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lengthening of the dry season, affecting the 2023-2024 hydrological year. 

These changes were aggravated by a heat wave from June to December 2023. 

Drought-heat compound events and their consequences are the most critical 

natural threats to society. River levels reached record lows, or dried up com-

pletely, affecting Amazonian ecosystems. Increased risk of wildfires is another 

concern exacerbated by these conditions. 
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1. Introduction 

The Amazon region has the largest tropical rainforest in the world and contains 

a wealth of biodiversity. The interactions between forest and climate include the 

hydrological, energy, and carbon cycles (Artaxo, 2023). Accelerated deforesta-

tion and forest degradation in the Amazon are undermining its resilience, re-

sulting in losses of critical wildlife and overall biodiversity (Boulton et al., 2022; 

Wunderling et al., 2023; Nobrega et al., 2023). It also disrupts delicate ecological 

balances, reduces atmospheric moisture recycling (Martinez & Dominguez, 

2014; Eiras-Barca et al., 2020; Sierra et al., 2021), and decreases carbon seques-

tration of atmospheric CO2 (Gatti et al., 2021; Chen et al., 2008). 

Changes in large and regional-scale atmospheric heat and moisture cycles 

over the Amazon are also affecting interannual rainfall variability and, thus, in-

creasing the number of extreme floods and droughts (Satyamurty et al., 2013a; 

Marengo & Espinoza, 2016; Barichivich et al., 2018; Heerspink et al., 2020; Es-

pinoza et al., 2022). The main drivers of the droughts in the Amazon are El Niño 

and a warm tropical North Atlantic (Satyamurty et al., 2013b; Marengo & Espi-

noza, 2016; Towner et al., 2021, Marengo et al., 2021). Drought seems to be 

stronger during East Pacific-El Niño (Cai et al., 2020), as in the case of the 

2023-24 El Niño event (Espinoza et al., 2024). Since the beginning of the 21st 

century, four intense droughts (2005, 2010, 2015-2016, and 2023-24) were classi-

fied as “once-in-a-hundred-years” events when they occurred. Yet each was 

surpassed in magnitude by the following event (Barichivich et al., 2018; Papaste-

fanou et al., 2022; Espinoza et al., 2024). 

The dry-season length (DSL) is a critical climate limitation for sustaining 

rainforests. This is especially true in southern Amazonia, where the rainforest is 

subject to relatively long dry seasons and rapidly changing land use (Salazar et 

al., 2007; Malhi et al., 2009; Arias et al., 2020; Gutierrez-Cori et al., 2021). The 

average dry season starts in June and ends in September. Reduced evapotranspi-

ration (ET) in the Amazon rainforest due to the drought‐driven legacy effect 

could be a crucial factor triggering wet season onset (WSO) delay in the tran-

sitional season following drought events (Wright et al., 2017; Shi et al., 2019). 
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Fu and Li (2004) explicitly show the connection between the dry season Bowen 

ratio and subsequent WSO.  

A longer dry season delays its end date (and a delay in the WSO) or shortens 

the rainy season (Arvor et al., 2018). It is often accompanied by a prolonged fire 

season (Fu et al., 2013; Flores et al., 2021; Espinoza et al., 2021). Lengthening of 

the DSL in southern and eastern Amazonia since the late 1970s has been report-

ed with rainfall and atmospheric data provided by multiple sources (Fu et al., 

2013; Marengo et al., 2011, 2021; Espinoza et al., 2021). According to INPE 

(http://www.obt.inpe.br/OBT/assuntos/programas/amazonia/prodes), these two 

areas show the highest rate of deforestation. A similar tendency has been de-

tected in the Cerrado region between eastern Amazonia and Northeast Brazil 

(Leite-Filho et al., 2021; Marengo et al., 2021). Expansion of deforested areas in 

southern Amazonia likely exacerbates the lengthening of the dry season, as 

documented in various observational and modeling studies (e.g., Leite-Filho et 

al., 2019; Sierra et al., 2023; Commar et al., 2023). 

Recent decades have been the warmest on record in the Amazon, with four 

severe droughts since 2000. The 2023-24 drought is marked by exceptionally 

sparse rainfall and seven heat waves during the dry and dry-to-wet pre-rainy 

season. River levels are low and fires have increased (WMO, 2024; Jiménez et al., 

2024). Deficits in soil moisture led to more frequent and severe summer high 

temperatures and heat waves, as climate models and observations both attest 

(Lorenz et al., 2010; Alexander, 2011). 

In a companion study, Espinoza et al. (2024) show that these historical condi-

tions in 2023 are associated with two main mechanisms. The first is an unprece-

dented southern anomaly of vertically integrated moisture flux (VIMF), VIMF 

divergence, and an extreme rainfall deficit over southwestern Amazonia during 

November 2022-February 2023, which corresponds to the first part of the 

2022-23 hydrological year. These atmospheric anomalies are related to the impacts 

of the 2022-23 La Niña event in southern Amazonia. Second, a strong downward 

motion (atmospheric subsidence) observed over northern Amazonia relates to the 

warm conditions and rainfall deficit during June-August 2023. These atmospheric 

anomalies are connected to the impacts of the June-September El Niño on the 

Walker Circulation. Therefore, the transition from La Niña 2022-23 to El Niño 

2023 was a major driver for this drought-heat situation, and its impacts were 

strongly amplified by global warming (Clarke et al., 2024). 

These drought-heat alterations have led to increased fish and aquatic mammal 

mortality, lack of safe water and food for river-dwelling communities, halted 

river transportation, increased risk of waterborne diseases, and marked defolia-

tion of river-margin vegetation, which may signal vegetation death and increase 

the risk of fires (Jiménez et al., 2024). These impacts on the aquatic Amazonian 

fauna, not observed during previous droughts, indicate the severity of the un-

precedented drought in the Amazon in 2023-24. In 2023, Amazon waters suf-

fered high mortality of fishes, river dolphins (in Portuguese, boto cor de rosa), 

and other mammals due to higher water temperature and decreased oxygen 
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concentration (Ratier, 2023; Marmontel et al., 2024; Fleischmann et al., 2024). 

