLIMATE
7EMODEL MONTHLY BURNED AREA BY LAND USE AS A FUNC

TION OF HYDROMETEOROLOGICAL VARIABLES USING A 0OIS

SON REGRESSIONMODEL WITH A LOGARITHMIC LINK FUNCTION
FOR LOCAL LIKELIHOOD FITTING ;��� ��� ��=� 0REVIOUS WORK
BY ;��= FOUND 0OISSON REGRESSION TO BE SUITABLE TO
DESCRIBE THE NON
LINEAR ROLE OF TEMPERATURE AND PRE

CIPITATION ON FIRE COUNTS IN !MAZONIA� (ERE WE EXTEND
THIS APPROACH TO BURNED AREA BY LAND USE AS A FUNCTION
OF SINGLE AND PAIRS OF CLIMATE VARIABLES� -ORE DETAILS
ABOUT LOCAL LIKELIHOOD 0OISSON REGRESSION ARE GIVEN IN
THE SUPPLEMENTARY MATERIAL 3��

4HE RELATIONSHIP BETWEEN BURNED AREA BY LAND USE
AND SINGLE CLIMATE VARIABLES IS FIRST EVALUATED INDI

VIDUALLY FOR 60$� 4MAX� 0%4� PRECIPITATION� #7$
�DURING ����n����	 AND 473 �����n����	� 3ECOND�
COMBINATIONS OF WATER AND TEMPERATURE RELATED VARI

ABLES ARE CONSIDERED� PAIRING DROUGHT ANDHEAT
RELATED
METRICS� �PRECIPITATION� 60$	� �PRECIPITATION� 4MAX	�

�PRECIPITATION� 0%4	� �#7$� 60$	� �#7$� 4MAX	�
�#7$� 0%4	� �473� 60$	� �473� 4MAX	� �473�
0%4	� 4HE SELECTION OF THESE VARIABLES TO CHARACTERIZE
COMPOUND DRIVERS OF FIRE IS MOTIVATED BY THE ASSUMP

TION THAT CLIMATE
DRIVEN FIRE RISK IS PRIMARILY MODU

LATED BY THE SURFACE SOIL
� DEEP SOIL
 AND AIR
DRYNESS�
4HESE DEPLETE SURFACE AND GROUNDWATER LEVELS AND
INCREASE EVAPORATIVE DEMAND� LEADING TO PLANT WATER
STRESS AND THUS INCREASING FUEL LOADS AS PLANTS SHED
LEAVES AND TWIGS AS THEY DIE ;��=�

4O COMPARE DIFFERENT STATISTICAL MODELS� WE CON

SIDER THE !KAIKE INFORMATION CRITERIA �!)#	 AND
2
SQUARED� WHICH IS DETERMINED AS THE SQUARE OF THE
CORRELATION BETWEEN FITTED VALUES AND OBSERVATIONS�
"ASED ON THE TWO METRICS� WE FIRST COMPARE THE NON

LINEAR RESPONSE OF BURNED AREA BETWEEN SINGLE CLI

MATE VARIABLES� !CCORDING TO THE BEST PREDICTIVE SKILL�
THE UNIVARIATE MODEL CHARACTERIZING THE RESPONSE OF
BURNED AREA TO 60$ INDIVIDUALLY IS SELECTED AS THE
@BENCHMARK�MODEL �ASWILL BE DETAILED IN THE SECTION �
AND FIGURE �	� "ASED ON THIS BENCHMARK� WE TEST
WHETHER USING THE MULTIVARIATE MODELS CHARACTERIZING
COMPOUND DRIVERS OF FIRE LEADS TO HIGHER 2
SQUARED
AND LOWER !)# VALUES�

!S FURTHER DETAILED IN THE SECTION �� WE RESTRICT
THE SUBSEQUENT ASSESSMENTS TO BIVARIATE DISTRIBUTIONS
OF 60$ AND PRECIPITATION� BECAUSE PRECIPITATION IS
A READILY AVAILABLE VARIABLE IN #-)0� MODELS AND
RESULT IN SIMILAR PERFORMANCE AS THE BEST STATIST

ICAL MODELS� &IRE RISK IN DIFFERENT TIME PERIODS WAS
ESTIMATED BASED ON �� YEAR PERIODS IN THE PRESENT
�����n����	� PAST �����n����	 AND FUTURE �DIFFER

ENT WARMING LEVELS EXPRESSED RELATIVE TO ����n����	�
)N PARTICULAR� WE ESTIMATE THE PROBABILITY OF CROSSING
BURNED AREA EXTREMES AS EXPLAINED BELOW�

������ #%
RELATED FIRE RISK
#%
RELATED FIRE RISK IS DEFINED AS THE LIKELIHOOD OF
BURNED AREA EXTREMES PREDICTED BY MULTIPLE FIRE
DRIVERS� HERE 60$ AND PRECIPITATION� 4HE PROBABIL

ITY OF EXCEEDING A CRITICAL THRESHOLD OF BURNED AREA IS
OBTAINED EMPIRICALLY BY COUNTING THE RELATIVE NUMBER
OF OCCURRENCES OF 60$ AND PRECIPITATION FOR WHICH
BURNED AREA EXCEEDS ITS ��TH PERCENTILE BASED ON
THE 0OISSON REGRESSION MODEL FITTED FOR THE REFERENCE
PERIOD �PRESENT� SEE SECTION �����	� (ENCE� FOR THE
PRESENT TIME PERIOD �����n����	� FIRE RISK IS ��� BY
CONSTRUCTION IN A PERFECT MODEL� 4O OBTAIN A ROBUST
NUMBER IN PARTICULAR OF THE TAIL OCCURRENCES OF 60$
AND PRECIPITATION� �� ��� SAMPLES ARE DRAWN FROM
PARAMETRIC FITS OF THE BIVARIATE DISTRIBUTION OF 60$
AND PRECIPITATION ;��= �SEE SUPPLEMENTARY MATER

IAL 3�	� 5NCERTAINTIES ASSOCIATED WITH THE FITTING OF
THE PARAMETRIC BIVARIATE DISTRIBUTION ARE ESTIMATED
BY REPEATED SAMPLING ����� TIMES	 WITH SAMPLE SIZES
EQUAL TO THE NUMBER OF OBSERVATIONS ��� MONTHS
TIMES �� YEARS EQUALS . = ���	� &ROM THESE SAMPLES�
WE SHOW THE RANGE BETWEEN THE ���� AND ����� PER

