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Drought threat to terrestrial gross primary
production exacerbated by wildfires

Check for updates

Xuezheng Zong1,2, Xiaorui Tian 1,2 , Xiaodong Liu3 & Lifu Shu1,2

Frequent droughts have aggravated the occurrence of wildfires and led to substantial losses in
terrestrial ecosystems. However, our understanding of compound drought-wildfire events, including
the hotspots, spatiotemporal patterns, trends, and their impacts on global vegetation growth, remains
unclear. Utilizing satellite dataon terrestrialwater storage, burnedareas, andgrossprimaryproduction
(GPP) from 2002 to 2020, we identified a positive correlation between droughts and wildfires and
mapped the global patterns of compound drought-wildfire events. Approximately 38.6%of vegetated
areas across the globe witnessed rise in probability of compound drought-wildfire events ( < 0.016
events/10a). This increasing trend is spatially asymmetric, and greater amplification is observed
across the Northern hemisphere due to frequent droughts. Furthermore, the GPP reductions induced
bycompounddrought-wildfire events aremore than twice ashigh as that causedby isolateddroughts.
These findings identify hotspots for compounddrought-wildfire events andoffer quantitative evidence
of their greater impacts on ecosystems, aiding in the assessment of compound event risks and the
implementation of future climate actions.

Drought is one of themost destructive natural disastersworldwide, affecting
society, the environment, and the economy, and can be classified into four
types: meteorological (precipitation deficits), hydrologic (abnormally low
water levels in lakes, streams, groundwater, and reservoirs), agricultural
(decline in soil moisture leading to crop failure), and ecological (episodic
water deficits pushing ecosystems beyond vulnerability thresholds)1–3. Due
to climate change, droughts have become more frequent and intense
worldwide in recent decades and are expected to continue through the end
of the 21st century4–7. Compared with isolated droughts, the wildfires asso-
ciated with droughts, called as compound drought-wildfire events, can lead
to greater adverse impacts on vegetation growth and ecosystem
productivity8,9. However, there has been little research on the occurrence
andhotspots of compounddrought-wildfire events at larger scales, aswell as
their impacts on vegetation growth. Given the pivotal role of terrestrial
ecosystems in the global carbon cycle10,11, a global analysis of compound
drought-wildfire events is therefore critical to improve our understandingof
compound events impacts on terrestrial ecosystem carbon budget and
motivate the implementation of climate actions and wildfire management.

Since the late 1990s, frequent droughts (including compound
droughts) have slowed down the increasing trend in global vegetation
greenness or even reversed it in some regions12,13. Droughts induce the
closure of plant stomata, disrupt the water transfer process between plant
and soil, result in the demise of individual plants and thus adversely affect

ecosystem productivity and carbon sequestration14–17. Therefore, past stu-
dies have elucidated thedetrimental effectsof drought on the greenness (e.g.,
NDVI) and productivity of terrestrial ecosystems, establishing statistical
relationships between vapor pressure deficit (VPD)/soil moisture (SM) and
vegetation productivity12,13,18–20. Remarkably, the occurrence and spread of
wildfires are closely linked to dry conditions, with weather-derived and
hydrologic variables (e.g., annual or daily flow) exhibiting significant cor-
relations with regional burned areas21,22. Fuel stability properties (e.g., fuel
distribution, loading, and continuity) show minimal variation over a fire
season, but dynamic properties of fuel (moisture content) fluctuate
obviously23. Dry conditions lead to decreased fuel moisture and increased
consumption, and droughts during the fire seasons are often accompanied
by high fire danger weather24–27. Therefore, droughts often act as a pre-
requisite for forestfires28,29. For instance, in the southeasternAmazon forest,
affected by droughts in 2007 and 2010, the total burned area percentages
reached 12% and 5%, respectively, markedly surpassing the percentages in
normal years (< 1%)29. Globally, quantitative studies on the effects of
combined drought-wildfire events on vegetation productivity are scarce.
Ignoringwildfire occurrences couldoverlookgreater impacts of droughts on
vegetation productivity. For example, a study of the spring 2010 drought
event in southwestern China reported reductions in gross and net primary
ecosystemproductivity by 65 and 46 Tg C yr−1, respectively30. However, this
study overlooked the severe wildfires during this period, which showed a
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higher frequency and larger burned areas compared to other seasons31,32.
Similarly, a recent studyunderscored the adverse effects ofwarmeranddrier
conditions on vegetation in the southwest China in 2022 but also neglected
the influence of wildfires33. The substantial reductions in vegetation pro-
ductivity in this region were evidently influenced by the wildfire events
induced by droughts. A 2019–2020 survey of Australian fires found that
ecosystems solely affected by drought swiftly recovered with abundant
February precipitation and favorable temperatures in 2020, whereas those
impacted by fire have yet to recover34. This study further emphasizes the
greater impacts of combined drought-wildfire events on ecosystems.

