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Technical Briefing: Key Takeaways

1. Contrary to the common perception that significant decrease in precipitation in the
the tipping point is a single Amazon-wide southeast Amazon, particularly during the
event, certain parts of the Amazon are dry season. Moreover, deforestation re-
more vulnerable than others. duces rainfall upwind of the cleared areas,

impacting the western Amazon as well. In

2. Flying Rivers is a natural phenomenon of addition, recent studies have shown that
aerial moisture transport and recycling Amazon deforestation delays the onset of
that flows from the Atlantic Ocean across the wet season in southern Amazonia.
the Amazon, uniquely facilitated by the
rainforest itself. . Continued deforestation and forest deg-

radation, will disrupt and diminish the

3. Precipitation tends to increase exponen- critical east-to-west aerial water flow, in-
tially as moist air travels over forests, but ducing a “tipping point” of impacted re-
then drops off sharply once it moves be- gions that would transition from rainfor-
yond them. est to drier savannah ecosystems.

4 The moisture flows change seasonally in . Multiple sources have reported an in-

the Amazon. During the rainy season (Jan- crease in the length of the dry season in
uary-February), the moisture flow is both the southern and eastern Amazon in re-
westward and southward, creating a giant cent decades, with the largest dry season
arc. Thus, the continental moisture source observed in 2023-2024.
is the northeast Amazon. In the dry (July-
August) and the dry-to-wet transition . There are transboundary implications, as
(September-October) seasons, the mois- actions occurring in an eastern country
ture flow shifts more directly westward. can have an impact on a western country
Therefore, the continental moisture source downwind of the moisture cascade. For
is the southeast Amazon, and some stud- example, deforestation in eastern Brazil
ies have identified this region as the most can negatively impact moisture flow going
important for maintaining overall Amazo- to Colombia, Ecuador, Peru, and Bolivia, in-
nian resilience. cluding the tropical Andean mountains.

5. There is increasing evidence that future de- . Deforestation, additional climatic factors,

forestation will reduce rainfall downwind.
Several recent studies have found that Am-
azon deforestation has already caused a

Photo: Flying River, Brazil. Credit: Rhett Ayers Butler/Mongabay.

such as increased temperature and the
length of the dry season, are also contrib-
uting to the tipping point.
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10. Drier conditions are Ileading to re-
cord-breaking fire seasons, most notably
during the El Nifio years of 2016 and 2024.

1. The predicted forest-to-savannah change
is already happening in places experienc-
ing increased wildfire frequency due to
these hot and dry conditions.

12. Sensitive areas that are the most vulner-
able to deforestation- caused disruption
of moisture recycling from the Atlantic
Ocean source are mostly located in the
southwestern Amazon (Peru and Boliv-
ia), positioning them as the most vulner-
able areas to a possible tipping point.

Sumary

The Amazon biome, stretching over a vast
area across nine countries in northern South
America, is renowned for its extreme diversi-
ty (biological and cultural) and its abundant
water resources. Indeed, the major features
of the Amazon are linked by interconnect-
ed water flows, both on land and in the air
(Beveridge et al. 2024).

The natural phenomenon of aerial moisture
transport and recycling, also known as “ae-
rial rivers” and popularized in the press as
“flying rivers,” has emerged as an essential
concept related to the conservation of the
Amazon. In short, moisture flows from the
Atlantic Ocean across the Amazon, unique-
ly facilitated by the rainforest itself. As they
move westward, these flying rivers drop wa-
ter onto the forest below. The forest subse-
qguently transpires moisture back into them,
thus recycling water and supporting rainfor-
est ecosystems far from the Ocean source.
For example, the Intro Map illustrates the ae-
rial river for the southwest Amazon.

Continued deforestation and forest degra-
dation, however, will disrupt and diminish
the critical east-to-west aerial water flow,
inducing a “tipping point” of impacted re-
gions that would transition from rainforest to
drier savannah ecosystems.