Droughts have long-lasting effects on aquatic fauna, such as the changes in fish 

species’ composition and functional types caused by the 2005 event, which is still 

present nearly 10 years later (Arantes et al., 2017). Falling river levels in Amazo-

nia impact the population living near the river (called ribeirinhos) and indige-

nous communities, limiting access to essential goods and basic services (Costa et 

al., 2024; de Lima et al., 2024). Between 2001 and 2018, extreme drought condi-

tions degraded a total area of 2,740,647 km2 in the basin (Lapola et al., 2023). 

Droughts greatly increase the incidence of fires in the Amazon, as reported in 

2005, 2010, 2015, and 2023. This leads to positive feedback between fires and 

droughts (Aragão et al., 2018; Espinoza et al., 2024). 

While previous studies have analyzed the regional climate features of the 2023 

drought in Amazonia (Espinoza et al., 2024) and its impacts on vegetation 

(Jiménez et al., 2024), in this study, we examine the persistence of the drought 

during the first part of the 2023-2024 hydrological year. We compare it with 

previous droughts in 2005, 2010, and 2015-16. For this purpose, we investigate: 

1) drought in the Amazon region caused by El Niño/warm tropical North Atlan-

tic as compared to 2023-24; 2) the increased length of the dry season in 2023-24; 

and 3) changes in land surface-atmosphere interactions in the dry-to-wet transi-

tion 2023-24 that may have led to a longer dry season in 2023 and triggered a 

delay of the onset of the wet season in the 2023-2024 hydrological year.  

2. Data and Methods 

2.1. Selection of Study Regions 

Spatial patterns of anomalies in hydrometeorological parameters are assessed 

over the whole Amazon Basin. We also select two specific regions located in 

southern and eastern Amazonia, delimited by the geographical coordinates [6˚S 

- 12˚S; 45˚W - 75˚W] and [2˚N - 2.5˚S; 45˚W -5 5˚W], respectively (Figure 1). 

Significant drying and warming trends have been reported in these two regions 

for the last four decades (Marengo et al., 2021). Although the areas delimited by 

boxes extend beyond the Amazon basin, the adjacent regions included are also 

considered representative of the Amazon forest biome. 

2.2. Rainfall and River Water Levels 

While previous studies have investigated rainfall variability in the Amazon re-

gion (Marengo et al., 2021 and references quoted therein), extensive, reliable, 

long-term, and homogeneous precipitation data from in situ stations in the re-

gion is lacking. Thus, global datasets such as Climate Hazards Group InfraRed 

Precipitation with Station data (CHIRPS) and the Global Unified Gauge-Based 

Analysis of Daily Precipitation (CPC-NOAA) are the best alternatives available 

to estimate spatially distributed long-term precipitation trends.  

CHIRPS is a rainfall product available at daily to annual time scales, with a 

spatial resolution of 0.05˚ × 0.05˚, starting from 1981 onwards. The dataset in-
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cludes satellite imagery and rain gauge data to create gridded rainfall time series. 

The new dataset of CHIRPS version 2.0 has stations worldwide, including more 

than 11,000 in Brazil alone. This new dataset is available on  

https://data.chc.ucsb.edu/products/CHIRPS-2.0/. The CHIRPS-2.0 dataset has 

already been analyzed for other regions in Brazil (Baez-Villanueva et al., 2017; 

Paredes-Trejo et al., 2017; Anderson et al., 2018; Paca et al., 2020). Beck et al. 

(2017) evaluate precipitation accuracy and find that CHIRPS-2.0 generally per-

forms better than other precipitation datasets in central Brazil. Its long-term 

climatology period is 1981-2010.  

Figure 1. Location of southern and eastern Amazon areas in this study. Names of the 

stations with either temperature or rainfall/river records in 2023 are provided in the text. 

The Global Unified Gauge-Based Analysis of Daily Precipitation  

(https://psl.noaa.gov/data/gridded/data.cpc.globalprecip.html; Xie et al., 2007; 

Chen et al., 2008) rainfall dataset is one of a suite of products from the Unified 

Precipitation Project underway at the United States National Oceanic and At-

mospheric Administration Climate Prediction Center. Its spatial resolution is 0.5˚ 

× 0.5˚. It covers January 1979 onward. Its long-term climatology is 1981-2010.  

Daily water level records of the Rio Negro for the Port of Manaus from Sep-

tember 1902 to October 2023 are provided by the Brazilian National Water Agen-

cy (ANA) and the Brazilian Geological Survey (SGB). In addition, meteorological 

reports and information from Brazil’s federal institutions (INPE, INMET, and 

CEMADEN) are used as auxiliary resources. 

2.3. Terrestrial Water Storage (TWS) and GLEAM Data Sets 

The Gravity Recovery and Climate Experiment (GRACE) mission maps the tem-
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poral variations of the Earth’s gravitational field (Tapley et al., 2004). GRACE 

data allows the detection of the variation in terrestrial water storage anomalies 

(TWSA) on the Earth’s surface in approximately 30-day cycles, considering that 

water displacement on the continents is a leading cause of mass fluctuations on 

Earth (Rodell & Famiglietti, 2002; Strassberg et al., 2009). Numerous researchers 

have highlighted GRACE’s applicability in large-scale hydrological investiga-

tions, emphasizing its consistent variation in water storage (de Paiva et al., 

2013; Güntner, 2008). In this study, we use GRACE-FO Level-3 products due 

to their availability up to September 2023. The Jet Propulsion Laboratory (JPL) 

and the University of Texas Center for Space Research (CSR) developed all 

these products based on the latest version (GRACE-FO RL06v4). Since both 

centers report reasonably similar TWS anomalies, we use an average of the es-

timates. GRACE-FO RL06v4 products are available in pixel sizes of roughly 100 

km at monthly intervals. We acknowledge that the equivalent water thickness rep-

resents the total TWSA from soil moisture, snow, surface water (including rivers, 

lakes, reservoirs, and the like), as well as groundwater and aquifers, associated with 

the variation between precipitation and evapotranspiration. Heerspink et al. 

(2020), De Paiva et al. (2013), and Pokhrel et al. (2013) find that TWSA compo-

nents vary in the Amazon Basin. Therefore, TWSA is not an indicator per se of 

soil moisture. 