CENTILE TO PROVIDE A ��� CONFIDENCE INTERVAL�

�
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&IGURE �� "URNED AREA RESPONSES TO SINGLE AND COUPLES OF HYDROMETEOROLOGICAL VARIABLES IN 8INGU AND THE 0ANTANAL DURING
����n����� 4HE RESPONSE OF FOREST FIRES �A	� �E	� SAVANNA FIRES �B	� �F	� FARMING FIRES �C	� �G	 AND GRASSLAND AND WETLAND FIRES �D	�
�H	 TO 60$ ACROSS 8INGU �FIRST ROW� �A	n�D		 AND THE 0ANTANAL �SECOND ROW� �E	n�H		� 4HE HORIZONTAL BLACK DASHED LINE DENOTES THE
��TH PERCENTILE OF BURNED AREA� AND THE VERTICAL BLACK DASHED LINE INDICATES THE ASSOCIATED THRESHOLD OF 60$� 'OODNESS OF FIT
METRICS OF THE LOCAL LIKELIHOOD 0OISSON REGRESSION MODELS WITH INDIVIDUAL AND COMBINATIONS OF HYDROMETEOROLOGICAL VARIABLES�
8INGU �THIRD ROW� �I	n�L		 AND THE 0ANTANAL �BOTTOM ROW� �M	n�P		 FOREST FIRES �I	� �M	� SAVANNA FIRES �J	� �N	� FARMING FIRES �K	�
�O	 AND GRASSLAND AND WETLAND FIRES �L	� �P	� #OLOUR BARS INDICATE THE SQUARED CORRELATION BETWEEN OBSERVATIONS AND FITTED VALUES
WITH CROSS
VALIDATION SCHEME �2�

CV	 AND THE BLACK LINE INDICATES THE !KAIKE INFORMATION CRITERIA �!)#	� 4HE DARK
COLOURED
TEXTURED BAR DENOTES THE BEST MODEL AMONG THOSE WITH A SINGLE PREDICTOR �60$ IN ALL CASES� EXCEPT FOR FARMING FIRES	�I�E� THE
BENCHMARK MODEL�AND THE DARK
COLOURED BARS DENOTE THE BEST THREE MODELS AMONG THOSE WITH PAIRS OF PREDICTORS� 4HE INCREASE
IN EXPLAINED VARIANCE OF THE MULTIVARIATE MODELS IN COMPARISON TO THE BENCHMARK MODEL IS INDICATED ON TOP OF THE RIGHT
SIDE
DARK
COLOURED BARS�

7E FURTHER CONSIDER POTENTIAL CLIMATE MODEL
BIASES IN THE SIMULATION OF BIVARIATE DISTRIBUTIONS OF
60$ AND PRECIPITATION AS AN ADDITIONAL SOURCE OF
UNCERTAINTY� 3PECIFICALLY� FOR EACH REGION WE GENER

ATE SAMPLES FROM THREE DIFFERENT PARAMETRIC BIVARI

ATE DISTRIBUTIONS BASED ON THREE DIFFERENT WAYS TO
ADJUST BIASES IN THE #-)0� DATA �SUPPLEMENTARY
MATERIAL 3�	� &IRST WE CONSIDER A SIMPLE UNIVARI

ATE BIAS
CORRECTION �5"#	 WHICH CORRECTS 60$ AND
PRECIPITATION INDIVIDUALLY BASED ON QUANTILE DELTA
MAPPING ;��= AND WE USE THE DEPENDENCE STRUCTURE
�COPULA	 OF THE OBSERVATIONS TO LINK THE TWO �5"#
�#OBS		� 3ECONDLY� WE USE THE SAME 5"# APPROACH TO
BIAS
ADJUST 60$ AND PRECIPITATION INDIVIDUALLY BUT
USING THE DEPENDENCE STRUCTURE OF THE CLIMATE MOD

ELS UNDER FUTURE CONDITIONS �5"# �#RAW		� &INALLY� WE
USE A MULTIVARIATE BIAS
CORRECTION APPROACH ;��= THAT

ADJUSTS BOTH THE 60$ AND PRECIPITATION INDIVIDUALLY�
IN ADDITION TO ADJUSTING THE DEPENDENCE STRUCTURE OF
THE CLIMATE MODEL TO FIT THE OBSERVATIONS� 7E TYP

ICALLY REPORT THE CLIMATE MODEL AVERAGE VALUE OF THE
#%
RELATED FIRE RISK AS THE BEST ESTIMATE� ��� CONFID

ENCE INTERVALS ARE OBTAINED BY REPEATED SAMPLING �SEE
ABOVE	 AND INCLUDE THE MODEL UNCERTAINTY �ESTIMATED
FROM ���� TIMES �� VALUES	�

)T IS WORTH NOTING THAT PAST AND FUTURE FIRE RISKS ARE
EXTRAPOLATED FROM THE PRESENT
DAY RESPONSE SURFACES�
WHICH ARE ASSUMED TO REMAIN UNCHANGED� )N THIS WAY
ONLY CHANGES IN THE CLIMATE DRIVERS ARE CONSIDERED� )N
OTHER WORDS� AN OCCURRENCE IS CONSIDERED @RISKIER� IN
TERMS OF FIRE
CRITICAL IMPACTS� WHEN A LARGER NUMBER OF
CONCURRENT AIR DRYNESS AND PRECIPITATION DEFICIT REAL

IZATIONS �FROM THE RESPECTIVE BIVARIATE DISTRIBUTION	 IS
OBTAINED� ASSUMING NO ALTERATIONS IN THE RESPONSE OF

�
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BURNED AREA TO CLIMATE� -ORE DETAILS ABOUT THE PRO

POSED COMPOUND EVENT
ORIENTED FRAMEWORK CAN BE
FOUND IN THE SUPPLEMENTARY MATERIAL 3�n3��

�� 2ESULTS

���� 'ENERAL PATTERNS OF BURNED AREA IN 8INGU AND
THE 0ANTANAL
!LL TYPES OF FIRES �FOREST FIRES� SAVANNA FIRES� FARM

ING FIRES AND GRASSLAND AND WETLAND FIRES	 OCCURRED
EVERY YEAR �FIGURES ��A	� �C	 AND 3�� 3�	� 4HE BURNED
AREA PEAKED DURING THE DROUGHT YEARS ���� AND ����
IN 8INGU WHILE IN THE 0ANTANAL THE PEAK OCCURRED
IN ����� FOLLOWED BY ���� AND ���� �FIGURES ��A	
AND �C		� )N 8INGU� ∼��� OF THE AREA BURNED DUR

ING ����n���� IS ATTRIBUTED TO FARMING FIRES� FOLLOWED
BY ∼��� FROM SAVANNA FIRES� ∼��� FROM FOREST FIRES
AND∼�� OF GRASSLAND AND WETLAND FIRES �FIGURES ��A	
AND �B	� TABLE 3�	� )N CONTRAST� MORE THAN ��� OF THE
BURNED AREA IN THE 0ANTANAL IS CAUSED BY FIRES ACROSS
GRASSLANDS AND WETLANDS� FOLLOWED BY SAVANNA� FOREST
AND FARMING FIRES �FIGURES ��C	 AND �D	� TABLE 3�	�

4HE ANNUAL CYCLES OF BURNED AREA �FIGURES ��B	
AND �D		 SHOW A MARKED SEASONALITY ACROSS ALL FIRE
TYPES AND IN BOTH REGIONS� WITH MOST FIRES OCCUR

RING BETWEEN *ULY AND /CTOBER� WITH THE EXCEPTION OF
FARMING FIRES� WHICH TEND TO INCREASE EARLIER IN THE YEAR
�FIGURE ��B		� 7HILE ALL TYPES OF FIRE IN THE 0ANTANAL
PEAK IN 3EPTEMBER� IN 8INGU SAVANNA� GRASSLAND AND
WETLAND FIRES PEAK IN!UGUST� WHEREAS FOREST AND FARM

ING FIRES PEAK IN 3EPTEMBER� /VERALL� THE FIRE SEASON
MONTHS �*ULYn/CTOBER	 IN 8INGU�0ANTANAL ACCOUNT
FOR ������� �FOREST FIRES	� ������� �SAVANNA FIRES	�
������� �FARMING FIRES	 AND ������� �GRASSLAND
AND WETLAND FIRES	 OF THE TOTAL BURNED AREA DURING
����n���� �FIGURE 3�	�

)N BOTH REGIONS� THE ANNUAL CYCLE OF BURNED AREA
�FIGURES ��B	 AND �D		 IS CLOSELY RELATED TO THE SEASON

ALITY OF CLIMATE �FIGURES ��F	n�K		� 4HE SEASONAL CYCLE
OF PAIRS OF HEAT AND DROUGHT RELATED METRICS��60$�
PRECIPITATION�FIGURES ��F	 AND �I		� �4MAX� #7$�
FIGURES ��G	 AND �J		� �0%4� 473�FIGURES ��H	 AND
�K		�INDICATES THAT THE PEAKS OF WARM CONDITIONS
COINCIDE WITH DRY CONDITIONS DURING PEAKS OF BURNED
AREA� 4HIS SYNCHRONICITY SUGGESTS THE IMPORTANCE OF
CLIMATE SEASONALITY TO THE INTRA
ANNUAL VARIABILITY OF
BURNED AREA� $URING THE DRY SEASON WHEN CLIMATE
CONDITIONS ARE WARM AND DRY� FIRE OCCURRENCE STRONGLY
INCREASES�

���� "URNED AREA IS NONLINEARLY MODULATED BY
CLIMATE
4HE RELATIONSHIP BETWEEN HISTORICAL FIRE OCCURRENCE
AND INDIVIDUAL HYDROMETEOROLOGICAL VARIABLES IS
MOSTLY NONLINEAR �FIGURES � AND 3�n3�	� &OR EXAMPLE�
BURNED AREA INCREASES EXPONENTIALLY AS A FUNCTION
OF INCREASING 60$ AND 4MAX �FIGURES � AND 3�	�
4HIS SUGGESTS CLIMATE THRESHOLDS BEYOND WHICH THE
FIRE ACTIVITY BECOMES EXTREME� )N GENERAL� LARGE FIRES

�I�E� ��TH PERCENTILE OF THE OBSERVED BURNED AREA�
HORIZONTAL DASHED LINES	 IN THE 0ANTANAL OCCUR WITH
LESS SEVERE DROUGHTS AND HEAT CONDITIONS COMPARED
TO THE 8INGU REGION� AS SHOWN BY THE VERTICAL DASHED
LINES IN FIGURES � AND 3�n3�� &OR EXAMPLE� 60$ VAL

UES TRIGGERING MAJOR INCREASES IN FIRE ACTIVITY �∼�

��� K0A	 ARE SLIGHTLY LOWER IN THE 0ANTANAL THAN IN
8INGU� 3IMILARLY� 4MAX THRESHOLDS �FIGURE 3��VALUES
BETWEEN ���� ◦# AND ���� ◦#	 ASSOCIATED WITH WIDE

SPREAD FIRES ARE SLIGHTLY LOWER FOR THE 0ANTANAL� EXCEPT
FOR GRASSLAND AND WETLAND FIRES� &OR 0%4� THRESHOLD
VALUES TRIGGERING LARGE FIRES �BETWEEN ����� MM AND
����� MM	 ARE ALSO SLIGHTLY LOWER IN THE 0ANTANAL
�EXCEPT FOR GRASSLAND AND WETLAND FIRES	� BUT UNIVARI

ATE RELATIONSHIPS WITH 0%4 DO NOT EXPLAIN FIRE ACTIVITY
WELL IN THIS REGION �FIGURE 3�	� 3IMILARLY� LOW 473
VALUES �FIGURE 3�	 ARE ASSOCIATED WITH HIGH VALUES OF
BURNED AREA AND ARE NOT SO EXTREME IN THE 0ANTANAL
�BETWEEN−����� MM AND−����� MM	 COMPARED TO
8INGU �BETWEEN−����� MM AND−����� MM	�

!N EXCEPTION TO THE PREDOMINANT EXPONENTIAL
RESPONSE OF BURNED AREA TO CLIMATE ARE FIRES ACROSS
SAVANNAS� GRASSLANDS AND WETLANDS IN 8INGU �EXCEPT
PRECIPITATION� FIGURES ��B	� �D	 AND 3��B	� �D	n3��B	�
�D		� WHERE EXTREME VALUES OF THE EXPLANATORY VARI

ABLE LEAD TO A REDUCTION IN THE BURNED AREA� 4HE FIRE
RESPONSE TO #7$ IN THE 0ANTANAL �FIGURES 3��E	n�H		�
FOLLOWS A SIMILAR NONLINEAR BEHAVIOUR� WHERE BELOW
−��� MM THE #7$ IT IS NOT A LIMITING FACTOR ANY

MORE� AND THE INTERPLAY BETWEEN MULTIPLE CLIMATE
STRESSORS CAN BE RELEVANT�

���� "URNED AREA RESPONSES TO COMPOUND DRIVERS
60$ EXPLAINS MOST VARIABILITY IN FIRE OCCURRENCE
AMONG THE STATISTICAL MODELS WITH SINGLE PREDICTORS�
EXCEPT FOR FARMING FIRES IN 8INGU �FIGURES ��I	n�P	 BAR
WITH SHADING LINES	� !MONG ALL FITTEDMODELS �UNIVARI

ATE AND MULTIVARIATE	� THOSE ACCOUNTING FOR THE COM

POUNDING EFFECTS OF DROUGHT AND HEAT� AND INCLUDING
60$� ARE THE BEST MODELS �FIGURES ��G	n�L	� EXCEPT FOR
FARMING FIRES IN 8INGU	� WITH GAINS OF UP TO ��� IN
EXPLAINED VARIANCE �FIGURE ��I		� 4HOSE MODELS MIN