In this report, we aim to both summarize the
current state of knowledge on the movement
of atmospheric moisture across the Amazon
and develop novel analyses based on this in-
formation. Overall, we aim to show the critical
connections between the eastern and western
Amazon and how these connections change

during the major seasons (wet, dry, and transi-
tion) of the year.

Our analysisis divided into three main parts:

First, we summarize the state of knowledge
on the movement of atmospheric moisture
across the Amazon, drawing on a review
of recent literature and exchanges with ex-
perts. Second, we identify the sensitive areas
that are the most vulnerable to deforesta-
tion-caused disruption of moisture recycling.
Third, we relate these sensitive areas in the
west to their respective eastern key source
areas for moisture for each of the three Am-
azonian seasons: wet, dry, and transition.

In summary, we identified the sensitive areas
that are the most vulnerable to deforesta-
tion- caused disruption of moisture recycling
from the Atlantic Ocean source are mostly
located in the southwestern Amazon (Peru
and Bolivia). For the wet season, much of the
moisture flow to these sensitive areas cross-
es the continuous primary (non-deforested)
forests of the northern Amazon. For the dry
and transition seasons, however, the mois-
ture flow to the sensitive areas must cross
several major deforestation fronts located in
the eastern Brazilian Amazon.

Thus, an important contribution of this work
is to reveal that, contrary to the common
perception that the tipping point is a single
Amazon-wide event, certain parts of the Am-
azon are more vulnerable than others. Most
notably, the southwestern Amazon (Peru
and Bolivia) is most vulnerable to a possible
tipping point, particularly stressed by dis-
rupted dry season moisture flows over major
deforestation fronts.

CITATION: Finer, Matt, A. Arifiez, J. P. Sierra, J. C. Espinoza, W. Weng, C. Vriesendorp, B. Bodin, and J. Beavers. “MAAP: 232.” 2025 Amazon
(Conservation MAAP Report, reprinted in Endangered Amazonia, edited by Alicia Guzman Ledn, pages 99-110. Quito: COICA, 2025.
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1. MOVEMENT OF AERIAL MOISTURE ACROSS THE AMAZON

(MOISTURE FLOW)

Driven by permanent trade winds, aerial
(atmospheric) moisture flows westward
fromits source in the Atlantic Ocean, across
the Amazon lowlands, and toward the An-
des Mountains. These moisture routes are
recharged by evapotranspiration and dis-
charged by precipitation, creating mois-
ture recycling systems (Beveridge 2024,
Weng et al. 2018, Staal 2018, Weng 2019).
Evaporation recycling reloads atmospher-
ic moisture after rainfall, while precipita-
tion recycling removes this moisture. The
Amazon forest is therefore a key compo-
nent of a giant water pump, starting with
water transported from the tropical Atlan-
tic Ocean and helping push it westward
(Zemp 2017, Boers 2017). Aerial rivers are
the long-term and large-scale preferential
pathways of the moisture flows driving this
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pump (Arraut et al. 2012) (see Intro Image).
Thus, aerial rivers are the overall average
(coarse-scale) moisture flow pattern, while
moisture recycling focuses more on the
seasonal differences (finer-scale).

Of all the rainfall in the Amazon, its trees
have directly transpired 20% of it (Staal et
al. 2018). Half of this precipitation (10%) is
from moisture from one recycling event,
and the other half (10%) is from multi-
ple recycling events. This latter process
of cascading precipitation, or cascading
moisture recycling (Zemp et al. 2014),
may happen multiple times (up to five
or six), recycling water from the eastern
to western Amazon, to areas increasing-
ly distant from the Atlantic Ocean source
(Lovejoy and Nobre 2019, Beveridge et al,

<
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Intro Map. Amazon moisture flow
‘ (aerial river) for the southwest
Amazon. Source: Amazon
& (onservation/MAAP
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2024). Precipitation tends to increase ex-
ponentially as moist air travels over for-
ests, but then drops off sharply once it
moves beyond them, showing just how vi-
tal forests are in sustaining rainfall across
large regions (Molina et al. 2019). Tran-
spiration-driven moisture recycling is es-
pecially important during the dry season
(Staal et al. 2018, Nehemy et al. 2025).

