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Key Messages & Recommendations 15 
 16 
1. Strong droughts in Amazonia have been increasing in frequency and intensity, from four in a 17 

century to four in less than 25 years, in concert with increasing deforestation and global 18 
warming. The synergy of droughts, deforestation, fire, and degradation have the potential to 19 
drive Amazonia to a tipping point where this globally important ecosystem may significantly 20 
reduce its capacity to provide critical services such as water recycling, carbon storage and 21 
provision of goods for human well-being. 22 

Ø  Immediate reduction of carbon emissions (under Paris Agreement targets), 23 
reduction of deforestation and forest degradation are key to slow down or halt 24 
the increasing frequency of droughts 25 

Ø Redirect subsidies and public investments from carbon-intensive activities to 26 
conserving nature reserves and forest restoration to promote the creation of 27 
new jobs in the conservation sector and generating alternative revenue 28 
streams, while increasing budget allocations for adaptation and management 29 
of catastrophes 30 

 31 
2. Droughts increase tree mortality across many forests and thus biomass loss, imperiling the 32 
functioning of the carbon sink provided by tree growth. Droughts increase animal mortality, 33 
especially when river levels decrease abruptly and when forests are disturbed by fire and forest 34 
degradation, with consequences for ecosystem diversity and resources to local communities. 35 

Ø  Start an identification program of priority areas that should be immediately conserved 36 
to maintain ecosystem services, and reinforce the protection of already conserved 37 
areas and indigenous lands to avoid potentially negative disturbance synergies 38 

Ø  Monitoring programs to detect early signs of animal stress and take action to 39 
develop mitigation plans  40 

 41 
3. Droughts increase the risk of fires with direct impacts, such as carbon emissions, loss of 42 
biodiversity and ecosystem services, while also threatening human health and food security, 43 
causing social, cultural and economic vulnerability. 44 

Ø  Continued funding for programs of training, education, vigilance and combat to 45 
fires, particularly in years of extreme drought. Actions to ensure that buffer 46 
zones around Protected Areas are maintained 47 

 48 
4. The socioeconomic impacts of droughts include threats to water security, food sovereignty, 49 
public health, human rights, local economies, mobility, energy production, river bank stability, 50 
and human migrations. 51 

Ø Implement the mandates established in 2022 by UNFCCC regarding the human 52 
rights-based and climate justice approach. 53 

Ø Implement the loss and damage fund, and improvement of funding through 54 
international and national funds.  55 

Ø Strengthen capacity building of local people and governments to access diverse 56 
financial mechanisms for adaptation 57 

Ø Promote the adoption of diversified agroforestry and agroecological systems in 58 
the restoration and reforestation actions, to improve food sovereignty  59 

Ø Invest on science, technology and innovation for better water treatment strategies 60 
and higher storage capacities, such as rainwater cisterns, more and deeper wells, 61 
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nanotechnology-based filters, and distribution of emergency water treatment kits 62 
to remote communities. 63 

 64 
5. The socioeconomic impacts of droughts vary in nature and intensity across different social 65 
groups (Indigenous peoples, peasants, fishermen, cattle ranchers to urban populations), gender, 66 
age, and also among Amazonian countries and regions (Arcs of Deforestation, lowlands, 67 
Andean Amazonia, and foothills). 68 

Ø  Evaluate the vulnerability of populations through an intersectional approach for 69 
the design of policies; actions should be grounded in a comprehensive 70 
understanding of local realities. 71 

 72 
6. There are critical knowledge gaps, essential for planning responses to climate crises. These 73 
include the lack of comprehensive monitoring of Amazonian forests, climate and hydrology to 74 
inform adaptation programs; lack of social, economic, cultural and demographic data at local 75 
and regional scales, especially concerning vulnerable populations. 76 

Ø  Prioritize research and monitoring efforts to fill environmental, ecological and 77 
socioeconomic data gaps. 78 

Ø  Implement monitoring programs and early warning systems of droughts, 79 
including modelling of the global and regional atmospheric circulation and 80 
continental hydrology from the Andes to the Atlantic Ocean 81 

Ø Invest in capacity building and co-production of solutions with local -rural and 82 
urban- populations to manage disasters. 83 