To this end, we conduct a global analysis of spatiotemporal patterns of
compound drought-wildfire events and analyze their impacts on global
vegetation gross primary production (GPP) by using remotely sensed
Terrestrial Water Storage Anomalies (TWSA), wildfire, and GPP data.
Specifically, we aim to address the following two questions: (1) what spa-
tiotemporal patterns of compound drought-wildfire events, and where are
their hotspot regions during the period of 2002 to 2020? (2)Howmagnitude
in impacts of compound drought-wildfire events on GPP compared with
isolated droughts? Answering these two questions are important because
they can provide initial guidance of where regions need to be implemented
urgently for climate actions.

Results
Hotspots of compound drought-wildfire events
The Likelihood Multiplication Factor (LMF) is a metric designed to clarify
the impact of independent drought and wildfire event probabilities on their
joint occurrence probability. An LMF greater than 1 indicates a strong
correlation between droughts and wildfires, suggesting that drought occur-
rences increase wildfire events to some extent, thus promoting the

occurrenceof compounddrought-wildfire events at spatiotemporal scales. In
the past two decades, obvious geographical variations in the global occur-
rence of compound drought-wildfire events have been observed (Fig. 1).
Specifically, South Africa shows the highest probability of compound
drought-wildfire events, with an average probability of 0.1. This probability
corresponds to an annual occurrence of drought-wildfire composite events,
with a return period of 0.8 year. Furthermore, regions with return periods of
less than 1 year (probabilities exceeding 0.08) also include Eastern Europe,
Northwestern and Southern Asia, Central and Southern North America,
Eastern South America, and Eastern Oceania (Australia). This suggests a
high probability of compound drought-wildfire events in these areas, indi-
cating the susceptibility of ecosystems to this compound event.

Annually, we employed trend analysis (MK test) to examine the
probability trend of compound drought-wildfire events during the study
period, offering deeper insights into hotspot regions for compound events
(CEs) occurrences. The results indicate approximately 38.6% of the world’s
vegetated pixels exhibited an increased probability of compound drought-
wildfire events from 2002 to 2020 (Fig. 2). These findings reveal spatial
asymmetry, with a significant portion (68.7%) of Europe’s vegetated areas
experiencing more frequent compound drought-wildfire events compared
to other regions, attributed to escalating droughts within the period. The
regions following are Asia, South America, North America, Australia, and
Africa, with the percentages of vegetated pixels showing an increased
probability of compound drought-wildfire events being 43%, 41.7%, 39.9%,
20.2%, and 18.7%, respectively. Notably, pixels showing a significant
increase (P < 0.05) are predominantly located in Eastern Europe, Southern
and Northeastern Asia, Central and Southern North America, Eastern
South America, and Eastern Oceania (Australia), with increase rates of
0.01–0.016 event per decade.
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Fig. 1 |Hotspots of compound drought-wildfire events. a is the spatial distribution
of compound drought-wildfire events. Higher probability indicate the compound
drought-wildfire events occurred frequently over the study period. b represents the
average probability of compound drought-wildfire events, which is calculated by