Thus, there are transboundary implica-
tions, as actions occurring in an eastern
country can have an impact on a western
country downwind of the moisture cas-
cade. For example, deforestation in east-
ern Brazil can negatively impact moisture
flow going to Colombia, Ecuador, Peru,
and Bolivia, including the tropical Ande-
an mountains (Ruiz-Vasquez et al., 2020;
Sierra et al. 2022, Flores et al 2024). As
moisture recycling also continues beyond
the boundaries of the Amazon, there may

(OLOMBIA

also be impacts to agricultural areas in
southern Brazil, Paraguay, northern Ar-
gentina, and northern Colombia (Marti-
nez and Dominguez 2014; Ruiz- Vasquez
et al,, 2020).

The resulting terrestrial flow of water from
the Andes mountains through the Amazon
lowlands and back to the Atlantic Ocean as
runoff and flow of the Amazon river and its
tributaries results in the emerging concept
known as the “Andes-Amazon- Atlantic”
(AAA) pathway (Beveridge et al, 2024).

Importantly, the moisture flows change
seasonally in the Amazon. Figure 1 il-
lustrates these seasonal changes for the
southwest Amazon, as an example.

In the rainy season (January-February), the
moisture flow is both westward and south-
ward, creating a giant arc (Arraut 2012).
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Figure 1. Amazon
moisture flows by
season for the SW
Amazon. Dafa: £RAS,
ACA/MAAP
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Thus, the continental moisture source is
the northeast Amazon (Boers 2017, Weng
et al. 2018, Sierra et al. 2022).

In the dry (July-August) and the dry-
to-wet transition (September-October)
seasons, the moisture flow shifts more
directly westward (Arraut 2012, Staal et
al, 2018). Therefore, the continental mois-
ture source is the southeast Amazon, and
some studies have identified this region as
the most important for maintaining over-
all Amazonian resilience (Zemp et al. 2017,
Staal et al. 2018).

There is increasing evidence that future
deforestation will reduce rainfall down-
wind - further west - of the moisture recy-
cling networks, inducing a “tipping point”
of impacted regions that would transition
from rainforest to savannah ecosystems
(Boers 2017, Staal 2018, Lovejoy & No-
bre 2018). This has led to calls for forest
protection strategies to maintain the cas-
cading moisture recycling system fueling
the pathway (Zemp 2017, Encalada et al.
2021). A recent review indicates limited
evidence for a single, system-wide tipping
point; instead, specific areas of the Ama-
zon may be more vulnerable (Brando et
al, 2025).

Scientists are already documenting im-
pacts linked to increasing forest loss. Sev-
eral recent studies have found that Ama-
zon deforestation has already caused a
significant decrease in precipitation in the
southeast Amazon, particularly during the
dry season (Qin et al, 2025, Liu et al, 2025,
Franco et al. 2025). Moreover, deforesta-
tion reduces rainfall upwind of the cleared
areas, impacting the western Amazon as
well (Qin et al, 2025). In addition, recent
studies have shown that Amazon defor-
estation delays the onset of the wet sea-
son in southern Amazonia (Ruiz-Vasquez
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et al,, 2020; Commar et al., 2023; Sierra et
al., 2023).

Related to deforestation, additional climat-
ic factors, such as increased temperature
and the length of the dry season, are also
contributing to the tipping point (Flores
et al. 2024). Multiple sources have report-
ed on the lengthening of the dry season
in southern and eastern Amazonia in re-
cent decades, with the largest dry season
observed in 2023-2024 during the major
drought reported in Amazonia (Marengo
el al 2024; Espinoza et al,, 2024). As a re-
sult of these drier conditions, recent years
have experienced record-breaking fire
seasons, most notably during the El Nifio
years of 2016 and 2024 (Finer et al 2025).
Notably, the predicted forest-to-savan-
nah change is already happening in places
experiencing increased wildfire frequen-
cy due to these hot and dry conditions
(Flores et al. 2021).