 84 
Final recommendation: Mitigation of droughts require serious effort to control global 85 
warming, deforestation and forest degradation. Adaptation to droughts requires multisectoral 86 
approaches, including interventions in infrastructure, agriculture, sanitation, potable water 87 
access and health. These require climate financing through adaptation, loss & damage budgets, 88 
national and local budgets, green initiatives, capacity building of local populations, and 89 
bioeconomy-based initiatives to tackle current and future challenges posed by droughts in 90 
Amazonia. It is necessary to foster collaboration between scientific and traditional knowledge 91 
systems to maximize effectiveness. This holistic approach will help addressing identified issues 92 
and bolster our capacity to mitigate the impacts of droughts in Amazonian region. 93 
 94 
MAIN TEXT 95 
1. Climatic and Hydrological Dynamics  96 
Natural causes of droughts. Since the beginning of the 21st century four 97 
“megadroughts" have occurred in Amazonia. These droughts were classified as “one-in-98 
a-100-year event” at the time of occurrence, and yet, each was surpassed by the next 99 
one 1–4. Most of the severe droughts in the Amazonian region are associated with 100 
anomalous sea surface temperatures (SST) in the Equatorial Pacific, known as the El 101 
Niño event. However, droughts in 2005 and 2010 were largely induced by high SST 102 
anomalies in the Tropical North Atlantic (TNA). Both El Niño and warm TNA increase 103 
atmospheric subsidence over Amazonia, i.e. downward air movements, which bring dry 104 
air and inhibit cloud formation 5,6. Another contributor to droughts is the warm phase of 105 
the Atlantic Multidecadal Oscillation (AMO) 6,7, characterized by a cyclical variation of 106 
the large-scale oceanic and atmospheric conditions in the TNA. The majority (80%) of 107 
the historical severe hydrological droughts in the Amazon basin coincide with warm 108 
phases of AMO (1925-1970 and since 1995). 109 
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 110 
Natural climatic variability vs human induced droughts. Although droughts have a 111 
natural climatological component and have cyclically happened in Amazonia8, the 112 
frequency and intensity of droughts are increasing, mostly due to human-induced global 113 
warming, deforestation, and forest degradation. Modelling studies suggest that the 114 
Amazonian droughts occur via a decline in precipitation during El-Niño years. On the 115 
other hand, increasing global mean surface temperature (i.e. global warming) reduces 116 
precipitation, but also strongly elevates local temperatures, thus increasing water loss 117 
through increasing evapotranspiration leading to the large water deficits in terrestrial 118 
and aquatic systems 9. Climate change has increased the likelihood of hydrological 119 
droughts (that impacts river flow) by a factor of 10, while agricultural droughts (that 120 
impacts agricultural activities) have become about 30 times more likely 9. Moreover, 121 
multiple years of deforestation in Amazonia have produced extensive dry land surfaces, 122 
where extensive pastures and croplands significantly reduce water return to the 123 
atmosphere when vegetation senesces in the dry season. These contribute ~4% to the 124 
atmospheric drying trend, with deforestation-drought feedbacks increasing as 125 
deforestation accumulates 10,11.  126 

In 2023, Amazonia experienced an extreme drought and warmth situation. A 127 
recent study shows that the transition from La Niña in 2022 to El Niño in 2023 is related 128 
to this historical event2. In addition, an exceptionally warm TNA 2 and the background 129 
global warming signal 10 exacerbated the El-Niño impacts over the region during the 130 
Austral winter and Spring of 2023, such that El-Niño and climate change were each 131 
responsible for 50% of the precipitation reduction. However, the strong water deficits in 132 
land and aquatic systems were almost entirely due to increased global temperatures 9. 133 
The intensity of the 2015-16 drought has also been linked to anthropogenic causes 12. 134 
 135 
Impacts on river levels and air temperature. Over the last 120 years, 18 severe floods 136 
and 12 extreme hydrological droughts have been recorded at the Port of Manaus, the 137 
only available series of Amazonian water levels that spans more than 100 years 1–3. 138 
Analysis of this dataset indicates a significant trend of increasing frequency and 139 
magnitude of extreme floods over the last 120 years, including the largest water level 140 
ever measured in Manaus in 20213. On the other hand, no long-term trend is identified 141 
regarding increasing hydrological droughts, although the number of extreme droughts 142 
has increased since 1995: six extreme droughts occurred between 1995 and 2023, 143 
compared to seven in the whole period of 1903-1994 2. Considering the critical level of 144 
emergency at the Manaus port for floods (>29 m) and hydrological droughts (<15.8 m), 145 
there is a significant increase of the annual amplitude of about 150 cm during the last 30 146 
years, compared to the period before (Figure 2a). The mean duration of flood 147 
emergencies is in general longer (53 ± 24 days) compared to droughts (36 ± 19 days). 148 
Regarding the duration of emergency of both extremes, until the 1990s hydrological 149 
droughts had more impacts than floods, while floods have been stronger in the 21st 150 
century.  151 