pixels experienced compound events during the study period. AFR, AU, EUR, ASI,
SAM, andNAMare abbreviations of Africa, Australia, Europe, Asia, South America,
and North America, respectively.
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Probabilities of each vegetation type experienced
compound events
Significant variation in the probability of compound drought-wildfire
events was noted among different vegetation types (Fig. 3). In Africa,
grasslands and savannas (tree cover 10–30%with canopy >2m) are the two
primary vegetation types for compound drought-wildfire events, account-
ing for 51.9% and 24.2% of all vegetated pixels, respectively. Both vegetation
types displayed a high probability of such compound events, with prob-
abilities of 0.1 (return period <1 year) throughout the study period. Addi-
tionally, croplands (at least 60% of the area cultivated cropland), mixed
forests (dominated byneitherdeciduous nor evergreen tree type (40–60%of
each) with canopy >2m), and Cropland/Natural Vegetation Mosaics
(mosaics of small-scale cultivation 40–60% with natural tree, shrub, or
herbaceous vegetation) also showed a higher probability ( > 0.08) of the
compound drought-wildfire events.

Theprobability of compounddrought-wildfire events for all vegetation
types in other geographic regions remained below 0.08. In terms of vege-
tation type distribution, compound drought-wildfire events in Europe
predominantly occurred in croplands, grasslands, and mixed forests, con-
stituting 56%, 16.7%, and 14.3% of cases, respectively. The average occur-
rence probability for these vegetation types varied from 0.02 to 0.07. In
North America, Asia, and Eastern Oceania, over 30% of compound
drought-wildfire events were recorded in croplands and grasslands. In
South America, beyond grasslands and savannas, evergreen broadleaf for-
ests, which experienced compound drought-wildfire events (characterized
by evergreen broadleaf and palmate trees with a canopy >2mand tree cover
>60%), accounted for a significant proportion of 16.7%.

Seasonal patterns of compound drought-wildfire events in dif-
ferent regions
Globally, the probability of compound drought-wildfire events and their
spatial distribution show significant monthly variations, closely tied to
the local climate (Fig. 4). In the Northern Hemisphere, compound
drought-wildfire events typically occur fromMarch toOctober, covering
spring, summer, and autumn. For instance, in Northern Asia and
Central and Southern North America, the average probability of com-
pound drought-wildfire events in spring (March–May) is 0.01, peaking
in May at 0.016 and 0.011, respectively. In winter (December-January),
compound drought-wildfire events mainly occur in Southern Asia, with
an average probability of less than 0.01. In Eastern Europe, the highest
probability of compound drought-wildfire events is observed in August
(0.17), significantly higher than in other months. These events can
exacerbatewildfire risk, leading to ecological and economic losses in vital
agricultural and forested areas across many Northern Hemisphere
countries.

In the Southern Hemisphere, northern Africa experiences com-
pound drought-wildfire events primarily in January-March and
November-December, with average probabilities ranging from 0.017 to
0.028 and 0.017 to 0.021, respectively, peaking in January at 0.028.
Southern Africa is susceptible to these compound events in June-
September (winter), with average probabilities ranging from 0.019 to
0.024. In Eastern Oceania, particularly in Southwestern and South-
eastern Australia, the probability of compound drought-wildfire events
is higher in April andMay, at 0.015 and 0.013, respectively, compared to
0.005–0.008 in other months.

Fig. 2 | Spatial patterns of increasing trends in the
probability of compound drought-wildfire events
and droughts. a presents the spatial distribution of
pixels with increasing trends in probability of
compound drought-wildfire events over the period
of 2002–2020. b is the spatial distribution of pixels
with increasing trends in probability of droughts
over the period. A significance level (α = 0.05) is used
to detect the increasing trend during the period.
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Impacts of compound drought-wildfire events on GPP
We used a bottom-up approach to compile datasets Of Gross Primary
Production (GPP) losses due to drought and compound drought-wildfire
events, respectively. Following this, we spatially mapped the resistance of
GPP and its losses to these events. Our findings suggest that during com-
pound drought-wildfire events, every vegetation type demonstrates notably
weaker resistance compared to isolated drought events (Fig. 5). This sug-
gests that compound drought-wildfire events aremore likely to reduce GPP
than droughts in a specific region.

The GPP reductions from compound drought-wildfire events were
significantly greater than those caused by drought events across all vege-
tation types and geographic regions (Fig. 6). This observation emphasizes
that compound drought-wildfire events have more pronounced and
harmful effects on GPP, making vegetation less resilient than to isolated
drought. For instance, in Europe, the average GPP reduction due to com-
pound drought-wildfire events was 18.2%, significantly surpassing the
impact of isolated droughts, which was 8.4%.