2. AREAS MOST DEPENDENT ON
MOISTURE RECYCLING IN THE
AMAZON (SENSITIVE AREAS)

A series of recent empirical and modeling
studies indicate that the southwest Ama-
zon (including the Peruvian and Bolivian
ranges of the tropical Andes) is the major
moisture sink - the area where precipita-
tion is most dependent on moisture recy-
cling (Boers et al. 2017, Zemp et al. 2017,
Weng et al. 2018, Staal et al. 2018, Sierra et
al. 2022). In fact, tree-transpired rainfall is
greater than 70% in this region (Staal et al.
2018, Weng et al. 2018).

Given its dependence on transpiration-driv-
en precipitation, the impact of areductionin
rainfall from cascading moisture recycling
is predicted to be greatest in the south-
west Amazon (Zemp et al. 2017, Weng et
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al. 2018, Staal 2018, Sierra et al. 2022, Beve-
ridge 2024). Indeed, the southwest Ama-
zon forest may enter the bioclimatic equi-
librium of savannas following projected
extensive Amazon deforestation scenarios
(Zemp, 2017). Forests in the northwest and
Guyana Shield are also relatively depen-
dent on forest-rainfall cascades (Hoyos et
al 2018; Staal et al. 2018).

To precisely identify the most vulnera-
ble areas in the Amazon to disruptions of
transpiration- based moisture recycling
in a spatially explicit manner, we merged
two key studies featuring spatially explic-
it model outputs (Weng 2018, Staal 2018).
These studies cover data for the dry sea-
son (Staal 2018) and yearly (both dry and
wet seasons) (Weng 2018).

Weng 2018 identifies “sensitive areas,”
defined as areas having more than 50% of
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Figure 2. Merged
sensitiv eareas.
Data: Staal 2018,
Weng 2018, Amazon
Conservation/MAAP
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rainfall coming from Amazonian evapo-
transpiration (representing the 98th per-
centile of the highest sensitivity to Am-
azonian land use change). Staal 2018
estimates the effect of Amazon tree tran-
spiration on Amazon forest resilience. We
selected the areas with the highest resil-
ience loss (0.8 and higher), quantified as
the fraction of resilience that would be
lost in the absence of tree transpiration
by Amazonian trees.

Figure 2 illustrates the merged dataset,
which we refer to as “merged sensitive
areas.” Notably, both studies concur that
the most vulnerable areas are located in
the southwest Amazon, spanning the low-
lands of only two of the nine countries of
the Amazon Basin: Peru and Bolivia. This
merged sensitive area covers a 1,750-kilo-
meter-long swath along the Peruvian and
Bolivian Andes. In this merged data map,
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we include Manu National Park as a refer-
ence point, located roughly in the middle of
the sensitive areas.

Weng et al. identified higher elevation ar-
eas of the Andean-Amazon transition area
in both Peru (Junin, Cusco, and Puno re-
gions) and Bolivia, while Staal et al (2018)
identified slightly lower elevation areas
in this same range. These regions are
consistent with predicted areas of high-
er rainfall reduction due to deforestation
(Sierra et al. 2022). Also, note that Staal
indicates an additional area in the Vene-
zuelan Amazon.

Although, as noted above, forests in the
northwest and northeast (Guyana Shield)
are also relatively dependent on forest-rain-
fall cascades, the forests of the southwest
are the most dependent, likely given their
location at the far end of the Atlantic-Ama-
zon-Andes pathway.