This scenario was changed by the 2023-24 drought. Most of the main rivers in 152 
Amazonia, including the Solimões, Purus, Acre, and Branco rivers all suffered from 153 
extreme drops in their levels, or just dried up. In October 2023, the Rio Negro level in 154 
Manaus recorded its lowest level since measurements began in September 1902, 12.70 155 
m (the average annual minimum water level was 17.64 m for the 1902-2022 period). In 156 
the Peruvian Amazonia, the Huallaga River at Tingo María showed an anomaly of -45% 157 
in the discharge in October 2023. In Bolivia, the Mamoré-Guaporé and Madeira rivers 158 
in Bolivian territory remained very low due to deficient rainfall from July 2022 to June 159 
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2023. The hydrological drought of 2023 was classified as severe-extreme in the Western 160 
Amazonia region of Brazil and over the Bolivian and Peruvian Amazonia regions and 161 
extended to most of Amazonia south of 5oS (Figure 1b) 2,13. Generally, droughts related 162 
to El-Niño events have a greater effect on rivers with headwaters in the northern 163 
hemisphere, as the period of reduced rainfall coincides with the natural low water 164 
period. However, the 2023 drought started much earlier due to the many synergetic 165 
effects reviewed above, and thus affected a broader range of rivers across Amazonia.  166 

All the study regions in Amazonia have evidence of statistically significant 167 
warming trends during the last four decades (Figure 1b). Warming trends are higher for 168 
the Sep-Oct-Nov season than for the Jun-Jul-Aug season, and higher for Southern and 169 
Eastern than Northern and Western Amazonia. Although the time series shows peaks of 170 
increased temperatures related to different drought episodes, it is in 2023 when the 171 
highest values of positive air temperature anomalies were observed 2. Six heat waves 172 
during the 6-month period between June and Nov of 2023 in the western and northern 173 
regions exacerbated the effects of the lack of precipitation. Southwestern Amazonia had 174 
warmer winter and spring due to heat domes of hot and dry air. Maximum temperatures 175 
were between +2oC to +5oC above average over the affected states of Amazonas, 176 
Rondônia, Roraima, and Acre in Sep-Oct-Nov 2023 trimester. Extreme low water levels 177 
and high incoming radiation caused water temperature in lakes (e.g. Lake Tefé, central 178 
Amazonia) to reach more than 40°C.  179 

Global warming, combined with the AMO warm phase and increasing sea 180 
surface temperatures of the TNA are directly related to the increase in air temperature 181 
and the length and intensity of the dry season (in the order of 1-2 weeks), especially 182 
over Amazonian regions undergoing large-scale deforestation and fire 14. Combined, 183 
these processes are likely to reduce the return period of severe drought events in the 184 
next years. 185 

 186 
2. Ecological impacts of Droughts 187 
 188 
Impacts on terra-firme ecosystems. Continuous long-term (~50 y) monitoring of non-189 
flooded Amazonian forests 15 and artificially-imposed droughts 16–18 have shown the 190 
sensitivity of Amazonian forest’ trees to low water supply, with increased tree mortality 191 
being the most consistent response across studies. Remote sensing studies also suggest 192 
that droughts decrease the photosynthetic capacity of trees, and the magnitude of this 193 
effect has been increasing along time 19. The most sensitive plants are those with low 194 
resistance to hydraulic failure, the largest trees more exposed to drier atmospheres, and 195 
short-lived trees (as they both tend to have lower hydraulic resistance), and the smallest 196 
trees situated in forests within the driest Amazon regions, because of shallow roots 18–23. 197 
These differential mortality patterns have been increasing the number of drought-198 
tolerant species while decreasing the number of drought-intolerant species 15, which 199 
face the risk of disappearing. Repeated droughts will likely lead Amazonian forests to 200 
be dominated by lower number of tree species, of shorter stature, and higher hydraulic 201 
resistance. 202 