The Global Land Evaporation Amsterdam Model (GLEAM, www.gleam.eu) 

provides data on the components of land evaporation (or evapotranspiration): 

transpiration, bare-soil evaporation, interception loss, and open-water evapora-

tion and sublimation, in addition to other related variables such as surface and 

root-zone soil moisture, sensible heat flux, potential evaporation and evaporative 

stress conditions. In this work we use surface soil moisture from the GLEAMv4.1a 

version. This global dataset spans the 44-year period from January 1, 1980, to 

December 31, 2023. The dataset is based on satellite and reanalysis data. The 

surface soil moisture data is available at 0.1˚ resolution (Miralles et al., 2011, 

2024; Hulsman et al., 2023). 

2.4. Air Temperature, SST, Soil Water Content, and Latent Heat  

Flux 

We use the European Centre for Medium-Range Weather Forecasts (ECMWF) 

Reanalysis Version 5 (ERA5) to extract additional information about surface and 

atmospheric properties. ERA5 provides land/sea and atmospheric fields from 

1950 onwards at hourly intervals and monthly averages with a spatial grid of 

0.25˚ (Albergel et al., 2018; Hersbach et al., 2023). Specifically, monthly sea sur-

face temperature (SST) and monthly latent heat flux (LH) are drawn from ERA5. 

Monthly air temperature (at 2 m height) and volumetric soil water content for 

the uppermost layer of soil (0 - 7 cm) are from the land component of ERA5 

(ERA5-Land). ERA5-Land includes a series of improvements over previous 

versions, including an enhanced grid resolution of 0.1˚ × 0.1˚, making it more 
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accurate for all types of land applications (Muñoz-Sabater et al., 2021). Its 

long-term climatology is 1981-2020. 

Sea surface temperature (SST) fields are also from ERA5 (Hirahara et al., 

2016). This new reanalysis provides higher spatial and temporal resolutions and 

more recent model and data assimilation systems than the previous ERA-interim 

reanalysis (Albergel et al., 2018). Monthly SST at 0.25˚ spatial resolution is used 

in this study. Surface soil moisture data are taken from both ERA5-Land and the 

C3S satellite soil moisture product. These present conditions in the first few cen-

timeters (~0 - 7 cm) of soil. Again, long-term climatology is 1981-2010. 

Although we include information from a variety of sources: station data, grid-

ded data sets, reanalyses, and satellite-derived data, we believe that any uncertain-

ties caused by using different data sets do not reduce the credibility of our results.  

2.5. Dry-Season Length (DSL) 

We perform a quantitative analysis of the DSL from 1979 to 2023. We use daily 

rain rates from CPC to determine dry season onset (DSO) and dry season end 

(DSE) dates. DSE dates are the same as the wet season onset (WSO) dates. We 

start by finding average daily rain rates spatially over our chosen domains, e.g., 

the Southern Amazonian domain. We then temporally average the domain 

mean rain rates over five days (a pentad) to reduce synoptic noise. The observed 

DSE or WSO in Southern Amazonia is the first pentad in which the domain 

mean rain rate rises above the climatological value during two out of five pen-

tads (Fu et al., 2013). Likewise, we define the DSO as the first pentad in which 

the domain mean rain rate drops below the climatological value during two out 

of five pentads. For the Eastern Amazonian domain, we define DSE and DSO in 

a way like the Southern Amazonian domain but using two out of six pentads as 

the threshold because the characteristics of rainfall seasonality there is somewhat 

different. 

2.6. Integrated Drought Index (IDI) 

To characterize drought, the integrated drought index (IDI) combines the 

standardized precipitation index (SPI), available soil water (ASW), and the 

vegetation water supply index (VSWI) or vegetation health index (VHI). Cal-

culation of the IDI is based on the SPI for an accumulation period of three 

months (IDI-3). First, SPI (calculated from the CHIRPS dataset), VHI (from 

NOAA, www.star.nesdis.noaa.gov/smcd/emb/vci/VH/vh_ftp.php), and ASW (from 

https://nasagrace.unl.edu) are rescaled to the same spatial resolution (5 km). In 

the second step, the indices are labeled to reflect equivalent drought intensity, as 

explained by Cunha et al. (2019) and Zeri et al. (2024). Finally, categorical maps 

of SPI, VHI, and ASW are combined to generate the final drought category. 

Each drought category is associated with a numerical and descriptive value 

(from 1—exceptional to 6—normal condition) so that the average is also mean-

ingful. 
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3. Results 

3.1. Large-Scale Circulation and Sea Surface Temperature  

Anomalies during the Drought of 2023-24 Relative to  

Previous Droughts 

Extremes of interannual rainfall and river variability in the Amazon can be, in 

part, attributed to SST variations in the tropical oceans. This manifests as the 

extremes of the El Niño-Southern Oscillation in the tropical Pacific, and the me-

ridional SST gradient in the tropical Atlantic. Most of the severe droughts in the 

Amazon are associated with anomalous warm SST in the equatorial Pacific dur-

ing El Niño events and warm SST anomalies in the tropical North Atlantic, as in 

2010, 2015-16, and 2023-24, as well as in previous droughts in 1982-83 and 

1997-98 (Marengo et al., 2018). The drought in 2005 was largely induced by high 

warm SST anomalies in the tropical North Atlantic. Both El Niño and warm 

tropical North Atlantic temperatures inhibit rainfall over the Amazon region, 

when the ITCZ is anomalously displaced northward and the Amazon basin is 

affected by strong subsidence induced by the warm SST anomalies in the equa-

torial Pacific (Marengo & Espinoza, 2016; Cai et al., 2020; Yoon & Zeng, 2010). 

The closest associations between SST anomalies in the equatorial Pacific and 

rainfall anomalies are during the peak of the austral summer between December 

and January, when El Niño is more intense, and the peak of the rainy season in 

the austral summer and fall in southern and central Amazonia, respectively.  

