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Keywords: Between 2023 and 2024, Brazil experienced one of the most severe droughts in the century, with temperatures in
Extreme drought the Amazon reaching 2-4 °C above average. Amplified by El Nino and North Atlantic warming, the drought
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disrupted the hydrological cycle and essential ecosystem services, affecting agriculture, transportation, and the
livelihoods of urban, rural, and Indigenous communities. This event revealed substantial shortcomings in Brazil’s
fire governance framework. Moreover, it demonstrated that drought conditions exacerbate Brazil’s susceptibility
to wildfires, underscoring the urgent need for coordinated and immediate policy action. This study maps and
quantifies hydrological stress, forest degradation, and fire dynamics associated with the drought, identifying
critical implications for environmental management. Our analysis reveals the intensification of a
drought-fire-degradation feedback loop. Wildfire-affected areas increased by 9%, and degradation alerts rose by
19% in relation to long-term average levels (2016-2024). At the drought’s peak (in 2024), 4.2 Mha of fire-
affected areas were detected. Maximum Cumulative Water Deficit anomalies exceeded historical thresholds,
signaling a continuous dry increase in Brazil. These results highlight the urgent need for integrated fire gover-
nance. This includes comprehensive environmental education, enhanced early warning systems, targeted in-
vestments in ecosystem restoration, and stronger coordination between federal and state policies. By linking
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scientific evidence to actionable policy recommendations, this work guides decision-makers seeking to reduce
socio-environmental risks and strengthen climate adaptation in the Amazon.

Background

Between 2023 and 2024, Brazil experienced a severe drought,
characterized by record-high temperatures of approximately +2 to +4
°C above average in the Amazon region (Marengo et al., 2024). This
drought event was linked to El Nino and warming in the tropical North
Atlantic Ocean, which delayed the onset of the rainy season and reduced
evapotranspiration (NOAA, 2024). The impacts of this event extended
beyond localized environmental degradation, affecting wider regions
and significantly disrupting agriculture, river transport, energy supply,
and the livelihoods of urban, rural, and Indigenous communities
(Marengo et al., 2024). Entire Amazonian towns and communities
became isolated, facing shortages of fuel and food, as well as collapses in
fishing and hunting activities, and outbreaks of vector-borne diseases
such as malaria and dengue fever (Lenton et al., 2023).

These regional extremes unfolded against a backdrop of unprece-
dented global warming (Hansen et al., 2025). Findings from the most
recent Climate Bulletin of the Copernicus Climate Change Service (C3S),
based on ERAS5 reanalysis data, identify November 2025 as the
third-warmest November globally, with mean surface air temperatures
1.54 °C above estimated pre-industrial levels (1850-1900) (Copernicus
Programme, 2025). With one month remaining in the calendar year,
2025 is virtually certain to rank as the second or third warmest year on
record, following the record-breaking year of 2024 and potentially tying
with 2023 (Copernicus Programme, 2025). Importantly, the three-year
global mean temperature for 2023-2025 is projected to exceed 1.5 °C
above pre-industrial levels for the first time in the instrumental record,
highlighting the rapid acceleration of climate change and the narrowing
window for effective mitigation (Copernicus Programme, 2025; Rei-
singer et al., 2025).

In recent decades, recurrent droughts have become a key challenge
for forest and climate governance in the Amazon. The rising frequency,
intensity, and spatial extent of extreme dry events undermine both
ecosystem resilience and the effectiveness of conservation policies
(NOAA, 2024). Previous droughts (2005, 2010, and 2015/16) have
demonstrated the biome’s sensitivity to water deficits, with cascading
impacts on forest structure, carbon dynamics, and biodiversity (Allen
et al., 2015; Anderson et al., 2018; Aragao et al., 2018). Although 2020
did not exhibit a strong basin-wide drought, localized water deficits and
widespread fires occurred in the absence of major climate modes such as
ENSO or AMO, highlighting that significant disturbance events can
occur even in the absence of pronounced large-scale anomalies (Silveira
et al., 2022).