Forests that already have longer dry seasons (dominant in the southern half of 203 
Amazonia) have been the most affected by strong droughts (Figure 3), with increased 204 
tree mortality and consequently biomass loss 24,25. At the same time, forests with 205 
constant access to groundwater supply (in valleys and lowlands) or able to exploit deep 206 
soil water reserves have shown more resilience to droughts, with no significant loss of 207 
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biomass 26,27. The carbon sink provided by tree growth across Amazonia (estimated in 208 
0.42 to 0.65 tons of C per ha/y between 1990-2007, around 25% of the terrestrial sink) 209 
has been decreasing in the past two decades 28, but was especially affected by droughts, 210 
dropping to near zero shortly after the 2009-2010 and 2015-2016 droughts, due to lower 211 
tree growth and higher tree mortality 15,24. This means that droughts can offset the 212 
carbon sink and thus accelerate global warming. Moreover, the negative impacts of low 213 
water supply interact with those of increased temperature 29, such that droughts with 214 
multiple heatwaves, as in 2023, have the potential to accelerate forest biomass loss. 215 
Around 21% of Amazonia has been estimated to be degraded by the extreme droughts 216 
of this century 30, still not considering the impacts of the 2023-24 event. 217 

Changes of forest structure caused by droughts – e.g. decreased canopy cover, 218 
disruption of understory regeneration –lead to a decline of terrestrial and aquatic fauna 219 
that depend on intact forests, which can in turn lead to empty forests 31–33. Drought-220 
induced changes in tree phenology may decrease fruit availability, leading to higher 221 
mortality rates of frugivore animals. Droughts also lead to physiological stress of 222 
arboreal fauna, decreasing the time dedicated to feeding with the ultimate effect of 223 
increasing mortality rates 33. Frequent sequential extreme events (droughts and floods) 224 
increase the mortality rates of several terrestrial mammals 32 (white-lipped peccary, 225 
collared peccary, red brocket deer, black agouti, paca, giant anteaters and nine-banded 226 
armadillo) that are key for the regulation of forest diversity34,35. Terrestrial and aquatic 227 
species are affected differently, as long periods of flooding have higher impacts on 228 
terrestrial species, decreasing their population by 95%, while long periods of drought 229 
decrease aquatic animals populations by 61% 26. 230 

 231 
Impacts on seasonally flooded ecosystems. Hydrological drought conditions in the 232 
Amazonian floodplains vary considerably as these areas experience low water levels in 233 
different periods of the year, depending on their geographic location, which has strong 234 
implications for plant–water availability and fire vulnerability. Droughts induced by 235 
severe El Niño events (December–March) coincide with low-water periods in the 236 
middle-upper Negro River, Branco River, and other Guyana Shield tributaries 237 
dominated by igapós 36. In contrast, varzea floodplains are mainly located in the 238 
southern hemisphere and tend to be less vulnerable to El Niño-induced drought and fire 239 
hazard due to already increasing water levels during this period 37. In regions where 240 
low-water stages coincide with the dry season, drought can increase floodplain tree 241 
mortality, especially of shallow-rooted seedlings and young trees of igapós. Igapós are 242 
also more vulnerable to droughts due to the mostly sandy or silty soils 38 which drain 243 
faster than the clay soils of várzeas - and the generally very shallow (≤ 40 cm) 39 rooting 244 
systems.  245 

The forest canopy in the igapó is generally less stratified and lower, resulting in 246 
lower relative air humidity at the forest floor 40,41. This can cause these ecosystems to be 247 
highly vulnerable to fires 42,43, as documented in the severe droughts of 1925-1926, 248 
1982-1983, 1997-1998 and 2015-2016 42,44,45. The dry hydrometeorological conditions 249 
generated by El Niño favors the spreading of understory fires along the soil surface, 250 
leading to massive tree mortality 41. Further insights into the vulnerability of igapó trees 251 
to severe drought are provided by dams, such as Balbina, which induced a prolonged 252 
severe artificial drought in the downstream igapó floodplain causing widespread tree 253 
mortality 46. Secondary forests extending for several dozen kilometers along the Uatumã 254 
River downstream of the Balbina dam probably established and developed after the 255 
mass mortality of the former igapó forests 47,48. In contrast, increased tree growth has 256 
been observed in the central Amazonian várzea during El Niño events, as the growing 257 
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season of tree species during the non-flooded period is extended 49,50. Based on these 258 
observations, we can assume that the ecological impacts for floodplain vegetation 259 
caused by the historical drought event of 2023 might be more intense in the igapó 260 
forests compared to the várzea forests. 261 