3. MOISTURE FLOWS
TO SENSITIVE AREAS
(BY SEASON)

Given the reliance of western, especial-
ly southwest, Amazon forests on cascad-
ing moisture recycling, a key challenge is
to identify the most important moisture
source areas in the eastern Amazon. In this
respect, the literature provides a less de-
finitive answer, likely because the moisture
recycling routes change with seasons, in
contrast to the long-term path of the aeri-
al rivers that represent overall preferential
pathways (Arraut 2012, Staal 2018, Weng
et al. 2018).

We correlate the merged sensitive areas in
the southwest Amazon with their respec-
tive moisture source areas by back-track-
ing the moisture flows upwind. This com-
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ponent of the work was inspired by the
precipitation-shed concept, defined here
as the terrestrial upwind surface areas pro-
viding evapotranspiration to a specific ar-
ea’s precipitation (Keys et al. 2012, Weng
et al. 2018).

We determined that analyzing all three
major seasons is essential because of
the major seasonal variability (Staal et
al, 2018) and that each plays a key role
in the stability of the rainforests: During
the wet season, nearly 50% of total annu-
al precipitation falls over the region, and
these wet periods recharge Amazonian
groundwater reserves vital for sustain-
ing forest transpiration rates during dry
months (Miguez-Macho and Fan 2012, Si-
erra et al 2022). During the dry season,
moisture recycling processes are particu-
larly important to ensure that some of the
limited precipitation reaches the western
Amazon (Beveridge et al, 2024). Tree-
transpired rainfall then peaks during Sep-
tember to November, when large parts of
the Amazon are at the end of the dry sea-
son and transitioning to the wet season
(Zanin et al., 2024).

To map the pathway of moisture flow be-
tween the western Amazon merged sen-
sitive areas and their eastern moisture
sources, we utilize moisture flow data from
the ERAS reanalysis (Hersbach 2023). Spe-
cifically, we merged vertically integrated
data for both northward and eastward wa-
ter vapour flux. We chose data from 2022
as a recent year not heavily influenced by
extreme weather events such as El Nifio or
drought (Espinoza et al,, 2024). For 2022,
we downloaded and analyzed the mois-
ture flow data for three separate time pe-
riods: January-February (representing the
wet or monsoon season), July-August (dry
season), and September-October (dry-to-
wet transition season).
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The results for all three seasons are illus-
trated in Figure 3, where the arrows rep-
resent the ERAS reanalysis moisture flow
data from the Atlantic Ocean to the merged
sensitive areas in the southwest Amazon.

Note that in the wet season (January-Feb-
ruary), moisture flows from the Atlantic
Ocean over the northeast Amazon (north-
ern Brazil, French Guiana, Suriname, Guy-
ana, and Venezuela) before taking a major
southern turn (arc) through the southeast
Colombian Amazon and northern Peru
before reaching the Sensitive Areas. This
general pattern is consistent with other
studies focused on the wet season (Arraut
2012, Boers 2017, Sierra et al. 2022) and
year-round (Weng et al. 2018).

In contrast, in the dry (July-August) and
transition (September-October) seasons,
the moisture flows from the Atlantic Ocean
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further south across the central Brazilian
Amazon, and has a less pronounced arc
near the border with Peru. Specifically, the
dry season pattern is consistent with other
studies focused on the dry season (Arraut
2012, Staal 2018, Zemp 2017 NC). Note that
the transition season flow is located be-
tween the wet season to the north and the
dry season to the south.

For all three seasons, we emphasize that
the entire trajectory from east to west is
important for conservation regarding cas-
cading moisture recycling. That is, the far-
thest away areas in the east represent the
full cascading trajectory, while the closest
areas in the west exert the strongest direct
influence (Weng et al. 2018).

While moisture recycling covers a vast area

from east to west, much of the tree-induced
rainfall in the southwest Amazon is trans-
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Figure 3. Amazon
moisture flows by
season relative to
sensitive areas in the
southwest Amazon.
Data: ERAS, ACA/MAAP
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pired nearby (Stall 2018). That is, areas
exerting the strongest and most efficient
influence on the southwest Amazon are lo-
cated just upwind, in the central-west Am-
azon (Weng 2018; Wongchuig et al., 2023).
In sum, extensive forest loss anywhere
along the cascading moisture pathway
from the eastern to the western Amazon,
far or near, may affect transpiration-based
precipitation in the western Amazon, add-
ing to its sensitivity.