Although drought is not a direct ignition source, it strongly in-
fluences the biophysical conditions that enable wildfires to develop and
spread (Allen et al., 2015). Fire occurrence requires three factors: fuel,
an ignition source, and conducive weather conditions, such as low hu-
midity, high temperatures, and wind (Batista, 2007). These climatic
conditions, exacerbated during drought events, interact by reducing fuel
moisture, increasing the flammability and combustibility of vegetation,
and increasing fire spread rates through stronger and more variable
wind flows, thereby creating an environment in which ignition events
are more likely to evolve into large wildfires.

In the Amazon, drought intensifies fire risk by drying leaf litter and
dead biomass, increasing fuel flammability (Faith and Walker, 2002).
Ignitions, however, are primarily anthropogenic, stemming from
land-use practices that involve burning to clean or manage fields
(Anderson et al., 2018; Mataveli et al., 2025). The interaction between
fuel dryness, human-induced ignitions, and favorable weather condi-
tions creates a highly flammable environment, particularly in transi-
tional zones between intact forests and areas undergoing degradation or
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recent agricultural expansion (Ribeiro et al., 2024).

Thus, the cycle of drought, fire, and forest degradation in the
Amazon constitutes a dangerous feedback loop. Forests exposed to
repeated fires have a lower regeneration capacity, with changes in
species composition, and reduced ability to retain water and sequester
carbon (Hoffmann et al., 2003; Ripple et al., 2023). These processes
heighten socio-environmental vulnerability by directly compromising
the provision of essential ecosystem services that support both the local
and global population, including carbon storage, water regulation,
climate regulation, and biodiversity maintenance (Cordeiro Ramalho
et al., 2024). Strengthening governance mechanisms that integrate
climate risk, fire prevention, and forest conservation is essential for
reducing the exposure of ecosystems and communities to the conse-
quences of future extreme events. In this context, we aim to examine the
2023/2024 Amazon drought as a coupled environmental and gover-
nance challenge by mapping its spatial extent and severity, and evalu-
ating how the resulting hydrological stress influenced fire activity and
forest degradation.

The 2023/24 drought and forest degradation

The 2023/24 Amazon drought produced an exceptional expansion of
wildfire-affected areas. Using the full PRODES year (August to July), a
total of 2.705 Mha of wildfire-affected areas were mapped in 2023/24
by the DETER dataset (Fig. 1a). This corresponds to +1.327 Mha above
the historical mean (2016-2024) burned area of 1.378 Mha, an increase
of approximately 96% confirming that fire activity during the 2023/24
drought far exceeded typical annual conditions. The subsequent fire
year (2024/2025) is shown only partially in Fig. 1a, since data were
available only up to January 2025, which represents the peak of the
drought but not the full annual cycle.

Forest disturbance alerts from DETER intensified throughout the
year. Between 2023 and 2024, the number of recorded events increased
by approximately 19%. (Fig. 1a). To quantify actual burned areas, we
relied on DETER fire-scar polygons, which delineate perimeters with
clear satellite evidence of burned vegetation. During the peak of the
2023/24 drought, between August 2024 and January 2025, burned
areas expanded rapidly. During this period, mapped wildfire-affected
areas exceeded the historical mean by 1.537 Mha, representing an in-
crease of approximately 101% relative to typical conditions for the same
months. This concentrated expansion of burned area is consistent with
the severity of the 2023/24 drought and explains most of the fire-driven
degradation observed in Fig. 1a.

The MCWD anomaly further demonstrates the intensification of hy-
drological stress during recent drought years. Recurring droughts in
2005, 2010, 2015, and 2020 frequently exceeded two standard de-
viations from the climatological mean, placing them beyond the 90%
confidence interval. Values above 1.65 standard deviations exceed the
90 % confidence interval. In 2023 and 2024, large portions of the basin
exceeded the 90 % anomaly threshold (Fig. 1b and c). The area with
MCWD anomalies above the 90 % interval reached ~50 Mha, high-
lighting the broad spatial extent of extreme water stress during the
drought.