Although occupying a smaller fraction of Amazonia (about 6-10% 51,52), 262 
floodplains are capable of supporting a high abundance of animals and are essential for 263 
some stages of their life cycles, since many Amazonian aquatic species (e.g. manatees 264 
and many fishes, including arapaima) migrate to more permanent water bodies in the 265 
dry season 53–56. However, extreme droughts cause the rapid isolation of water bodies 266 
from previously connected environments, and these migratory animals can become 267 
trapped in isolated and shallow water bodies 51, which could lead to over-harvesting of 268 
animals trapped in shallow lakes. During the 2023 drought, however, hundreds of 269 
mammals (e.g. dolphins) 57 were killed due to increased water temperature and 270 
decreased oxygen concentration. Droughts also have long lasting effects on the aquatic 271 
fauna, such as the changes in the fish species composition and functional types caused 272 
by the 2005 event that were still present nearly 10 years later. In addition, the reduction 273 
of rivers’ water volume may increase the risk of fire in the surrounding areas. There is 274 
evidence that forest cover is essential for maintaining fish diversity and productivity 275 
56,58, so the loss of vegetation may increase the rate of siltation, making water bodies 276 
shallower and interrupting the connections between water bodies. 277 
 278 
Droughts and fire. Droughts greatly increases fire incidence in the Amazon, as reported 279 
in 2005, 2010 and 2015 53, and 2023 59. High water deficits, widespread tree mortality, 280 
and litterfall generated by droughts increase fuel availability that turns once humid 281 
forests into more flammable systems. During 2005 (14,584 km2) and 2010 (32,815 282 
km2), the total forest area burned was two to four times the mean for the 2001–2018 283 
period 30. In the 2015 extreme drought, fire extended beyond the Arc of Deforestation, 284 
hitting areas in central Amazonia not previously impacted 60. The lower Tapajós region 285 
on Eastern Amazonia - the epicenter of that drought - experienced unprecedented mega-286 
wildfires, which burned around 10,000 km2 of forests 61. 287 

Carbon emissions are among the main impacts of forest fires during extreme 288 
Amazonian droughts, with increasing contributions in comparison to deforestation. 289 
Forest fires have been estimated to be responsible for around a third of the carbon 290 
emissions attributed to deforestation during the 2003–2015 period (mean annual 291 
committed gross emission of 454 ± 496 Tg CO2 year -1)60. A single understory forest fire 292 
can reduce aboveground carbon stocks by up to 50% 62. In the lower Tapajós region, the 293 
2015–16 El Niño and associated fires resulted in the estimated death of >2.5 billion 294 
woody stems, leading to the emission of 495 ± 94 Tg CO2, with globally relevant 295 
impacts 63. Such an area corresponds to only 1.2% of the Brazilian Amazonia, but the 296 
emissions were larger than the mean annual CO2 emissions from deforestation across 297 
the whole Brazilian Amazon between 2009 and 2018 63. Wildfires can turn a forest into 298 
a net source of carbon for many years following the fire 63, resulting in ~25% less 299 
carbon even after 30 years. Recurrent fires, which become more likely across time as 300 
more of the region is affected by droughts and fires, can lead to carbon losses of over 301 
80% 62. 302 

Wildfires have significant effects on biodiversity, leading to high levels of 303 
community turnover, with the loss of sensitive species of high conservation value and 304 
functional importance, such as birds with smaller range sizes and plants with higher 305 
wood densities  63,64. Recurrent fires profoundly change the forest structure and species 306 
composition, with larger changes for birds, beetles, trees, and frugivore and granivore 307 
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mammals 65–67, potentially leading to the loss of ecological services and lower food 308 
security for the traditional people who feed on several of those animals 32. The high 309 
frequency of extreme droughts can turn Amazonian forests into fire-prone ecosystems 310 
making fires a relevant driver of a possible tipping-point and collapse of the Amazon 68. 311 