The GPP reduction due to compound drought-wildfire events also
varies across different vegetation types. Generally, compound drought-
wildfire events cause more severe GPP losses in grasslands, croplands,
savannas, and Cropland/Natural Vegetation Mosaics than in forested
vegetation types within the same geographical regions, especially in Europe
and North America. This observation suggests that compound drought-
wildfire events are more likely to adversely affect agricultural production in

these regions. The adverse impacts of compound drought-wildfire events
are also greater in deciduous coniferous forests and deciduous broadleaf
forests in Asia, with GPP reductions between 28% and 35%. Moreover, the
detrimental impacts of compounddrought-wildfire events on shrubland are
more severe in Africa, South America, and Australia, with GPP reductions
ranging from 20% to 30%.

Discussion
In recent decades, multiple hazards or drivers frequently occur simulta-
neously or sequentially, forming compound events (CEs)35,36 that lead to or
amplify negative impacts on ecosystems compared to a single hazard37,38.
Consequently, the study of compound events has attracted increased
attention9,39,40. Recent research has explored the interactions between
meteorological droughts and extreme wildfire risk, analyzing spatio-
temporal patterns of their co-occurrence, and predicting future trends
under climate change24–27. For instance, Ridder et al.25 noted a higher
probability of compound meteorological drought-high wildfire weather
events during spring and summer in the Northern Hemisphere, which
could exacerbate wildfire risks and economic losses in vital agricultural
regions in North America and Europe. Our study also identifies these
regions as hotspots for compound drought-wildfire events over the past two
decades.

We discovered that the probability of compound drought-wildfire
events has substantially increased in certain areas since 2002, often due to
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Fig. 3 | Percentages of each vegetation type experienced compound drought-
wildfire events and their probabilities across different regions over the study
period. The donut chart is the percentages of compound drought-wildfire events in
different vegetation types across six regions. The boxplot of each region is mapped
based on pixels experienced compound events over the period. ENFs, EBFs, DNFs,

DBFs, MFs, CSs, OSs, WSs, and CNVMs are abbreviations of evergreen needleleaf
forests, evergreen broadleaf forests, deciduous needleleaf forests, deciduous broad-
leaf forests, mixed forests, closed shrublands, open shrublands, woody savannas, and
cropland/natural vegetation mosaics, respectively.
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more frequent droughts41–43. Over longer timescales, climate significantly
influences the amounts and types of fuel44,45. On shorter timescales (hourly
to monthly), weather factors such as temperature, precipitation, winds, and
atmospheric humidity strongly correlate with fire activity in a region,
especially during extreme wildfire years46,47. Recent global wildfire cases
underscored that weather factors are key drivers of inter-annual variability
in wildfire activity9,47, with their occurrence and spread influenced by pre-
ceding dry weather conditions. For example, in summer 2022, the unpre-
cedented and prolonged co-occurrence of heatwaves and droughts led to
frequent and intense wildfires in Chongqing, China48. Importantly, forest
fire management practices also influence the process of fire occurrence and
spread. The skewed distribution of burned areas closely relates to the
effectiveness of firefighting efforts, where a high initial suppression success
rate significantly limits the size of wildfires under high-risk weather
conditions49. Thus, analyzing the occurrence patterns of drought-wildfire
events offers a comprehensive understanding of the interactions among
droughts, wildfires, and fire management across extensive spatial and
temporal scales. This analysis is invaluable for developing future climate
change scenarios and establishing a foundation for adaptation strategies in
forest and fire management.

Although the outbreak of coronavirus disease 2019 (COVID-19) sig-
nificantly altered wildfire occurrences50–52 and had a positive impact on
vegetation greenness andGPP inmost world regions53–55, the adverse effects