SST anomalies in Niño 1+2 region showed neutral conditions starting in No-

vember 2022 and became positive in January 2023. Niño 3 showed positive SST 

anomalies starting in February 2023, and Niño 3.4 starting in March. Figures 

2(a)-(l) show SST anomalies from September to March during several drought 

years in Amazonia: 2004-05, 2009-10, 2015-16 and 2023-24. The last three were 

El Niño years. In all these cases, warm conditions were observed in the equatori-

al Pacific, with highest intensity (SST > 3˚C) in SON and DJF in 2015-16 and 

2023-24. Warm conditions were also observed in the tropical North Atlantic in 

2005 and 2010. Perhaps the greatest difference between 2023-24 and the other 

drought years is that in addition to the tropical oceans, warm conditions were 

also observed in the subtropical North and South Pacific and in most of the At-

lantic Ocean starting in September 2023. Warm conditions in the tropical Atlan-

tic prevailed in DJF and MAM 2024. The warming of the tropical Pacific was 

more intense in SON 2023 as compared to DJF 2024 in the eastern Pacific. Fig-

ure 2(m) and Figure 2(n) show that considering Niño 3.4 region as indicator, El 

Niño 2023-24 was less intense than El Niño 2015-16. As for the Niño 1 + 2 re-

gion, warming was much higher in 2023-24, as compared to 2015-16. This re-

gion, Niño 1 + 2, in the eastern Pacific (Cai et al., 2020), is usually more im-

portant for the Amazon’s rainfall. The tropical North Atlantic was almost 1˚C 

warmer than normal during all of 2023 and austral summer of 2024, much 

higher than in any other dry year in Amazonia. This determined an anoma-

lously northward-displaced ITCZ, inhibiting rainfall and raising temperatures 

in Amazonia starting in spring 2023.  
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Figure 2. Sea surface temperature (SST) anomalies during drought years in Amazonia 2004-05, 2009-10, 2015-16 and 2023-24: 

(a-l) from SON 2009 to MAM 2024, (b) for Niño 3.4, and (c) for tropical North Atlantic. The climatological period is 1981-2020 

(Source: ERA5). 

3.2. Observed Changes in Rainfall, Air Temperature, Drought  

Indicators, and River Level Extremes during the Drought  

of 2023 

3.2.1. Rainfall 

As explained above, between 2020 and mid-2023, tropical South America was 

under the effect of La Niña. After May 2023, the region was under the influence 

of El Niño. The spatiotemporal evolution of rainfall anomalies for Septem-

ber-November (SON) 2022, December 2022-February (DJF) 2023, March-May 

(MAM) 2023, June-July (JJA) 2023, SON 2023, DJF 2024 and MAM 2024 is de-

picted in Figure 3. From DJF to JJA 2022, above-average rainfall was observed 
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over northern Amazonia, while southern Amazonia experienced below-normal 

rainfall. This pattern of rainfall anomalies agrees with the documented impacts 

of La Niña over Amazonia (Tedeschi et al., 2013; Espinoza et al., 2024). Drier 

conditions were observed in western and central Amazonia north of the equator 

in MAM and JJA 2023, and in MAM 2023, heavy rain was registered in western 

Amazonia, triggering an overflow of the Acre River that flooded vast areas of Rio 

Branco. The city recorded 124.4 mm of rainfall in 24 hours on March 23, 2023 

(INMET, www.inmet.gov.br). With El Niño already in place, all of Amazonia 

experienced dry conditions in SON 2023, when the climatological onset of the 

rainy season in Amazonia occurs. SON 2023 was the only season with rainfall 

deficiency over the entire the basin. Eight Brazilian Amazon states recorded the 

lowest rainfall in over 40 years from July to September: 100 - 300 mm/month 

below normal (Toreti et al., 2023). In DJF and MAM 2024 the Amazon south of 

the equator recorded below-average rainfall. 

 

Figure 3. Seasonal average of the precipitation anomalies (in mm) from September-November (SON) 

2022 to March-May (MAM) 2024 (a-g). The climatological period is 1981-2020. Values are in mm/month. 

Data is from CHIRPS. 

3.2.2. Air Temperature 

Figure 4 shows temperatures between +1˚C to +2˚C above average over central 

and western Amazonia in SON 2022. During DJF 2023, neutral conditions were 

observed over most parts of the Amazon Basin, but the warming in the region 

started to intensify in MAM 2023. The peak of the warming was in SON 2023, 

with temperature anomalies between +2˚C and +4˚C (or even higher), con-

sistent with negative rainfall anomalies in the basin (Figure 3). In DJF and 

MAM 2024 warming was observed throughout the Amazon basin, between +2˚C 

to +3˚C. At the local scale, maximum and minimum temperatures in the Ma-

naus station were well above average in 2023, almost 5˚C above normal in Oc-

tober 2023 (Figure 5). The highest temperature recorded in Manaus (Figure 5, 
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Figure 1 for location) in 2023 was 39.3˚C, higher than ever previously recorded 

(breaking the record of 39˚C set on September 21, 2015, another El Niño year, 

INMET, 2023). The long-term mean (LTM) temperature there is 33.5˚C. Ac-

cording to INMET (2023), Belém reached a high of 36.6˚C in September 2023, the 

fourth-highest temperature recorded in 63 years. 2023 had the hottest September 

at this station in the last 33 years. Also in September 2023, higher temperatures 

were recorded in other nearby cities: Cuiabá at 41.2˚C (LTM: 34.3˚C) and Rio 

Branco at 37.1˚C (LTM: 33.2˚C). During the heat waves that affected central 

South America in SON 2023, the highest maximum was registered in Cuiabá with 

39.6˚C (LTM: 33.6˚C), and in Porto Velho with 34.6˚C (LTM: 33.0˚C).  

 

Figure 4. Seasonal average air temperature anomalies (in oC) from September-November (SON) 2022 

to March-May 2024 (MAM) 2024 (a-g). The climatological period is 1981-2020. Values above are in oC. 

Data is from ERA5. 

 

Figure 5. Maximum (red line) and minimum (blue line) air temperature in the 

Manaus station for 2021, 2022, and 2023. Values are in oC. Climatology is 

shown in black broken lines. Reference period is 1981-2020 (Source: INMET). 
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3.2.3. Drought Index 

The drought in the Amazon in 2023 is classified according to the IDI (combin-

ing meteorological, hydrological, and agricultural features) as severe-extreme 

(Cunha et al., 2019; Toreti et al., 2023). As shown in Figure 6, from SON 2022 to 

DJF 2023 drought conditions appeared in southern Amazonia. In MAM 2023 

consistent with positive rainfall anomalies, severe drought was concentrated in 

small locations in central Amazonia. In JJA and SON 2023, the Amazon experi-

enced extreme drought and heat. The situation was exacerbated in SON for al-

most all of Amazonia, consistent with negative rainfall anomalies (Figure 3) and 

higher temperatures (Figure 4) in the region. The IDI of SON 2023 was classi-

fied as severe-extreme in the southern Amazon region of Brazil, over the Bolivi-

an and Peruvian Amazon regions, and extending to most of the Amazon south 

of 5˚S. By DJF and MAM 2024, drought was mainly concentrated in southeast-

ern Amazonia and the northernmost state of Roraima.  
 