 312 
3. Socioeconomic Impacts of Droughts  313 

Droughts pose great challenges to Amazonian people and can lead to short-term 314 
and long-lasting socioeconomic impacts, particularly to the most vulnerable Indigenous 315 
Peoples and Local Communities (IPLCs). Droughts affect the livelihoods of the ~ 47 316 
million people that live in the pan-Amazonia region in many ways: threats to water 317 
security (especially access to drinkable water) in rural and urban areas, food insecurity, 318 
uncertain production of extractive’ resources, impacts in local economies, public health 319 
issues, interruption of mobility and transportation, decline in energy production, 320 
affections to human rights, and changes in cultural habits. Within the Brazilian Amazon, 321 
approximately 8.5 million people, including IPLCs, inhabit areas with limited 322 
infrastructure and insufficient services to cope with the impacts of climate extremes 65.  323 
With rivers being the main transportation route in the region, thousands of people in 324 
both urban and rural areas are directly affected by isolation when droughts decrease 325 
river levels 68, as occurred in 2005 69, especially those living in more remote tributaries. 326 
In 2023, around 150,000 families and more than 600,000 people 70, including 327 
Indigenous peoples, and the rural and river dwellers, who depend on river transport to 328 
access food, water, medical assistance, and markets to sell products, were impacted by 329 
drought, becoming isolated for several months. In fact, in the State of Amazonas, 330 
Brazil, all 62 municipalities remained in a state of emergency for many months. This 331 
phenomenon is not new, in Brazilian Amazonia in 2010 for example, 62,000 families 332 
felt the impact of drought, demanding government investment in the order of US $13.5 333 
million in emergency aid 71. Another transport-related externality is the increase in the 334 
prices of goods, including food – the greater the distance of sales locations from 335 
distribution centers, generally located in large cities such as Manaus and Iquitos, the 336 
higher the price of goods will be during droughts. Low river levels are also linked to 337 
disastrous landslides of the river banks, destroying houses and killing people 72. 338 

Impacts of water shortage in transportation also affect household energy 339 
availability, which generally depends on fuel delivered by boat. For example, the energy 340 
shortage during the 2023 drought in São Gabriel da Cachoeira, upper Rio Negro - the 341 
third most indigenous city in Brazil - had a cascading effect on the functioning of other 342 
basic services such as healthcare and school operationsi.  343 
Operation of hydroelectric dams is affected by low river levels. Ecuador introduced 344 
power cuts of several hours a day for two monthsii, due to the severe drought of 2023-345 
2024 that hit the production of some hydroelectric plants. Manaus also experienced 6h 346 
of energy cuts daily due to the low level of the Balbina dam during the 1997 drought 73. 347 

From uplands to lowlands, the Amazon food production and sovereignty is 348 
largely impacted by droughts and accompanying heat waves. High air temperatures 349 
harm staple crops such as cacao, cassava and extractive products such as açaí 74,75, but 350 
also the large soy monocultures in deforested regions 76. Fishing is affected due to 351 

 

i https://radaramazonico.com.br/sao-gabriel-da-cachoeira-enfrenta-falta-de-energia-e-encarecimento-da-cesta-basica-
por-conta-da-seca-
historica/#:~:text=A%20seca%20hist%C3%B3rica%20que%20atinge,de%20itens%20da%20cesta%20b%C3%A1sic
a 
ii https://www.reuters.com/world/americas/ecuador-impose-power-cuts-el-nino-hits-hydroelectric-plants-2023-10-26/ 
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challenges in accessing fishing lakes, transportation to the main markets and the high 352 
mortality of fish during these events 71,77–79. In general, the lack of access to markets 353 
hamper commercialization of communities’ production 74. 354 

Health impacts caused by lack of access to medical services, increase of disease 355 
vectors, malnutrition, and fire smoke are a major concern during extreme droughts. 356 
Additionally, high air temperatures are very impactful to Amazonian people’s health. 357 
Rural communities have been changing working hours to avoid the warmest afternoon 358 
hours, while classes have been canceled in schools due to excessive heat. Child 359 
hospitalization due to respiratory diseases caused by high fire incidence peaked in 360 
drought-affected municipalities in 2005 80. The amplification of fire occurrences during 361 
severe droughts poses significant economic repercussions, for example the Brazilian 362 
state of Acre alone had an estimated total economic loss of approximately US$ 243.36 ± 363 
85.05 million (7.03 ± 2.45% of Acre’s GDP) during the 2010 drought 81. Waterborne 364 
diseases such as diarrhea are common during extreme droughts because of poor water 365 
quality. Indeed, water insecurity is high during these dry periods because of inadequate 366 
infrastructure to access potable water and lack of public policies to solve this issue. 367 
Communities often have only small rainwater storage facilities 82, depending on the 368 
adjacent water bodies - usually polluted - during droughts 83. In 2023, even communities 369 
with groundwater wells remained without access to water and dependent on supply by 370 
local civil defenses iii. Several Amazon urban areas also present high levels of water 371 
insecurity iv.  372 