of drought, especially compound drought-wildfire events on vegetation
growth and GPP, have consistently captured worldwide attention in recent
years. Due to land-atmosphere feedback, increased atmospheric water
demand leads to further soil water content depletion, creating a positive
feedback loop that significantly impacts vegetation beyond the effects of a
single event alone13,56. Water stress leads to a decrease in leaf stomatal
conductance to reduce water consumption, causing a concurrent reduction
in CO2 uptake by plants. The combined effects of water stress and carbon
reduction, linked to extremely low soil moisture (SM) and high vapor
pressure deficit (VPD), have considerably negative impacts on vegetation
growth57,58. Moreover, dry conditions enhance evapotranspiration and
reduce fuel moisture, leading to increased fuel combustion59 and causing
intense fire behavior60. Therefore, intense wildfires can further exacerbate
drought’s negative impacts on vegetation. For example, a study indicated
that the aboveground biomass (AGB) in forest areas affected by compound
drought-wildfire events in Australia decreased by 0.17 Pg C during
2019–2020, more than five times the AGB loss (0.03 Pg C) in areas affected
by drought alone61. Although some studies have explored the relationship
between wildfires, drought, and the global carbon cycle13,62, quantitative
analyses of compound drought-wildfire events and their impacts remain
limited. Recent studies have also revealed significant time-lag effects in
vegetation responses to extreme climate events (e.g., droughts)63,64. These
studies recognize the vegetation growthmay primarily be also driven by the
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earlier climatic conditions (not including the current month). Therefore,
studying the time-lag effects in vegetation responses to compound events
should be considered in follow-upwork. In summary, ourfindings highlight
the importance of compound drought-wildfire events in affecting GPP and
offer a deeper understanding of how vegetation production responds
directly to such events. The results can also form the basis for enhancing
wildfire management through drought prediction and monitoring
information.

We primarily used terrestrial water storage data, MODIS wildfire
product data, and vegetation GPP data to analyze the global pattern of
compound drought-wildfire events and their impact on vegetation
growth over the past two decades. We selected several globally repre-
sentative cases of compound drought-wildfire events to improve research
accuracy (Fig. 7). Importantly, identifying hotspots for compound events
highlights key regions for future research on compound drought-wildfire
events. Considering the resolution limitations and partial absence of
terrestrial water storage data, we recommend using other observations
and remotely sensed data with higher accuracy for future research,
especially in hotspot areas. Furthermore, this study adopted a bottom-up
approach to accurately explore the impacts of compound drought-
wildfire events on vegetation, primarily focusing on the co-occurrence of
drought and wildfires to form a multivariate event. It’s essential to note
that types of compound events include three other categories: temporal,

spatial, and preconditioning, each of which can also significantly impact
ecosystems and socioeconomics65. For example, the forest fires in the
Amazon in 2018 were associated with a pre-existing and persistent
drought66, indicating sequential continuity over time. In conclusion, our
study highlights the spatial and temporal patterns of compound events
formed by the co-occurrence of drought and wildfires, underscoring the
severity of their impacts on vegetation. This sets the foundation for future
correlation analyses involving other types of composite events related to
droughts and wildfires, utilizing appropriate data.

Methods
Data and preprocess
The global vegetation classification data were obtained using the MODIS-
MCD12Q1 Global Land Cover Product (2002–2020) (available at https://
lpdaac.usgs.gov/products/mcd12q1v006/). This product is based on the
International Geosphere-Biosphere Programme (IGBP) classification,
delineating 17 land cover types. The land cover product was first processed
as follows:
(1) For each pixel, time series data for land cover types were established

using annual land cover data.
(2) Pixels consistently classified as non-vegetation types (permanent

wetlands, urban and built-up lands, permanent snow and ice, barren,
and water bodies) were excluded.
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(3) Considering frequent wildfires can cause vegetation damage and lead
to changes in vegetation type, any vegetated pixels with significant
vegetation type changes (e.g., from tree cover to urban fabric) across
continuous years without recorded wildfires were excluded.

(4) Any remaining pixels consistent in vegetation types throughout the
study period were retained.

This approach aims to exclude the influence of changes in vegetation
types on the results, considering factors such as human activities. The 12
classified vegetation types are as follows: evergreen coniferous forests
(ENFs), evergreen broadleaf forests (EBFs), deciduous coniferous forests
(DNFs), deciduous broadleaf forests (DBFs), mixed forests (MFs), Closed
Shrublands (CSs), Open Shrublands (OSs), Wooded Grasslands (WSs),
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Fig. 6 | GPP reductions (%) after compound events across different regions and
vegetation types. The GPP reduction due to compound drought-wildfire events in
each pixel was calculated as the difference of the GPP value of the months of

compound drought-wildfire events and the normal conditions. Average GPP
reductions for each vegetation type are showed by bar plots through the spatial
integration of GPP reduction pixel by pixel.