 

Figure 6. Seasonal average of the integrated drought index (IDI-3) from September-November (SON) 2022 to December-February 

(DJF) 2024 (a-g). The climatological period is 1981-2020. The IDI-3 is based on SPI-3 (3 months) (Source: Cunha et al., 2019).  

3.2.4. River Records 

Over the last 120 years, twelve extreme hydrological droughts have been rec-

orded by monitoring the Rio Negro levels at the port of Manaus. The number 

of extreme droughts has increased since 1995. Six extreme droughts occurred 

between 1995 and 2023, compared to seven from 1903-1994 (Barichivich et al., 

2018; Espinoza et al., 2024). Because of the drought in 2023-24, the Rio Negro 

and many of the Amazon’s major rivers reached historically low levels. Navi-

gation was disrupted, isolating hundreds of riverine communities. In October 

2023, the level at Manaus fell to 12.70 m, the lowest since measurements began 

in 1902 ((Brazilian Geological Survey) SGB (2023), www.sgb.gov.br). The 

barges that carry over 40% of Brazil’s grain exports to northern ports have 

been running at half capacity because of the low river levels. Considering the 
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critical level of emergency at the Manaus Port for floods (>29 m) and hydro-

logical droughts (<15.8 m) (Maciel et al., 2020), a significant increase in the 

annual amplitude of about 150 cm has developed during the last 30 years 

(Schöngart & Junk, 2020; Espinoza et al., 2022), compared to earlier periods 

(Figure 7). 
 

 

Figure 7. (a) Maximum (blue lines) and minimum (red lines) levels of the Rio 

Negro at the Port of Manaus from 1902 to November 2023. Blue and red numbers 

indicate record floods and droughts, respectively. Values are in meters. (b) Rio 

Negro water levels measured at the Port of Manaus. Solid red line shows the levels 

in drought years 1963, 2005, 2010, 2023, and 2024 (Source: J. Schongart, INPA). 

The frequency of severe floods has more than doubled, compared to hydro-

logical droughts, over the last 120 years (Barichivich et al., 2018; Espinoza et al., 

2022). Since 2010, no severe hydrological drought occurred (considering the 

threshold of 15.8 m). The severe El Niño 2015-16 and subsequent drought in 

Amazonia did not impact the minimum water level in Manaus. Droughts related 

to El Niño have a greater effect on rivers with headwaters in the northern hemi-

sphere, as the period of reduced rainfall coincides with the natural low-water pe-
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riod. However, the 2023 drought started much earlier, due to the many synergis-

tic effects reviewed above. Thus, it affected a broader range of rivers across the 

Amazon (Costa et al., 2024). According to the Port of Manaus, the Rio Negro 

recorded a tide of 12.70 m at Manaus on October 26, 2023, its lowest since 1902 

(Figure 7(b)). Levels fell below normal in June 2023, and 2024 river levels were 

even lower than those of 2023—and lower than the LTM starting in February. 

As for the changes in water levels in 2024, after the low point in October 2023 

in the Port of Manaus, the water level rose 14.15 m. It reached its maximum level 

on June 16, 2024, at 26.85 m. This is 1.07 m below the mean (1903-2023). In July 

2024, the river reached 25.71 m, according to SGB (www.sgb.gov.br). Prior to 

June 2024, the levels at Manaus were below the mean and below 2023 levels 

(Figure 7(b)). The upper Rio Solimões at Tabatinga has nearly the lowest water 

levels ever recorded for this region. Figure 8(a) and Figure 8(b) show the con-

sequences of the drought in the rivers and on population activities. 
 

 

(a) 

 

(b) 

Figure 8. Pictures depict Lake Tefé and the city of Tefé 

(Brazil) during the drought in October 2023. Credits for 

Débora Hymans/Instituto Mamirauá. 
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3.3. Observed Trends in the Dry Season Length and Onset of the  

Rainy Season in Southern and Eastern Amazonia 

Lengthening of the dry season and changes in the frequency and intensity of ex-

treme drought episodes are probably the most critical factors affecting the Amazon 

(Sampaio et al., 2018). Figure 9(b) and Figure 9(d) show that WSO over the 

southern Amazon shows a significant delay trend (p = 0.001). Possibly due to a 

strong interannual variability, the delay trend is less significant for eastern Ama-

zonia for WSO or DSL, with wet onsets delayed during some El Niño years 

(Figure 10). For eastern Amazonia, WSO (in other words, DSE) was undetectable 

in 2015 and 2023. The rainfall in these two years never exceeded the annual mean. 

Hence, Figure 9(a) shows gaps for these two years. Since our analysis focuses on 

the years 1979-2023, we define the DSE date as the last pentad (i.e., the 73rd pen-

tad) if the dry season continues, which means the DSE date will not proceed to the 

next year. According to our method, for the years 2015 and 2023 (i.e., gaps shown 

in Figure 9(a)), the DSE dates are set to the 73rd pentad. DSL is computed between 

this DSE date (the 73rd pentad) and the DSO date. In practice, this eliminates any 

gap in DSL in Figure 9(c). Therefore, according to Figure 9, for both eastern and 

southern Amazonia, statistically significant trends suggest that the rainy season is 

gradually starting later, and the dry season has become longer during 1979-2023. 

Years with drought show late onsets and long dry seasons, and interannual varia-

bility of those dates is high due to El Niño or the warm tropical Atlantic. 

 

Figure 9. Interannual variability (1979-2023) of the wet season onset (WSO) in (a) eastern and (b) southern 

Amazonia, and dry season length (DSL) in (c) eastern and (d) southern Amazonia. Unit is pentad (5-day). 