These trends indicate a shift toward more severe negative water
anomalies over the past decade, consistent with increased atmospheric
aridity, reduced moisture recycling, and intensifying water deficits (Van
Der Werf et al., 2006). These results indicate that the Amazon has
become drier over the last decade, associated with a shift toward more
frequent and spatially extensive negative MCWD anomalies and
increasingly recurrent climate extremes (e.g., 2015/16, 2023/24). This
shift not only undermines forest health but also has immediate
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Fig. 1. Spatiotemporal dynamics of forest disturbances and climatic anomalies in the Brazilian Amazon. (a) Annual aggregated disturbance classes (fire, degradation,
logging, deforestation) from 2016 to 2025, highlighting the exceptional burned area in 2024,/2025 relative to the historical mean (1.27 Mha), (https://terrabrasilis.
dpi.inpe.br/app/dashboard/alerts/biomes/amazonia-nb/aggregated/); (b) Time series of spatial extent with significant climatic anomalies (Z-score > |1.65|) from
1985 to 2025, distinguishing positive and negative extremes and highlighting the sharp increase after 2023 (https://zenodo.org/uploads/14635469; (c) Spatial
patterns of MCWD anomalies for selected years (2005, 2010, 2015, 2016, 2023, 2024), showing the intensification and spatial expansion of drought conditions
during major El Nino events and in 2023-2024; (d) Distribution of MCWD anomalies for 2023 and 2024 compared with the long-term climatology, showing a shift
toward stronger water deficits; and (e) Comparison of MCWD anomaly distributions for major El Nino years (2005, 2010, 2015, 2016) with 2023 and 2024,
indicating that recent drought severity approaches or exceeds historical extremes.
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consequences, including elevated carbon emissions, water insecurity,
and health crises, particularly during 2023/24 (Marengo et al., 2024;
Mataveli et al., 2024).

Although deforestation declined across much of the Amazon, wild-
fire activity rose sharply in old-growth forests (Mataveli et al., 2024). In
2023, the burned area increased by approximately 152% relative to
2022, coinciding with stronger drought conditions. Recurrent fire events
reduce forest resistance, delay post-fire recovery, and cause persistent
structural and functional changes even when forests remain standing
(Brando et al., 2025). As degradation intensifies, the probability of the
Amazon approaching critical ecological tipping points increases
(Banerjee et al., 2022; Brando et al., 2025; Nobre and Borma, 2009).

Policy implications: governance challenges in managing
drought, degradation, and fire

The 2023/2024 Amazon drought exposed structural weaknesses in
Brazil’s capacity to govern drought-fire dynamics. These weaknesses
have direct implications for climate mitigation, biodiversity conserva-
tion, and regional resilience. Joint evidence from MCWD anomalies,
Deter-B fire-affected areas, degradation indicators, and the Fogo em
Foco assessment reveals that current institutional arrangements are not
sufficient to anticipate hydrological stress, suppress fire spread, or
manage the resulting ecological degradation (Rede Brasa de Pesquisa,
2025; Terrabrasilis, 2022). These findings highlight the need to
strengthen early warning systems, institutional coordination, financing
mechanisms, and restoration strategies, such as:

1 Early warning system limitations: Burned areas increased sharply
during the 2023/24 drought, while MCWD metrics indicated months
of accumulated water deficit, and Deter-B data confirmed the
expansion of fire-affected areas in old-growth forests. These trends
demonstrate the need to integrate drought-fire indicators more
effectively into national early warning systems and contingency
planning. Although the National Fire Management Policy (PNMIF)
(Brazil, 2024) was established to support integrated fire manage-
ment, its early warning component remains limited and is not
consistently linked to climate-risk metrics such as MCWD, fire
weather indices, and socioenvironmental vulnerability mapping. The
Fogo em Foco report indicates that state Military Fire Brigades (CBM)
largely rely on heat-detection systems, seasonal operations, and field
patrols, but do not employ systematic integration of hydrological
indicators or predictive modelling tools (Rede Brasa de Pesquisa,
2025). Improving early warning capacity, therefore, requires stable
investment in real-time monitoring platforms, strengthening local
rapid-response units, and enhancing interoperability among envi-
ronmental, climate, disaster-risk, and fire management institutions
(Alencar et al., 2024; Barbosa et al., 2025).