IMIZE THE LIKELIHOOD WHEN PENALIZING THE NUMBER OF
PREDICTORS� AS INDICATED BY THE !)# VALUES� WHICH SUG

GEST THAT THE INCREASE IN VARIANCE IS NOT JUST A RESULT
FROM THE INCREASE IN THE NUMBER OF PREDICTORS� 4HE
ONLY EXCEPTION IS THE CASE OF FOREST FIRES IN THE 0ANTANAL
�FIGURE ��M		� WHERE THE BIVARIATE STATISTICAL MODELS
BASED ON �60$� PRECIPITATION	 AND �60$� #7$	 DIS

PLAY A DECREASE IN �� IN EXPLAINED VARIANCE� IN COM

PARISON TO THE BENCHMARKMODEL BASED ON60$ALONE�
.EVERTHELESS� THE !)# DOES NOT INCREASE IN THOSE CASES�
AND THE BIVARIATE STATISTICAL MODEL BASED ON �60$�
473	 INCREASES THE VARIANCE� EMPHASIZING THE RELEV

ANCE OF ACCOUNTING FOR COMPOUND DRIVERS OF FIRE�

&OR THE VARIABLES PAIRED WITH 60$� THE PERFORM

ANCE IN TERMS OF EXPLAINED VARIANCE IS GENERALLY SIM

ILAR BETWEEN PRECIPITATION� #7$ AND 473 �FIGURE �	�
"ECAUSE PRECIPITATION IS A DIRECT OUTPUT IN CLIMATE

�
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&IGURE �� 3URFACES OF BURNED AREA RESPONSE TO CONCURRENT MONTHLY VARIATIONS OF 60$ AND PRECIPITATION DURING ����n����� ,OCAL
LIKELIHOOD 0OISSON REGRESSION OF FOREST FIRES �A	� �E	� SAVANNA FIRES �B	� �F	� FARMING FIRES �C	� �G	 AND GRASSLAND AND WETLAND FIRES �D	�
�H	 ACROSS 8INGU �TOP ROW� �A	n�D		 AND THE 0ANTANAL �BOTTOM ROW� �E	n�H		 AS FUNCTION OF 60$ AND PRECIPITATION� 4HE BLACK
CONTOUR LINE INDICATES THE CRITICAL THRESHOLD OF IMPACT� DEFINED AS THE ��TH PERCENTILE OF THE OBSERVED BURNED AREA BY LAND USE� AND
THE OBSERVED VALUES OF 60$ AND PRECIPITATION ARE SUPERIMPOSED ONTO EACH RESPONSE SURFACE �GREY POINTS	�

MODELS� WE FOCUS ON THE RESPONSE SURFACES AS A FUNC

TION OF 60$ AND PRECIPITATION FOR THE REMAINDER OF
THIS STUDY� &IGURE � SHOWS THE MODELLED RESPONSE SUR

FACES OF BURNED AREA BY LAND USE WITH RESPECT TO 60$
AND PRECIPITATION� FOR 8INGU AND THE 0ANTANAL� )N ALL
REGIONS AND FIRE TYPES� BURNED AREA STRONGLY INCREASES
WITH INCREASING 60$ AND DECREASING PRECIPITATION� )N
GENERAL� THE RELATIONSHIP BETWEEN 60$ AND PRECIPIT

ATION IS EXPONENTIAL AND NEGATIVELY CORRELATED� WITH
HIGHER VALUES OF 60$ ASSOCIATED WITH LOWER VALUES OF
PRECIPITATION� 4HE BIVARIATE REGRESSION MODELS BASED
ON 60$ AND PRECIPITATION MATCH OBSERVATIONS RELAT

IVELY WELL IN MOST CASES �FIGURE 3��	�

3IMILAR TO THE UNIVARIATE CASE� WE ILLUSTRATE THE
��TH PERCENTILE EXCEEDANCE FOR BURNED AREA IN THE
BIVARIATE 60$
PRECIPITATION SPACE WITH CONTOUR LINES
�FIGURE �	� 2EGIONS OF EXTREMELY HIGH BURNED AREA
COINCIDE WITH VERY HIGH 60$ AND VERY LOW PRECIPIT

ATION� #ONSISTENT WITH THE UNIVARIATE ANALYSIS� 60$
AND PRECIPITATION NEED TO BE MORE EXTREME IN 8INGU
THAN IN THE 0ANTANAL TO RESULT IN BURNED AREA EXTREMES�

���� 0RESENT AND FUTURE PROJECTION OF #%
RELATED
FIRE RISKS
0RESENT
DAY CLIMATE CHANGE HAS ALREADY LED TO MORE
FIRE PRONE CONDITIONS IN OUR STUDY REGIONS �FIGURE �	�
&IRE RISK� BASED ON OUR STATISTICAL MODEL� HAS INCREASED
FROM ����n���� TO ����n���� FOR BOTH REGIONS AND
ALL FIRE TYPES �TABLE �	� 4HIS IS ALSO ILLUSTRATED IN
FIGURE � FOR FOREST FIRES�GRASSLAND AND WETLAND FIRES
����������	 IN 8INGU�0ANTANAL �I�E� THE FIRE TYPES
WITH THEMOST INCREASE IN FIRE RISKWITH PRESENT
DAY CLI

MATE CHANGE�TABLE �	� &UTURE CLIMATE CHANGE IS ALSO
PROJECTED TO FURTHER INCREASE FIRE RISK FOR ALL REGIONS
AND FIRE TYPES �FIGURE �	� 4HE ONLY EXCEPTION ARE GRASS

LAND AND WETLAND FIRES IN 8INGU� WHICH SHOW A SLIGHT
DECREASE FROM +��� ◦# TO +� ◦#� AND FROM +� ◦#
TO +� ◦# �FIGURE ��C		� SUGGESTING THAT AREA BURNED

BY THIS TYPE OF FIRES MAY DECREASE WITH GLOBAL MEAN
WARMING ABOVE � ◦#� 4HIS MAY BE RELATED WITH THE
SHAPE OF THE RESPONSE SURFACE IN FIGURE ��C	� WHICH
SUGGESTS THAT REDUCTIONS IN THE BURNED AREA ARE EXPEC

TED ABOVE∼� K0A 60$�

)N GENERAL� #%
RELATED FIRE RISKS IN ABSOLUTE MAG

NITUDE AND IN TERMS OF CHANGES RELATIVE TO ����n
���� ARE CONSISTENTLY HIGHER IN THE 0ANTANAL THAN IN
8INGU �FIGURE � AND TABLE �	� -OST FUTURE CHANGES IN
#%
RELATED FIRE RISK RELATIVE TO ����n���� ARE EXPECTED
TO BE GREATER THAN ALREADY OBSERVED PAST TO PRESENT