Fig. 7 | Six cases of compound drought-wildfire
events. a wildfires in Russia and Europe in 2010;
b wildfires in Amazon Rain Forest in 2010;
cWildfires in Chile in 2017; d wildfires in USA in
2017; e Australia wildfires during 2019/2020 fire
season; f wildfires in Brazil in 2020.
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Savannas, Grasslands (WG), Croplands, and Cropland/Natural Vegetation
Mosaics (CNVMs).

The global GPP dataset for the period 2002–2020 (0.05 × 0.05° spatial
resolutions, 8-day temporal resolutions) were downloaded from Bi et al.
(2022). This dataset was produced by using an updated two-leaf light use
efficiency model (TL-LUE), which is driven by the GLOBMAP leaf area
index, CRUJRA meteorology, and ESA-CCI land cover67. In addition to
their goodperformance in the estimation ofGPP for all vegetation types, the
dataset advances our in-depth understanding of large-scale carbon cycle
processes and dynamics.

The burned area (BA) data for the period 2002–2020 were acquired
fromtheMODIS-MCD64A1product (https://ladsweb.modaps.eosdis.nasa.
gov/search/). This dataset has a spatial resolution of 500m and has been
categorized into monthly statistics which classifies each pixel as burned
(with indicationof the estimateddayof burning), unburned, orunmapped if
insufficient data were available to determine the burnt/unburned status68,69.
To enhance data accuracy, false burned areas—characterized as redundant
information outside of vegetation areas—were eliminated from the
MODIS-MCD64A1 product based on vegetation distribution. Subse-
quently, the processed monthly burned area data were resampled to a 0.05°
resolution using nearest neighbor interpolation to facilitate data handling
and enhance pattern recognition68,70.

Satellite gravity data were employed to invert monthly-scale total ter-
restrial water availability, serving as an aggregate indicator of overall
regional drought conditions in recent years6,71. This study collected mass
concentration blocks (Mascons; M) from three sources: Space Research at
Texas State University (CSR), Jet Propulsion Laboratory (JPL), and NASA
Goddard Space Flight Center (GSFC). In this study, a weighted average
method was used to derive the Total Terrestrial Water Storage Anomaly
(TWSA)monthly dataset covering the globe from2002 to 2020, comprising
a total of 203 months of data, with the remainder unprocessed due to
missing measurements from instrument issues. The TWSA Drought
Severity Index (TWSA_DSI) was used to indicate droughts71. This index is a
dimensionless standardized water storage anomaly index, effectively indi-
cating the degree of drought occurrence and its spatial variability across
different geographic regions. Equation (1) was utilized to calculate the
TWSA_DSI dataset for each month throughout the study period.

TWSA DSIi;j ¼
ðTWSAi;j � TWSAjÞ

σ j
ð1Þ

Where TWSAi,j represents the TWSA data for month j of year i.
TWSA_DSI andσ are themeanand standarddeviationofTWSA formonth
j of the study period, respectively; �TWSAj and σj are themean and standard
deviation of TWSA formonth j of the study period, respectively. A negative
value of TWSA_DSI indicates that the total land water availability is lower
than the historical average, and a larger absolute value indicates a more
severe drought.

Definition of compound events
Compound events65 are defined as the simultaneous occurrence of drought
and wildfires within the samemonth in a given region. For each pixel a, if it
experiences drought (TWSA_DSIi < 0) and wildfire (BAi > 0) on the same
month i (from 1 to 12), it is categorized as a compound drought-wildfire
events (Eq. 2).