As extreme droughts and floods become increasingly frequent, climate-related 373 
migration has been reported from floodplains to uplands, and from rural to urban areas 374 
69,84. Seasonal and permanent migratory movements, from sub-regional (e.g., from 375 
communities to urban areas) to regional scales (e.g., from smaller to larger urban areas), 376 
occur in Amazonia due to different factors, including search for better access to 377 
education and other basic services 85, hindering individuals' capacity to adapt to extreme 378 
climatic events and threatening the proper functioning of the already crowded 379 
Amazonian capitals 69. 380 

The large social and cultural diversity across the Amazon means a very 381 
heterogeneous pattern of drought-related socioeconomic impacts, including the transfer 382 
of traditional knowledge. The differences in social groups (Indigenous peoples, 383 
peasants, fishermen, cattle ranchers, urban, upland vs floodplain caboclos, etc.), gender 384 
and age, and the regional differences between countries and Amazonia regions (e.g. Arc 385 
of Deforestation, lowlands, Amazonian Andes, and foothills) require site-specific 386 
understanding and adaptation strategies to reduce the impacts of socio-climatic 387 
disasters. For instance, while climate extremes increase rainfall and floods in the coast 388 
and Western Andes of Ecuador, droughts reach the northern and eastern parts of the 389 
country v. Populations in urban areas are differently impacted than rural communities.  390 

Remote communities are often ignored by climate policies and also have limited 391 
access to information and participation in the climate debate 84, as well as their right of 392 
consent on the adopted strategies 86. This calls attention to the need of improving our 393 
understanding of the vulnerability of these people at regional scales 83,87, and co-394 
producing adaptation measures 83,87. While Amazonian people generally agree on the 395 

 

iii https://reporterbrasil.org.br/2023/11/indigenas-cavam-poco-em-rio-seco-para-achar-agua-no-amazonas/ 
iv https://g1.globo.com/ac/acre/noticia/2023/10/22/devido-a-seca-de-igarape-saneacre-inicia-racionamento-de-agua-
em-cidade-do-interior.ghtml 
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perception of ongoing environmental and climate changes, such as increasing summer 396 
air temperatures, the perception about climate extremes differs among cultures 84. Many 397 
communities report a higher unpredictability of climate and river regimes 74 which 398 
hamper a proper adaptation to ongoing changes. 399 

National and local government responses to drought events have historically 400 
prioritized emergency relief assistance 69,88. Between 1997 and 2023, the state of Acre, 401 
Brazil, experienced five instances where municipal or state declared state of emergency 402 
due to drought-induced water crises 89. Climate mitigation plans that exist in some 403 
Amazonian countries are still not fully implemented. There is a need thus to establish 404 
risk prevention and long-term adaptation strategies 85.  405 

The socio-economic impacts of droughts in the Amazon region demand large 406 
and varied investments. At the national level, there is a notable disparity in budget 407 
allocation to address climate-related disasters. In 2022, Amazon countries like Bolivia, 408 
Brazil, Colombia, Ecuador, and Peru collectively spent only USD $287,829,541 on 409 
disaster management, significantly less than the USD $14,188,053,010 invested in 410 
carbon-intensive activities such as fossil fuel production 90. Colombia allocated the 411 
highest proportion of its budget, at US$142 million (0.19% of its total budget), followed 412 
by Ecuador with US$14 million (0.03%), Peru with US$10 million (0.02%), Brazil with 413 
US$121 million (0.01%), and Bolivia with US$28,000 (0.0001%). This discrepancy 414 
shows that while the allocation of resources is limited, according to the Sustainable 415 
Finance Index, the cost for loss and damages will be higher with time.  416 

All the socioeconomic impacts explained, and others not detailed, not addressed 417 
in the literature, or even unknown, can be addressed and understood under a broad 418 
umbrella of a human-rights approach. It is important, for example, to consider the 419 
mandates established in 2022 by UNFCCC regarding the climate justice approach, 420 
including "losses and damages", and the rights of children and future generations to 421 
development. 422 