DSL and DSE are derived from the National Oceanic and Atmospheric Administration’s (NOAA) Climate 

Prediction Center’s (CPC) daily rainfall data. The linear trend is determined by a least-square fitting in ray 

shading. Trends are significant (p < 0.01). The shading shows the 95% confidence intervals for the trends.  
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Figure 10. Seasonal variation of pentad rainfall (mm/pentad) in 2023 (solid 

black curve) and its climatology averaged over 1981-2020 (dashed blue 

curve) over eastern (a) and southern (b) Amazonia. The climatological 

DSO, WSO (DSE), and dry season length (DSL) are marked with blue 

labels. The DSO, DSL, and DSE are derived from the National Oceanic and 

Atmospheric Administration’s (NOAA) Climate Prediction Center’s (CPC) 

daily rainfall data. 

3.4. Observed Changes in the Onset of the Rainy Season 2023-24  

and the Effect of Land-Surface Interactions 

Figure 10(a) shows the pentad climatological (dashed blue line) and 2023 (solid 

black line) rainfall over eastern Amazonia. The climatological DSO, DSL, and 

WSO are denoted with blue shading. Figure 10(b) is the same as Figure 10(a). 

But for southern Amazonia, comparing the two regions, the dates of DSO and 

WSO are earlier over southern Amazonia than over eastern Amazonia. This re-

flects an anomalous latitudinal migration of the Intertropical Convergence Zone 

over Amazonia to the north.  

The wet season in 2023-24 arrived late in both regions because rainfall in 2023 

was consistently lower than that of climatology. Thus, the climatological WSO 

over eastern Amazonia occurred in the 59th pentad, with rainfall varying between 

20 - 35 mm/pentad between September-December. The WSO of the 2023-24 

hydrological year started late and was very weak in December 2023. Rainfall ob-

served from September to December varied between 0 and 20 mm/pentad. In 
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southern Amazonia the mean WSO occurred in the 65th pentad. Rainfall in Sep-

tember-December was between 20 - 45 mm/pentad. As in eastern Amazonia in 

2023, the WSO occurred late, and rainfall between September and December 

varied between 10 and 25 mm/pentad (Figure 10(a)).  

Austral winter and spring (when the WSO typically occur) of 2023 had 

warmer and drier than normal conditions over southern and eastern Amazonia 

(Figure 4 and Figure 6). Figure 2 and Figure 3 show that in 2023, broad areas of 

Amazonia were affected by drought and warm temperatures, and the rainy sea-

son was delayed (Figure 9 and Figure 10).  

Reduced dry-season and dry-to-wet season rainfall (as in JJA 2023 and SON 

2023) (Figure 3) diminishes atmospheric moisture transport (Espinoza et al., 

2024) and reduces surface soil moisture and latent heat flux (Figures 11(a)-(g), 

Figures 12(a)-(g)) in those two seasons in the Amazon region. This increases 

sensible heat flux due to the more significant portion of radiative energy availa-

ble for land and air heating (Sillmann et al., 2013). It thus reduces precipitation 

and raises temperatures. Lack of rain and higher temperatures dried the soil of 

the Amazonian forest during the JJA 2023 dry season, diminishing ET. Moisture 

will recharge once heavy rains return (Arias et al., 2020). Like 2023, Liu et al. 

(2024) identify below-average TWS in 2005 and 2010 due to below-average pre-

cipitation during the fall and JJA dry season. 

 

Figure 11. Seasonal average of the surface soil moisture (in m3/m3) from September-November (SON) 2022 to 

March-May 2024 (MAM) 2024 (a-g). The climatological period is 1980-2020. Data is from ERA5. 

We have evidence of reduced TWSA in JJA and SON 2023 from GRACE 

(Figures 13(a)-(f)) and surface soil moisture from GLEAMv4.1a (Figures 

14(a)-(f)) due to diminished precipitation in JJA and SON 2023. This is con-

sistent with negative rainfall and ET anomalies. This combination shows re-
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duced surface soil moisture, modifying energy distribution to increase sensible 

heat flux and temperature, as Figure 4 shows. This change correlates with am-

plified Bowen ratios, according to Fu & Li (2004), Good et al. (2015), and Sierra 

et al. (2023). Therefore, the WSO of 2023 began at least two months late. Rainfall 

was below normal, with dry and warm conditions prevailing during the SON 

2023 dry-to-wet season.  
 

 

Figure 12. Seasonal average of the latent heat (in W/m2) from September-November (SON) 2022 to March-May 

(MAM) 2024 (a-f). The climatological period is 1980-2020. Data is from ERA5. 

 

According to Wright et al. (2017), ET is the primary moisture source for shal-

low convection during the dry-to-wet season transition. The TWSA derived 

from GRACE, surface soil moisture from ERA5 and GLEAMv4.1a, and latent 

heat show negative anomalies in the SON 2023 dry-to-wet season. Positive 

anomalies or near-normal conditions in MAM in 2023 are consistent with posi-

tive rainfall anomalies in western and central Amazonia. In JJA 2023, the dry 

season in Amazonia and the high air temperatures were related to anomalous 

atmospheric subsidence, associated with the impacts of El Niño on the Walker 

circulation (Espinoza et al., 2024). TWSA and surface soil moisture started to 

show negative anomalies in JJA 2023 and SON 2023. The soil dried out, and ET 

was reduced (negative anomalies of latent heat).  

Figures 11-14 show negative anomalies of latent heat, surface soil moisture, 

and TWS in SON 2023, when the rainy season normally starts. Thus, the onset 

of the rainy season was delayed. Decreased ET reduces atmospheric moisture 

and cloud cover, raising temperatures. The impact of the six heat waves in-

creased air temperature, particularly during the dry JJA and SON dry-to-wet 

seasons. Fu and Li (2004), Wright et al. (2017) and Sierra et al. (2023) propose 

that a lower ET may induce a late onset of the rainy season in both southern and 
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eastern Amazonia, contributing to a longer dry season. This situation was ob-

served mainly in southern Amazonia. Uncertainties about the ET in other parts 

of the Amazon basin are still high due to the lack of systematic observations. 
 

 

Figure 13. Seasonal average of the terrestrial water balance (TWS) (mm) from September-November 

(SON) 2022 to December-February (DJF) (a-f). No data available for MAM 2024. The climatological 

period is 1980-2020. Data is from GRACE. 