DAY INCREASES �FROM ����n���� TO ����n����� SEE
FIGURES �� � AND TABLE �	 IN BOTH REGIONS� "ESIDES
GRASSLAND AND WETLAND FIRES� THE OTHER EXCEPTION ARE
SAVANNA FIRES IN 8INGU� WHERE CHANGES IN PRESENT
DAY
RISKS EXCEED THE CHANGES IN FUTURE RISKS �TABLE �	� .EV

ERTHELESS� FUTURE SAVANNA FIRES� RISK IN 8INGU ARE STILL
PROJECTED TO INCREASE WITH HIGHER WARMING LEVELS�

)N THE 0ANTANAL� FIRE RISKS INCREASE MOST RAPIDLY
WITH GLOBAL WARMING IN FORESTS� GRASSLAND AND WET

LANDS �FIGURE � AND TABLE �	� )N CONTRAST� RISK INCREASES
MOST RAPIDLY WITH GLOBAL WARMING FOR FOREST AND
FARMING FIRES IN 8INGU� 4HE RESPECTIVE INCREASE UNDER
A ��� ◦#� � ◦# AND � ◦# WARMING IS ����� ������	�
����� ������	 AND ����� ������	 FOR FOREST FIRES
�FARMING FIRES	 IN 8INGU �FIGURE ��A	 AND TABLE �	� AND
����� ������	� ����� ������	 AND ����� ������	
FOR FOREST FIRES �GRASSLAND AND WETLAND FIRES	 IN THE
0ANTANAL �FIGURE � AND TABLE �	� IN COMPARISON TO THE
PRESENT
DAY RISK �����n����	�

.OTWITHSTANDING� CONSTRAINING THE GLOBAL MEAN
WARMING TO +��� ◦# INSTEAD OF +��� ◦# REDUCES
THE PROJECTED INCREASE IN FIRE RISK BY ����� ������	
FOR THE 8INGU FOREST FIRES �FARMING FIRES	 AND BY
����� ������	 FOR FOREST FIRES �GRASSLAND AND WET

LAND FIRES	 IN THE 0ANTANAL �FIGURES ��C	 AND �F		� &OR
SAVANNA FIRES AND FARMING FIRES IN THE 0ANTANAL� THE
ADDITIONAL ��� ◦# OF THE +� ◦# WARMING WOULD LEAD

�
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&IGURE �� ,IKELIHOOD OF COMPOUND EVENT
RELATED �#%
RELATED	 FIRE RISK� %MPIRICAL ESTIMATES OF THE #%
RELATED FIRE RISK DURING A
PAST �LEFT
SIDE� ����n����	 �A	� �C	 AND A PRESENT PERIOD �RIGHT
SIDE� ����n����	 �B	� �D	 OF FOREST FIRES IN 8INGU �TOP ROW� �A	� �B		
AND GRASSLAND AND WETLAND FIRES IN THE 0ANTANAL �BOTTOM ROW� �C	� �D		� BASED ON �� ��� SAMPLES OF 60$ AND PRECIPITATION
�HEATSCATTER POINTS	 DRAWN FROM THEIR BIVARIATE DISTRIBUTION DESCRIBING THE COUPLING BETWEEN THE HYDROMETEOROLOGICAL DRIVERS� 4HE
BLACK CONTOUR LINE INDICATES THE CRITICAL THRESHOLD OF IMPACT� AND THE CONCURRENT EVENTS OF 60$ AND PRECIPITATION USED TO ESTIMATE
#%
RELATED FIRE RISK ARE INSIDE THE CRITICAL IMPACT CONTOUR LINE� 4HE UNCERTAINTY ASSOCIATED WITH THE PARAMETRIC BIVARIATE
DISTRIBUTION IS SHOWN IN TERMS OF THE ��� CONFIDENCE INTERVAL �CI���	� 4HE COLOUR SCALE INDICATES INCREASING DENSITY OF DATA POINTS�
BASED ON A TWO
DIMENSIONAL KERNEL ESTIMATOR�

4ABLE �� #HANGES ��	 IN COMPOUND EVENT
RELATED �#%
RELATED	 FIRE RISK FROM ����n���� TO ����n����� AND FROM ����n���� TO THE
DIFFERENT WARMING LEVELS OF+��� ◦#�+� ◦# AND+� ◦#� 4HIRD COLUMN INDICATES THE DIFFERENCE BETWEEN EMPIRICAL ESTIMATES OF
#%
RELATED FIRE RISK FROM A PAST PERIOD �����n����	 AND PRESENT �����n����	� ,AST THREE COLUMNS INDICATE THE DIFFERENCE BETWEEN THE
AVERAGE EMPIRICAL ESTIMATES OF #%
RELATED FIRE RISK ACROSS THE �� %3-S �WITH -"# �MULTIVARIATE BIAS
CORRECTION	 OF CLIMATE MODEL�S
OUTPUT	 AND THE PRESENT RISK OBTAINED FROM ���� TO ����� 5NCERTAINTY RANGES ARE DENOTED IN PARENTHESIS IN TERMS OF THE ��� CONFIDENCE
INTERVALS �OBTAINED AS IN FIGURE �	�

2EGION &IRE TYPE ����n���� +��� ◦# +� ◦# +� ◦#

8INGU &OREST ��� ����� ����	 ���� ����� ����	 ���� ����� ����	 ���� ������ ����	
3AVANNA ��� ����� ����	 ��� �−���� ����	 ��� �−���� ����	 ��� �−���� ����	
&ARMING ��� ����� ���	 ���� ����� ����	 ���� ����� ����	 ���� ������ ����	
'RASSLAND AND WETLAND ��� ����� ����	 ��� �−���� ����	 ��� �−���� ����	 −��� �−���� ���	

0ANTANAL &OREST ��� ����� ����	 ���� ����� ����	 ���� ����� ����	 ���� ������ ����	
3AVANNA ��� ����� ����	 ���� ����� ����	 ���� ����� ����	 ���� ����� ����	
&ARMING ��� ����� ����	 ���� ����� ����	 ���� ����� ����	 ���� ����� ����	
'RASSLAND AND WETLAND ��� ����� ����	 ���� ����� ����	 ���� ����� ����	 ���� ����� ����	

TO AN INCREASE OF ���� AND ���� OF RISK� RESPECT

IVELY� THUS HIGHLIGHTING THE IMPORTANCE OF NOT SUR

PASSING A GLOBAL WARMING OF ��� ◦#� )N A SIMILAR WAY�
THE INCREASE IN RISK FOR SAVANNA FIRES IN 8INGU CAN BE
ALSO REDUCED BY ���� WHEN CONSTRAINING GLOBAL MEAN
WARMING TO+��� ◦# INSTEAD OF+��� ◦# �FIGURE �	�

4HE BEST ESTIMATES OF #%
RELATED FIRE RISKS IN
FIGURE � ILLUSTRATE THAT THE USE OF 5"# METHODS
CAN LEAD TO A RELATIVE OVER
 OR UNDERESTIMATION OF
FUTURE CLIMATE
RELATED FIRE RISKS �FIGURE � GREY AND
BROWN POINTS	� 5NCERTAINTIES RELATED TO DIFFERENT BIAS

CORRECTION METHODS AND THE CHOICES FOR THE DEPEND

ENCE STRUCTURE ARE GENERALLY DOMINATED BY THE INCREASE
IN FIRE RISK WITH GLOBAL WARMING �FIGURE �	� $ESPITE THE
FUTURE CHANGES IN THE DEPENDENCE STRUCTURE BETWEEN

60$ AND PRECIPITATION UNDER STRONG GREENHOUSE GAS
FORCING �TABLES 3� AND 3�	� ACCOUNTING FOR THIS BIAS IN
OUR PROJECTIONS DID NOT ALTER OUR MAIN CONCLUSIONS
�FIGURE �	�

�� $ISCUSSION

/UR RESULTS HIGHLIGHT THE IMPORTANCE OF CONSTRAIN

ING ANTHROPOGENIC GLOBAL WARMING TO MITIGATE WIDE

SPREAD FIRE IMPACTS ACROSS TWO "RAZILIAN BIOCULTURAL
HERITAGE SITES THAT ARE ALREADY ECOLOGICALLY AND SOCIALLY
ENDANGERED� 7E PROVIDE EVIDENCE THAT THE LIKELI

HOOD OF MAJOR FIRES IS ALREADY INCREASING AND WILL
KEEP INCREASING IN THE FUTURE� #%
RELATED FIRE RISKS IN
8INGU �0ANTANAL	 ASSOCIATED TO FOREST �GRASSLAND AND

�
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&IGURE �� 0ROJECTIONS OF COMPOUND EVENT
RELATED �#%
RELATED	 FIRE RISK UNDER+��� ◦#�+� ◦# AND+� ◦# WARMING LEVELS�
%MPIRICAL ESTIMATES OF #%
RELATED FIRE RISK OF FOREST FIRES �GREEN DOT LINE� �A	� �E		� SAVANNA FIRES �PURPLE DOT LINE� �B	� �F		� FARMING
FIRES �ORANGE DOT LINE� �C	� �G		 AND GRASSLAND AND WETLAND FIRES �BLUE DOT LINE� �D	� �H		 IN 8INGU �TOP ROW� �A	n�D		 AND THE
0ANTANAL �BOTTOM ROW� �E	n�H		� USING #-)0� SIMULATIONS OF 60$ AND PRECIPITATION FOR DIFFERENT GLOBAL MEAN WARMING LEVELS�
'REY AND BLACK VALUES INDICATE THE PROJECTIONS OF #%
RELATED FIRE RISK OBTAINED WITH 5"# �UNIVARIATE BIAS
CORRECTION	 USING THE
OBSERVED �OBS #	 AND RAW MODEL �RAW #	 BIVARIATE DISTRIBUTION� RESPECTIVELY� OF 60$ AND PRECIPITATION� #OLOURED �I�E� NOT GREY OR
BLACK	 FULL DOTTED LINES INDICATE THE EMPIRICAL ESTIMATES OF THE #%
RELATED FIRE RISK WITH -"# �MULTIVARIATE BIAS
CORRECTION	 OF THE
CLIMATE MODEL�S OUTPUT� 3HADING ILLUSTRATES THE RANGE OF VALUES AMONG �� %3-S� FOR BOTH 5"# AND -"# METHODS� 5NCERTAINTY
RANGES ILLUSTRATE THE ��� CONFIDENCE INTERVALS ASSOCIATED WITH THE COPULA MODELLING AMONG THE �� %3-S�

WETLAND	 FIRES HAVE INCREASED BY ���� �����	 SINCE
����n���� AND MIGHT INCREASE BY ����� ������	 REL

ATIVE TO PRESENT FOR +� ◦# OF GLOBAL MEAN WARMING�
(OWEVER� CONSTRAINING GLOBAL WARMING TO +��� ◦#
INSTEAD OF +��� ◦# POTENTIALLY REDUCES THE PROJEC

TED INCREASE IN #%
RELATED FIRE RISK BY ����� IN THE
0ANTANAL GRASSLAND AND WETLAND FIRES� AND BY ����� IN
THE 8INGU FOREST FIRES� !LSO� IN 8INGU FARMING FIRES AND
0ANTANAL FOREST FIRES� POTENTIAL REDUCTIONS OF �����
AND ����� IN THE #%
RELATED FIRE RISK ARE PROJECTED IF
GLOBAL WARMING IS LIMITED TO+��� ◦#� 4O THIS PURPOSE�
THE USE OF A COMPOUND EVENT
ORIENTED PERSPECTIVE
;��n��= HAS PROVEN VALUABLE IN THIS STUDY� AS THE FLAM

MABILITY OF THE 8INGU AND 0ANTANAL REGIONS IS EXPEC

TED TO INCREASE DUE TO THE CO
OCCURRENCE OF DRIER AND
WARMER CLIMATIC CONDITIONS CAUSED BY ANTHROPOGENIC
CLIMATE CHANGE�

/UR STUDY SHOWED THE EXPONENTIAL RESPONSE OF
BURNED AREA TO INDIVIDUAL HYDROMETEOROLOGICAL VARI

ABLES� SHAPED BY WELL
DEFINED CLIMATE THRESHOLDS TO
FIRE OCCURRENCE� %VEN THOUGH THE INFLUENCE OF 60$ ON
BURNED AREA IS FOUND TO BE GREATER THAN ALL OTHER PRE

DICTOR VARIABLES� THE NONLINEAR RELATIONSHIP BETWEEN
BURNED AREA AND CLIMATE IS BETTER EXPLAINED BY COM

POUND DRIVERS REPRESENTING AIR DRYNESS AND PRECIP

ITATION DEFICITS �HIGH 60$ AND LOW PRECIPITATION	� )T
SHOULD BE NOTED THAT HIGH 60$ MAY NOT ONLY BE A
DRIVER FOR PLANT STRESS� BUT CAN ALSO BE VIEWED AS A
DIAGNOSTIC VARIABLE FOR THESE CONDITIONS AS IT INCREASES
WHEN VEGETATION IS WATER STRESSED AND UNABLE TO SUS

TAIN EVAPOTRANSPIRATION ;��� ��=�

$ROUGHT AND HEAT
RELATED THRESHOLDS THAT TRIGGER
EXTREMES OF BURNED AREA ARE CONSISTENTLY LOWER IN
THE 0ANTANAL� THAN IN 8INGU �IN BOTH UNIVARIATE AND