The overall annual pattern, accounting for
all three seasons, could then be described
as aerial rivers. As indicated by Weng et al.
(2018), this mostly matches the pattern of
the wet season.

For additional context, Figure 4 incorpo-
rates current land classification broken
down into three major categories based on
satellite imagery analysis: Forest, Non-for-
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est (such as savannah), and accumulated
Deforestation areas (as of 2022).

For January-February (wet season), note
that much of the moisture flow crosses the
continuous primary forest of the northern
Amazon. That is, the moisture crosses pre-
dominantly non-deforested areas of north-
ern Brazil, French Guiana, Suriname, Guy-
ana, Venezuela, southeast Colombia, and
northern Peru.

In contrast, the moisture flows for July-Au-
gust (dry season) and September-October
(transition season) cross several major de-
forestation fronts in the central Amazon,
particularly during the dry season.

During the critical dry-to-wet transition sea-
son, the role of the local area’s tree evapo-
transpiration is especially important. The
southern Amazon presents lower overall
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evapotranspiration values (Fassoni-An-
drade 2021; Zanin et al., 2024). Due to the
greater access of forest roots to deep soil
water, however, evapotranspiration over
forested areas is higher than croplands/
grasslands during this time (von Randow et
al.2004). Since, during this transition season,
the moisture transport to the southwestern
Amazon passes over large deforested areas,
the conservation of the remaining forest
along this pathway is critical.

Conclusion

Above, in this initial technical report, we
merged three key points that are critical
to understanding the tipping point con-
cept in the Amazon.

First, we presented an overview of ae-
rial moisture flows originating from the
Atlantic Ocean and then moving and re-
cycling from the eastern to the western
Amazon. Second, we identified the “sen-
sitive areas” that are the most vulnera-
ble to deforestation-caused disruption
of moisture recycling, mostly located in
the western Amazon (Peru and Bolivia).
Third, we relate these sensitive areas in
the west to their respective eastern key
source areas for moisture for each of the
three Amazonian seasons: wet, dry, and
transition.

Incorporating updated land-use data,
we found important differences by sea-
son. For the wet season, much of the
moisture flow crosses the continuous
primary (non-deforested) forests of
the northern Amazon. For the dry and
transition seasons, however, the mois-
ture flow must cross several major de-
forestation fronts mainly located in the
central Amazon.
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In addition, recent studies show that the
main patterns of moisture flux can be al-
tered at a continental scale due to defor-
estation (Commar et al., 2023; Sierra et
al., 2023). As a result, reduced moisture
transport from the Atlantic to the conti-
nent and delays in the onset of the wet
season may occur in the future due to Am-
azon deforestation and climate change
(Agudelo et al., 2023).

Thus, an important contribution of this
work is to reveal that, contrary to the
common perception that the tipping
point is a single Amazon-wide event,
certain parts of the Amazon are more
vulnerable than others. Most notably, the
southwestern Amazon (Peru and Boliv-
ia) is most vulnerable to a possible tip-
ping point, particularly stressed by dis-
rupted dry season moisture flows over
major deforestation fronts.

We will soon build off of these results in
an upcoming policy-focused report that
presents the major implications of the
maintenance of aerial moisture flows for
conservation. This analysis will include
how to identify key conservation areas
for each season based on the key con-
cept of maintaining cascading moisture
flow to the sensitive areas, in relation
to protected areas, Indigenous terri-
tories, and major road networks. It will
also reveal several policy implications
that require urgent attention and new
approaches to national governance and
international cooperation. For example,
It considers the implications of planned
roads (most notably BR- 319) and for-
tifying existing conservation areas and
creating new ones in undesignated pub-
lic lands.
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