 423 
Box 1. Definitions 424 
Drought. A period of abnormally dry weather sufficiently long enough to cause a serious 425 
hydrological imbalance. 426 
From a climatic point of view, a drought results from a shortfall in precipitation over an 427 
extended period of time, from the inadequate timing of precipitation relative to the needs of the 428 
vegetation cover, or from a negative water balance due to an increased potential 429 
evapotranspiration caused by high temperatures. 430 
https://drmkc.jrc.ec.europa.eu/portals/0/Knowledge/ScienceforDRM/ch03_s03/ch03_s03_subch431 
0309.pdf) 432 
Agricultural drought. Conditions that result in adverse crop responses, usually because of 433 
limited soil moisture and high transpiration demand to plants. 434 
Hydrological drought. Prolonged period of below-normal precipitation, causing deficiencies in 435 
water supply, as measured by below-normal streamflow, lake and reservoir levels, groundwater 436 
levels, and depleted soil moisture content. 437 
Hydraulic failure. The loss of the capacity to conduct water through the plant vessels beyond a 438 
threshold for survival, that occurs during drought-induced water stress. 439 
Várzea. Vegetation that is seasonally flooded by river waters rich in sediments and nutrients, 440 
descending from the Andes. 441 
Igapó. Vegetation that is seasonally flooded by river waters poor in sediments and nutrients, 442 
descending from the Guiana and Brazilian Shields. 443 
Mega-wildfires91. Fires spreading over 10,000 ha or more, arising from single or multiple 444 
related ignition events. 445 

 446 

https://drmkc.jrc.ec.europa.eu/portals/0/Knowledge/ScienceforDRM/ch03_s03/ch03_s03_subch0309.pdf
https://drmkc.jrc.ec.europa.eu/portals/0/Knowledge/ScienceforDRM/ch03_s03/ch03_s03_subch0309.pdf
https://wiki/Soil_moisture
https://wiki/Precipitation
https://wiki/Streamflow
https://wiki/Reservoir
https://wiki/Groundwater_levels
https://wiki/Groundwater_levels
https://wiki/Soil_moisture_content
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 450 
Figure 1. a) Area affected by droughts in the Amazonian region since 1981; b) areas affected by 451 
hydrological drought as represented by the IDI-12 (using SPI-12).  452 
 453 
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 469 
Figure 2. a)  Annual maximum (floods, blue lines) and minimum (hydrological 470 
droughts, red) water levels of the Rio Negro monitored at the Port of Manaus from 1902 471 
to 2023 (central Amazonia). Calendar years indicate extreme flood (>=29 m) and 472 
drought (<15.8 m) events (Source: J. Schöngart, INPA). b) Temporal series of monthly 473 
surface air temperature anomalies averaged over the seasons, JJA) and SON) from 1980 to 474 
2023. The dashed line refers to the linear trend, with the slope value (slp) in ºC per decade. The 475 
slope's statistically significant values (p<0.05) are marked with an asterisk. Data points of 476 
anomalies are statistically different from zero at 1s and 2s levels and are colored yellow and red,      477 
respectively. Values of temperature anomalies were extracted from ERA5-Land reanalysis.  478 
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 501 
Figure 3. Map of ecological vulnerability of Amazonian regions based on the impacts of 502 
the 2015 – 16 drought events. Mean MCWD was calculated as the mean of the MCWD 503 
in the hydrological year (from May to April) for the drought events of the 21 century: 504 
2005, 2009 and 2015. Embolism Risk (from Garcia et al. 2023) is given by 4 505 
percentiles, higher values indicate higher chances of loss of hydraulic function, i.e. the 506 
capacity to transport water. Carbon loss (from Bennet et al. 2023) represent loss by tree 507 
mortality in the drought event of 2015-2016, also given in percentiles. The forest 508 
Climatic Vulnerability to the 2015-16 drought is the overlap of Embolism Risk and 509 
Carbon Losses: red regions indicate where high tree mortality was associated to high 510 
embolism risk; yellow regions indicate where carbon loss was high despite a high 511 
embolism resistance; and blue regions indicate where vulnerability is high because of 512 
high embolism risk, but where not much affected in 2015-16 because the water deficit 513 
was smaller. 514 
 515 
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