CEsi ¼
1; TWSA DSIi < 0 andBAi > 0

0; otherwise

�
ð2Þ

The probability (Pactual) of compound drought-wildfire events is
defined as the ratio of the number of months on which the CEs occur
(
Pn

i¼1MonthsðCEs ¼ 1Þi ) to the total number of months in the study

period (Pactual ¼
Pn

i¼1
MonthsðMEs¼ 1Þi

203 ). Then, the return period (yrs) is cal-

culated from the inverse relationship between the probability and

recurrence period (RP ¼ 1
Pactual × 12

)25. Theoretically, when the occurrence of

drought and wildfire are independent events, the probability of co-
occurrence of compound drought-wildfire events (Pindep) can be expressed
by the product of their respective probabilities of occurrence, i.e.,:

Pindep ¼
Pn

i¼1MonthsðdroughtsÞi
203

×
Pn

i¼1MonthsðfiresÞi
203

ð3Þ

Therefore, we test the correlation between these two events by the ratio
of the actual probability (Pactual) and the theoretical probability (Pindep) of
the compound drought-wildfire events, namely Likelihood multiplication
factor (LMF))59. Accordingly: (1) LMF equals 1, which means that the
drought andwildfire are independent of eachother; (2) LMF > 1,means that
there is a positive correlation between drought and wildfire; and (3)
LMF < 1, means that there is a negative correlation between the events of
drought and wildfire25.

Response of GPP to compound drought-wildfire events
Vegetation resistance to extreme events is the ability of vegetation to
maintain its structure and function despite extreme disturbances72,73, that is,
the vegetation index remains stable or is not negatively impacted by such
events74,75. Based on this definition, the probability of negative vegetation
GPPanomalies occurring simultaneouslywithin each image element during
compound drought-wildfire events was calculated and denoted as
Fcom_ano

76. Combined with the probability of occurrence of the compound
drought-wildfire event (Pactual), the resistance of vegetation to the com-
pound event (Rs) can be calculated:

Rs ¼ 1� Fcom ano

Pactual
ð4Þ

Where Rs indicates the resistance of vegetation, which ranges from 0 to1.
The lower the value indicates that Fcom_ano is closer to Pactual, that is, the
vegetation resistance to the compounddrought-wildfire events is lower, and
the GPP decreases during the compound event. When Rs equals 1, it
indicates that the occurrence probability of Fcom_ano is closer to zero, which
means the vegetation has strong resistance to the compound drought-
wildfire events.

The ratio of the vegetation growth index during the disturbance period
to the vegetation index under normal conditions indicates the extent of the
event’s impact and the vegetation’s resilience76–78. Accordingly, taking the
average GPP values in normalmonths as the baseline, the reduction inGPP
due to compound drought-wildfire events for each pixel was calculated as
the difference between the GPP of themonths of compound events and the
baseline79:

Ri ¼
Vegnormal � Vegcom

Vegnormal

× 100% ð5Þ

whereVegcom denotes theGPP during the duration phase of the compound
drought-wildfire events, and Vegnormal is the mean value of the vegetation
index under normal weather conditions at the corresponding time period.
Ri > 0 indicates that the compound drought-wildfire events reduced the
vegetationGPP, and a larger value indicates amore severe loss of GPP. This
index is a dimensionless standardized GPP reduction anomaly index and
can effectively indicates the impacts of compound drought-wildfire events
on GPP and shows spatial variability across different geographic regions.
Additionally, we estimated the GPP reductions across different vegetation
types in each terrestrial ecosystem due to the compound drought-wildfire
events.

Data availability
Burned areadata for the 2002–2020periodwere obtained from theMODIS-
MCD64A1product (https://ladsweb.modaps.eosdis.nasa.gov/search/order/
1/MCD64A1--61). Global vegetation classification data were sourced from
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the MODIS-MCD12Q1 Global Land Cover Product (2002–2020) (https://
ladsweb.modaps.eosdis.nasa.gov/search/order/1/MCD12Q1--61). The
global 0.05° dataset for GPP (1992–2020) were acquired through the
Zenodo service (https://zenodo.org/records/6518002). Three GRACE pro-
ducts used in this study can be obtained fromCSR_Mascon (https://www2.
csr.utexas.edu/grace/RL06_mascons.html), JPL_Mascon (https://grace.jpl.
nasa.gov/data/get-data/jpl_global_mascons/), and GSFC_Mascon (https://
earth.gsfc.nasa.gov/geo/data/grace-mascons).

Code availability
Post-processing R scripts for metric computation, bootstrapping, and jitter
plots are available from the corresponding author on reasonable request.
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