MULTIVARIATE ANALYSES	� &URTHER� THE CLIMATE
CHANGE
INDUCED FIRE RISKS ARE ALSO LARGER IN THE 0ANTANAL
THAN IN 8INGU� 4HIS IS POSSIBLY RELATED TO THE LAND
COVERED WITH LESS FIRE
RESISTANT FOREST VEGETATION IN THE
0ANTANAL AND� THUS� THE COMPOUND DROUGHT AND HEAT
STRESS DOES NOT REQUIRE TO BE AS EXTREME TO TRIGGER LARGE
FIRES� .EVERTHELESS� IF GLOBAL WARMING IS CONSTRAINED
TO ��� ◦#� THE PROJECTED #%
RELATED FIRE RISKS MAY BE
REDUCED� AN IMPORTANT ECOLOGICAL CONSERVATION ACTION
THAT COULD HELP TO PRESERVE THE UNIQUE BIODIVERSITY OF
THIS BIOME�

)N THE 0ANTANAL� THE LARGEST INCREASE IN #%
RELATED
FIRE RISK WITH GLOBAL MEAN WARMING PRIMARILY TAKES
PLACE ACROSS FOREST AND GRASSLAND AND WETLANDS� FOL

LOWED BY SAVANNA AND FARMING FIRES� (OWEVER� IN
8INGU� CLIMATE CHANGE IS LIKELY INCREASING FIRE RISK
MORE INTENSIVELY IN FOREST AND FARMING AREAS� COM

PARED TO SAVANNAS� GRASSLANDS AND WETLANDS� .EV

ERTHELESS� PRESENT
DAY CLIMATE CHANGE HAS ALREADY
CAUSED A SIGNIFICANT INCREASE IN SAVANNA FIRES �����	 IN
COMPARISON TO ����n����� 7ITH GLOBAL MEAN WARM

ING� THIS #%
RELATED FIRE RISK IN SAVANNAS WILL POTEN

TIALLY REMAIN CONSTANT�

4HE HIGHER INCREASE IN #%
RELATED FIRE RISK IN
FOREST IN COMPARISON TO SAVANNAS� IS LIKELY RELATED TO
SAVANNAS HIGH FLAMMABILITY COMPARED WITH FORESTS�
!LTHOUGH FORESTS ARE MORE RESISTANT TO FIRE DUE THE
HUMID FUEL LAYER� AN INCREASE OF FOREST FIRES IN 8INGU
MAY ACCELERATE THE FLAMMABILITY OF THE LANDSCAPE AND
POSSIBLY LEAD TO A DIEBACK OF THE TROPICAL FORESTS� CAUS

ING A FOURFOLD INCREASE IN TREE MORTALITY ;��= AND THUS
COMPROMISING THE HOME AND SURVIVAL OF THE INDI

GENOUS COMMUNITIES DEPENDENT ON FOREST RESOURCES�
4HE CONSEQUENCES COULD GO BEYOND THE LIMITS OF THE

�
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8INGU )NDIGENOUS 0ARK� SINCE THE FORESTS COOL DOWN
THE REGIONAL TEMPERATURE BY UP TO � ◦# ;��=�

4HE INCREASING FARMING FIRES IN 8INGU WITH GLOBAL
MEAN WARMING CORROBORATE THE CONSEQUENCES OF
THE GROWING AGRICULTURAL FRONTIER IN THE !MAZONIA

#ERRADO REGION� !N INDICATOR OF THE AGRICULTURAL
EXPANSION IN 8INGU IS THE BIMODAL ANNUAL CYCLE OF THE
FARMING FIRES IN CONTRAST TO THE OTHER FIRE TYPES� WHICH
MAY BE ATTRIBUTED TO THE DOUBLE CROPPING SYSTEMS IN
EXPANSION IN THIS REGION �A SOY
CORN OR SOY
COTTON
ROTATION WITHIN ONE GROWING SEASON	� 4HE SECOND
CROP� USUALLY CORN� IS VERY FLAMMABLE AT ITS LAST PHEN

OLOGICAL STAGE� !LSO� IN LESS TECHNIFIED FARMS� FIRE IS STILL
EMPLOYED AS LAND CLEARING TOOL�

)N CONTRAST TO THE OTHER CASES� GRASSLAND AND WET

LAND FIRES IN 8INGU ARE EXPECTED TO DECREASE THE
BURNED AREA WITH GLOBAL MEAN WARMING ABOVE+� ◦#�
4HIS EXCEPTION IS MOST LIKELY AN ARTEFACT OF THE LOCAL
LIKELIHOOD 0OISSON REGRESSION IN THIS CASE �BOTH UNI

VARIATE AND MULTIVARIATE MODELS	� 4HE LACK OF INCOR

PORATING HUMAN INFLUENCE INTO THE STATISTICAL MOD

ELS MIGHT PARTIALLY EXPLAIN THIS LOWER PERFORMANCE� )N
ADDITION� GRASSLAND AND WETLAND FIRES WERE THE LEAST
DOMINANT FIRE TYPE IN THIS REGION� EXHIBITING AN EARLY
PEAK OF THE FIRE SEASON IN COMPARISON TO THE OTHER
FIRE TYPES AND ARE AN EXCEPTION TO THE LEADING EXPO

NENTIAL RESPONSE OF THE BURNED AREA TO INDIVIDUAL
HYDROMETEOROLOGICAL VARIABLES� )DEALLY� A MORE COM

PLEX MODEL INCORPORATING HUMAN BEHAVIOUR� IGNITION
SOURCES� LEGAL AND ILLEGAL DEFORESTATION� WOULD BETTER
CHARACTERIZE FIRE REGIMES WITHMORE HUMAN INFLUENCE�
ALTHOUGH THE DEVELOPMENT OF SUCH MODELS HAS BEEN
CHALLENGING AND RARE�

!S AN ALTERNATIVE TO THE CONVENTIONAL USE OF CLI

MATE SIMULATIONS AS INPUT OF EMPIRICAL OR PROCESS

BASED MODELS� WE MADE USE OF PARAMETRIC STATISTICAL
MODELLING TO ASSESS #%
RELATED FIRE RISK� )N ADDITION�
WE HAVE CONSIDERED DIFFERENT WAYS TO ADJUST CLIMATE
MODEL BIASES�7E FOUND THAT THE USE OF UNIVARIATE BIAS
ADJUSTMENT CAN LEAD TO AN OVER
 OR UNDERESTIMATION
OF FUTURE CLIMATE
RELATED FIRE RISKS� DESPITE THE OVERALL
CLEAR SIGN OF CLIMATE
CHANGE INDUCED RISKS� REGARDLESS
OF THE BIAS
CORRECTION METHOD EMPLOYED� )N FACT� THE
WAY HOW CLIMATE MODELS� BIASES AFFECT THE FINAL RISKS IS
STILL A TOPIC OF DISCUSSION IN THE SCIENTIFIC COMMUNITY
;��= AND THE WAY HOW CHANGES IN THE DEPENDENCE OF
THE DRIVERS WILL AFFECT COMPOUND EVENTS IN A WARMING
WORLD IS A CHALLENGING TASK IN ASSESSING FUTURE CLIMATE
RISK OF COMPLEX EVENTS�

4HE APPROACH PRESENTED HERE IS INTENDED TO
ADDRESS CURRENT CHALLENGES IN DESCRIBING THE MUL

TIVARIATE CHARACTER OF THE CLIMATE THRESHOLDS BEYOND
WHICH THE FIRE ACTIVITY BECOMES EXTREME AND ON HOW
CLIMATE CHANGE WILL AFFECT FIRE RISKS INDUCED BY COM

POUND DROUGHT AND ATMOSPHERIC ARIDITY� 4HE FOCUS
ON TWO MAIN "RAZILIAN BIOCULTURAL HERITAGE SITES� CON

STRAINS THE CHALLENGES ASSOCIATED WITH INTERPRETAB

ILITY AND RELEVANCE OF THE STUDY TO THE LOCAL SCALE�
4HE ACTION PLAN TO PRESERVE THESE BIOMES AND THE

INDIGENOUS COMMUNITIES THAT DEPEND ON IT MUST CON

SIDER EFFECTIVE CLIMATE ACTION TO REDUCE GREENHOUSE
GAS EMISSIONS AS WELL AS LAND
MANAGEMENT POLICIES
TOWARDS THE COMBAT OF ILLEGAL DEFORESTATION AND LOG

GING� TO REDUCE IGNITION SOURCES AND TO SLOW
DOWN
FEEDBACKS THAT LEAD TO THE DEGRADATION�DISTURBANCE OF
THE ECOSYSTEMS�

�� #ONCLUSIONS

/UR RESULTS INDICATE THAT CONCURRENT EXTREME 60$
AND PRECIPITATION CONDITIONS ARE KEY DRIVERS FOR FIRE
OCCURRENCE IN BOTH REGIONS� 4HE IMPACT OF ATMO

SPHERIC DRYNESS IS GREATER THAN DEFICITS IN PRECIPITA

TION� ANDMORE RELEVANT IN THE 0ANTANAL THAN IN 8INGU�
4HE EFFECTS OF GLOBAL WARMING IN TERMS OF #%
RELATED
FIRE RISK ARE PROJECTED TO BE EXPERIENCED IN BOTH
REGIONS� BUT TO A LARGER EXTENT IN THE 0ANTANAL� .EV

ERTHELESS� CONSTRAINING GLOBAL WARMING TO +��� ◦#
INSTEAD OF +��� ◦# REDUCES THE PROJECTED INCREASE
IN FIRE RISK BY ����� ������	 IN THE CASE OF FOREST
FIRES �GRASSLAND AND WETLAND FIRES	 IN THE 0ANTANAL�
AND BY ����� ������	 IN THE CASE OF FOREST FIRES
�FARMING FIRES	 IN 8INGU� %FFECTIVE CLIMATE ACTION TO
REDUCE GREENHOUSE GAS EMISSIONS AND SLOW DOWN THE
RATE OF WARMING SHOULD THEREFORE ACT IN CONCERT WITH
SOUND FIRE MANAGEMENT AND ENVIRONMENTAL PROTEC

TION OF THE BIODIVERSITY AND INDIGENOUS COMMUNIT

IES THAT SAFEGUARD THE FORESTS AND HOLD UNIQUE KNOW

LEDGE ABOUT SUSTAINABLE PRACTICES� )F WE DO NOT ACHIEVE
THE @FULL POTENTIAL� FOR CLIMATE CHANGE AND FOLLOWMORE
EFFECTIVE WAYS IN PREVENTING AND CONTROLLING FIRES AND
SUSTAINABLE USES OF LAND� WE MIGHT PREVENT TIPPING
EVENTS CONSEQUENCES THAT THREATEN THESE SITES AND THE
WORLD� 4HIS DEMANDS BEING ABLE TO PREDICT WHERE AND
WHEN MAJOR FIRES MAY OCCUR IN THE TIME FRAME THAT
ALLOWS MANAGERS TO ACT IN A PROACTIVE WAY AND CRE

ATE SYNERGIES BETWEEN SCIENTIFIC� LOCAL� AND INDIGENOUS
KNOWLEDGE�

$ATA AVAILABILITY STATEMENT

4HE DATA THAT SUPPORT THE FINDINGS OF THIS STUDY
ARE OPENLY AVAILABLE AT THE FOLLOWING 52,�$/)�
THE -/$)3
DERIVED -#$��!� MONTHLY BURNED
AREA PRODUCT ��������-/$)3�-#$��!����� ;��=
AND THE ANNUAL -AP"IOMAS LAND
COVER MAPS ;��=
�HTTPS���MAPBIOMAS�ORG	 ARE OPENLY AVAILABLE AND
WERE HERE ASSESSED THROUGH THE 'OOGLE %ARTH
%NGINE �'%%	� 4HE %2!�
,AND ;��= IS OPENLY
AVAILABLE BY THE #OPERNICUS #LIMATE $ATA 3TORE
�HTTPS���CDS�CLIMATE�COPERNICUS�EU�CDSAPP���DATASET�
REANALYSIS
ERA�
LAND	� THE '2!#%
BASED RECONS

TRUCTED 473 IS OPENLY AVAILABLE BY ;��= �HTTPS���
FIGSHARE�COM�ARTICLES�DATASET�'2!#%
2%#?!?RECON
STRUCTION?OF?CLIMATE
DRIVEN?WATER?STORAGE?CHANGES
?OVER?THE?LAST?CENTURY��������	 AND THE #-)0�
NEXT GENERATION �#-)0�NG	 ARCHIVE IS PROVIDED

��

https://10.5067/MODIS/MCD64A1.006
https://mapbiomas.org
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land
https://figshare.com/articles/dataset/GRACE-REC_A_reconstruction_of_climate-driven_water_storage_changes_over_the_last_century/7670849
https://figshare.com/articles/dataset/GRACE-REC_A_reconstruction_of_climate-driven_water_storage_changes_over_the_last_century/7670849
https://figshare.com/articles/dataset/GRACE-REC_A_reconstruction_of_climate-driven_water_storage_changes_over_the_last_century/7670849
https://figshare.com/articles/dataset/GRACE-REC_A_reconstruction_of_climate-driven_water_storage_changes_over_the_last_century/7670849
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