Rising degradation despite declining deforestation: Even with
declining deforestation rates, fire-related degradation in mature
forests has increased significantly (Mataveli et al., 2024). Deter-B
data show a growing extent of fire scars in standing forests, a pro-
cess not consistently included in climate mitigation or fire manage-
ment strategies (Assis et al., 2019). The Fogo em Foco assessment
indicates that CBM operations primarily focus on fire suppression
and residual fire control. Post-fire ecological assessment, carbon
accounting, and restoration remain outside their core mandate (Rede
Brasa de Pesquisa, 2025). This institutional gap limits the capacity to
manage the long-term consequences of repeated burning. Policy
frameworks should therefore incorporate forest degradation into fire
management and climate policy, including mechanisms to finance
restoration, expand fire-free land-use practices, and support
ecological recovery. Recognizing degradation-related emissions in
greenhouse gas accounting and national climate commitments can
mobilize resources for restoration and promote preventive actions
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across different Amazonian regions (Alencar et al., 2024; Barbosa

et al., 2025).

Fragmented and under-implemented policy response: Brazil’s

Nationally Determined Contributions (NDC) and the PNMIF share

overlapping objectives but remain weakly coordinated in practice

(Brasil, 2024; Brazil, 2024). The PNMIF, while robust in design,

suffers from implementation gaps, including insufficient funding,

limited local capacity, and weak institutional articulation across
ministries, states, and agencies. Moreover, the absence of a central-
ized governance mechanism inhibits its effective implementation,
particularly in frontier regions where fire is used as an agricultural

tool under growing climate stress (Oliveras Menor et al., 2025).

Although the PNMIF has a comprehensive structure, it faces persis-

tent implementation barriers, including insufficient funding, limited

operational capacity in frontier regions, and institutional fragmen-
tation across federal and state agencies. The Fogo em Foco report
identifies additional constraints: heterogeneous capacity among
state CBM units, limited integration with environmental agencies,
and frequent reliance on emergency decrees to mobilize personnel
and equipment (Rede Brasa de Pesquisa, 2025). While states such as

Mato Grosso do Sul have advanced with Integrated Fire Management

Plans (PEMIF/MS), most states still lack stable financing, permanent

prevention programs, or routine application of prescribed burning

protocols (Rede Brasa de Pesquisa, 2025). Strengthening imple-
mentation requires establishing a dedicated financing architecture
that supports fire prevention, ecological restoration, and
community-level adaptation programs through public, private, and

international funding sources (Dutra et al., 2024).

Toward integrated, climate-informed fire governance: Address-

ing these challenges requires a transition from parallel sectoral ap-

proaches to integrated, climate-informed governance. Key actions
include:

e Operationalizing the PNMIF through decentralized planning,
technical support to local actors, and systematic incorporation of
drought-fire indicators into early action protocols and CBM
operational planning.

e Aligning NDC implementation with fire management by recog-

nizing degradation-related emissions, funding restoration in fire-

affected areas, and prioritizing fire-free alternatives in land-use
planning.

Expanding ecological restoration in degraded and drought-

sensitive regions and providing financial incentives for land-

holders and communities to adopt sustainable and fire-resilient

practices (Dutra et al., 2024).

Strengthening state-level Integrated Fire Management Plans, such

as PEMIF/MS, through stable financing, improved interagency

coordination, and integration of CBM, environmental agencies,
and Civil Defense into unified response strategies (Rede Brasa de

Pesquisa, 2025).

Effective drought-fire governance relies on coordinated institutions,
stable investment, and long-term commitment to prevention, moni-
toring, and restoration. Strengthening early warning systems, financial
mechanisms, and restoration programs will enhance governance ca-
pacity and help reduce the accumulated risks posed by drought and fire
in Amazonian forests.

Conclusion

The analysis of the 2023/24 drought and associated fire events
provides clear evidence for actionable interventions. Decision-makers
should prioritize integrating drought and fire risk indicators into na-
tional early warning systems, expanding monitoring coverage, and
developing response protocols. Policies must address forest degradation
directly, including financing restoration initiatives, promoting fire-free
land management, and encouraging community-based prevention
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programs. Strengthening institutional coordination across federal, state,
and municipal levels is critical. Equally critical is aligning climate
mitigation targets with biodiversity and land-use policies. Investments
in local capacity building, technical support, and governance mecha-
nisms will enhance resilience against future drought-fire events. By
implementing these evidence-based actions, Brazil can reduce the like-
lihood of cascading forest degradation, including drought-related
wildfires, safeguard carbon stocks, and maintain ecosystem services
critical for both regional and global communities. The policy choices
made in the coming years will directly shape Amazon’s trajectory to-
ward sustainable management and long-term resilience.
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