 

Figure 14. Seasonal average of the surface soil moisture (in m3/m3) from September-November (SON) 

2022 to December 2023 (a-f). The climatological period is 1980-2020. No data available for MAM 2024. 

Data is from GLEAMv4.1a. 
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4. Discussion 

This study underlines the complex atmosphere-soil interactions of precipitation, 

ET, temperature, latent heat, surface soil moisture, TWS, and the DSL. This is 

key to understand the possible impacts of droughts on the physiology and func-

tioning of the Amazon forest. Analysis suggests a close association between la-

tent heat, surface soil moisture, and TW. These are indicators of soil moisture 

available for plants during intense drought events. However, it is not always the 

case that a soil water deficit impacts tropical forests (Liu et al., 2024). 

On a large scale, warming of the northern tropical Atlantic Ocean contributed 

to the subsequent anomalously northward position of the ITCZ. It reduced the 

intensity of northerly trade winds and moisture flow from SON 2023 to MAM 

2024. The 2023-24 El Niño was an eastern Pacific type, with large positive SST 

anomalies in the Niño 3.4 and most particularly in the Niño 1 + 2 region. Sub-

sidence conditions in central South America and the Amazon region in JJA and 

SON 2023 determined dry and warm conditions in central and northern Ama-

zonia (Espinoza et al., 2024), with reduced soil moisture and latent heat particu-

larly in those two seasons. SON is normally when the climatological rainy season 

begins. On the regional scale, local ET during the late dry season is key to initiate 

the dry-to-wet transition season over the southern Amazon (e.g., Wright et al., 

2017; Commar et al., 2023; Sierra et al., 2023). So, late onsets could be related to 

reduced rainfall and warm conditions, reducing ET and soil moisture during the 

dry-to-wet transition.  

Another contributor to droughts is the warm phase of the Atlantic Multide-

cadal Oscillation (AMO) (Yoon & Zeng, 2010; Espinoza et al., 2019a, 2019b; 

Aragão et al., 2018). AMO is a cyclical variation of the large-scale oceanic and 

atmospheric conditions in the tropical North Atlantic. The majority (80%) of the 

historical severe hydrological droughts in the Amazon basin coincide with warm 

phases of AMO (1925-1970 and 1995 onwards). Moisture transport into and in-

side the Amazon east of the Andes by means of atmospheric rivers or “flying 

rivers” weakens (Liu et al., 2023; Galaz & Meacham, 2024). The Indian Ocean 

also plays a role in droughts in Amazonia (Espinoza et al., 2024). Decadal 

changes in Amazonian precipitation have been attributed to phase shifts of the 

Pacific Decadal Oscillation (PDO), and Interdecadal Pacific Oscillation (IPO) 

(Andreoli & Kayano, 2005; Espinoza et al., 2019a, 2019b; Aragão et al., 2018). 

Fernandes et al. (2015) show that rainfall decadal fluctuations over the western 

Amazon closely correlate with those of the north-south gradient of tropical and 

subtropical Atlantic SST. 

The year 2023 was marked by major heatwaves across the globe. Rec-

ord-breaking air temperatures and prolonged heat waves reached the Amazon 

region (Perkins-Kirkpatrick et al., 2024). In SON 2023, the drought intensified in 

the Amazon. Six heat waves raised the temperatures by 4˚C - 5˚C warmer than 

average over the region in JJA and SON 2023, inducing a drought-heat event 

(WMO, 2024). Perkins-Kirkpatrick et al. (2024) and Jiménez et al. (2024) ana-
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lyze the heat waves that occurred in 2023 in central South America: exceptional 

heat in winter and early spring 2023 that in some places broke all-time tempera-

ture records. This exacerbated the drought and was associated with the warming 

observed in Figure 3 in JJA and SON 2023 and summer 2024.  

Considering river data as an indicator, this drought in 2023 is the most in-

tense ever seen in the instrumental record. The levels of the Rio Negro in Ma-

naus in October 2023 were the lowest in 121 years of observations. Most of the 

main rivers in the Amazon, including the Solimões, Purus, Acre, and Branco, 

suffered record lows or dried up completely. According to the National Water 

Agency of Brazil, ANA (www.ana.gov.br) and the Brazilian Geological Survey, 

the Madeira River in Porto Velho fell to 1.09 m on October 15, which is the 

minimum level observed in the 56 years of measurements, and on August 3, 

2024, the level at Porto Velho reached 1.02 m, the lowest since the beginning of 

measurements in 1967. The Santo Antônio and Jirau hydroelectric along the 

Madeira River recorded negative flow records for October 2023 (ANA, 2023). In 

the Peruvian Amazon, the flows and levels of Amazonas, Marañón, Huallaga, 

and Ucayalí Rivers ranged from average to much lower than usual. The Huallaga 

River at Tingo María showed an anomaly of −45% in its discharge in October 

2023 (SENAMHI, 2023). In Bolivia, the Mamoré-Guaporé and Madeira Rivers 

remain very low due to insufficient rainfall from July 2022 to June 2023 

(SENAMHI-www.senamhi.gob.bo). By December 2023 the Rio Negro increased 

its levels and reached values near normal (SGB,  

https://www.sgb.gov.br/w/bacia-do-amazonas-nivel-do-rio-negro-em-manaus-s

e-aproxima-da-faixa-da-normalidade) with 18.34 m. A similar tendency was ob-

served in other rivers in the region due to increased rainfall.  

In the dry season between 2023 and 2024, the minimum level of the Rio Negro 

at São Gabriel da Cachoeira occurred on November 9, 2023, when the river 

dropped to 492 cm. At the end of 2023, the river level rose and then fell again. In 

March 2024, the drought situation worsened again, with the river reaching 533 

cm on March 1. This level is less than the previous record drought (in March 

1992, the river was at 573 cm). According to the SGB, between August 2023 and 

February 2024, the Rio Negro and Solimões basin had a 30% deficit in rainfall. 

Only 925 mm of rain fell, compared to an average of 1,290 mm. River levels re-

flected this deficit  

(https://www.socioambiental.org/en/socio-environmental-news/prolonged-drou

ght%2C-rationing-and-smoke-marked-the-dry-season-in-the-middle-and). By 

July 19, 2024 the Madeira River dropped to 3.8 m in Porto Velho Station (LTM 

10.4 m). The Brazilian Navy prohibited nighttime navigation  

(https://www.sgb.gov.br/w/rio-madeira-atinge-menores-niveis-historicos-para-o

-mes-de-julho) due to deficient rainfall in the basin in previous months.  

Previous drought events occurred during the summertime peak of the rainy 

season in December-February. Southeast and southern Amazonia suffered from 

concurrent thermal stress due to heat waves and water stress, as shown by nega-

tive TWS anomalies and longer dry seasons in 2023. Espinoza et al. (2024) high-
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light the lack of rain and subsequent drought in the 2022-2023 austral summer. 

Anomalous vertically integrated moisture flux was displaced south, associated 

with the extreme rainfall deficit over southwestern Amazonia. These results 

suggest that dry conditions in southwestern Amazonia have prevailed for at least 

one year.  

The dry-to-wet season SON 2023 showed negative rainfall anomalies (−50 to 

−100 mm/month), positive air temperature anomalies (+3˚C) including four in-

tense heat waves. In terms of soil moisture content, SON showed negative 

TWM, soil moisture content and latent heat anomalies, characteristics of water 

deficiency. This led to drought conditions in Amazonia, particularly in southern 

and eastern Amazonia (including the Cerrado-Amazon transition zone). Warm 

SST anomalies due to El Niño and the warm tropical North Atlantic started in 

May 2023 and intensified in SON 2023, helping to induce these changes. This 

situation led to a delay of the WSO, occurring in DJF 2024 rather than in SON 

2023. Low evapotranspiration and soil moisture, together with high tempera-

tures and deficient rainfall, induced drought conditions These conditions then 

inhibited the timely onset of the rainy season. It occurred almost two months 

later, and had very low rainfall, as shown by Wright et al. (2017) and Fu and Li 

(2004).  

In addition, recent analysis by Clarke et al. (2024) shows that climate change 

has been exacerbating the El Niño impacts over central and northern Amazonia. 

El Niño and climate change were each responsible for 50% of the reduction in 

precipitation of austral winter and spring 2023. The intensity of the drought of 

2015-16 has also been linked to anthropogenic causes (Ribeiro et al., 2022).  

5. Conclusion 

A severe drought affected large sections of the Amazon River basin and most of 

northern South America due to a severe dry period from the austral summer 

2022-23 and extending well into 2024. In the dry-to-wet SON 2023 season, the 

basin recorded below-average rainfall, mostly across the Solimões, Purus, Juruá, 

and Madeira River headwaters. Meteorologically, the drought situation started in 

southwestern Amazonia in November 2022. It intensified in central and north-

ern Amazonia during austral winter of 2023, exacerbated by El Niño and a warm 

tropical North Atlantic. We find that drought conditions continued during the 

first part of the 2023-24 hydrological year, growing more intense during Sep-

tember-November (SON) 2023 and extending into 2024. Large-scale rainfall 

anomalies started with El Niño and a very warm tropical North Atlantic during 

the second half of 2023. This was like other drought years in Amazonia. The dif-

ference is that the most affected season was the SON spring season in 2023, and 

not the austral summer DJF as in other dry years. 

Evapotranspiration derived from latent heat diminished during the second 

half of 2023. The decrease of latent heat and the warming of the near-surface, 

together with reduced rainfall and soil moisture content, generated a drought- 

warm situation in Amazonia in JJA. It grew more extreme during the dry-to-wet 
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season SON 2023. ET should also diminish during a warmer spring if the dry 

season continues. Heat wave events increased air temperature and thermal 

stress even more during JJA and SON 2023. The dry soil generated by the 

drought-heat situation in Amazonia delayed the onset of the wet season of the 

hydrological year 2023-24 by at least two months, making the dry season longer. 

Generally, ET is higher at the beginning of the dry season because there may be 

some rain. In 2023, reduced ET during the dry and dry-to-wet transition seasons 

led to late onset of the rainy season. It did so by inhibiting the formation of 

shallow convection. Thus, the delayed WSO means a longer dry season, with 

thermal stress due to heat waves and reduced rainfall and soil moisture content. 

The drought reported for Amazonia in SON 2023 extended into DJF 2024.  

Interactions between dry soil, high temperatures, reduced evapotranspiration, 

and lack of rainfall explain changes in DSL and a late and weak WSO during the 

drought of 2023 in Amazonia. Therefore, land surface-climate interactions in the 

dry-to-wet season SON 2023 were key to determining drought conditions in 

Amazonia during summer and fall of 2024. The lengthening of the dry season 

and changes in the frequency and intensity of extreme drought episodes aggra-

vated by heat wave occurrences fueled fires and low river levels in the region, 

extending into 2024.  

The synergy of droughts, deforestation, fire, and degradation reduces the 

Amazon’s capacity to recycle water and act as a carbon sink. As seen in previous 

intense droughts, either related to El Niño or to a warm tropical North Atlantic, 

the Amazon’s ecosystem and population are highly vulnerable to extremes of 

climate variation. The drought legacy may include tree mortality and a high risk 

of fire in the next couple of years, with notable signs already evident in 2024. 

This drought illustrates an extreme climate anomaly that might become more 

frequent and intense if no action is taken to stop climate change. Adaptation to 

droughts requires multisectoral approaches and strong governance. Interven-

tions in infrastructure, agriculture, sanitation, potable water access, and health, 

and the establishment of early warning systems of droughts could help to mini-

mize socio-economic and environmental impacts and losses. 

There are still some gaps to the knowledge of climate extremes in the Ama-

zon, and whether to attribute them to climate variability or to climate change 

(e.g. land use changes, increased greenhouse gas emissions). However, we likely 

already have enough information to respond to climate crises. The countries that 

make up the Amazon still lack the means to comprehensively monitor climate 

and hydrology systems. Improved understanding of these systems could aid in 

developing and implementing adaptation programs directed towards vulnerable 

populations, such as indigenous people. To cope with drought impacts, climate 

and hydrology monitoring programs and early warning systems for droughts 

must be implemented. Other programs should include seasonal climate and 

continental hydrology predictions, as well as data sharing across Amazon coun-

tries. Another alternative is the adoption of diversified agroforestry and agroe-

cological systems to improve food security and natural resources management. 
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Adaptation strategies and policies must be based on a comprehensive under-

standing of the local realities of different socio-economic groups and regions.  
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