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Abstract The rainforests of South America and Africa are considerably reliant on rainfall supplied by
evaporation from the rainforests themselves through moisture recycling. Thus, rainforest loss in these areas can
reduce evaporation as well as subsequent rainfall in the wider forested region. During dry periods, a dampened
water cycle may potentially aggravate rainforest water stress. However, few studies have investigated dry-
period moisture recycling statistics within rainforests over longer records and consistently compared the
rainforest moisture recycling in both continents. Here, we analyze dry-season anomalies of moisture recycling
for mean-years and dry-years, in the South-American (Amazon) and African (Congo) rainforests over the years
1980-2023. We find that dry-season rainfall reliance on rainforest moisture increases slightly, but statistically
significantly, by 5% (from a mean annual of 21% to 22%) in the Amazon and up to 12% (from 24% to 27%) in the
Congo. At the same time, a lower fraction of rainforest evaporation stays within the rainforest during the dry
season: 21% less from the Amazon (from 41% to 32%) and 22% less from the Congo rainforest (from 32% to
25%), which further decreases with increasing dryness. In response, areas downwind of the rainforests gain a
higher dependency on rainforest moisture during dry seasons, amplified during dry years. For example,
rainforest-sourced rainfall in Ecuador increases from ~25% annually to ~33% in the dry season. The findings
highlight the critical role of rainforests in maintaining rainfall during periods when water is already scarce.

Plain Language Summary A substantial share of the rainfall in the tropical rainforests of South
America (Amazon) and Africa (Congo) originates from moisture evaporated from the rainforests themselves.
This means that rainforest loss can reduce evaporation, weaken the water cycle, and increase the risk of
drought—both locally and in downwind areas. Few studies have analyzed and compared how the two rainforests
contribute moisture to their own rainfall during dry periods. In this study, we analyze over four decades of data
(1980-2023) to assess dry-season moisture recycling in both rainforests. We find that during dry seasons,
rainforests become more reliant on their own moisture: self-generated rainfall increases by about 5% in the
Amazon and 12% in the Congo. At the same time, a smaller share of rainforest evaporation returns as rainfall
within the rainforest, especially in drier years. As a result, nearby regions become more dependent on rainforest
moisture during dry seasons. For example, rainforest-sourced rainfall in Ecuador increases from ~25% annually
to ~33% in the dry season. These findings highlight the critical role of intact rainforests in maintaining rainfall
during periods when water is already scarce.

1. Introduction

The tropical rainforests of the Amazon and Congo are hotspots of global biodiversity (Pimm et al., 2014) and
critical for the global carbon cycle (Hubau et al., 2020; Mitchard, 2018), as well as moisture suppliers of rainfall
through a high root-uptake of soil moisture, transpiration used in photosynthesis, and interception of rainfall on
surfaces such as canopies, stems, epiphytes, and litter (Crockford & Richardson, 2000; Gash, 1979; Gerrits
et al., 2010; Pypker et al., 2006). The process of evaporation (both from transpiration, interception, and soil
moisture evaporation) returning as rainfall is termed moisture recycling, and is a critical feedback for sustaining
the regional hydroclimate of the rainforests. The importance of moisture recycling in the rainforests has been
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known for many decades (Salati et al., 1979). Current estimates of the percentage of forest rainfall with forest
origin range around 24%-45% for the Amazon (Burde et al., 2006; Zemp et al., 2014, respectively), and around
28%—-70%% in Congo (Dyer et al., 2017; Worden et al., 2024, respectively). In some parts of the Amazon and
Congo rainforests, the percentage of precipitation from land can be up to 60%—-80%, that is, the majority of the
mean annual rainfall originates from terrestrial evaporation (Dominguez et al., 2022; Dyer et al., 2017; Spracklen
et al., 2012; van der Ent et al., 2010).

The high moisture recycling rates can be both a boon and a bane for forest resilience: retained vegetation tran-
spiration helps buffer against droughts by providing moisture for subsequent rainfall (Staal et al., 2018), while
long-term moisture flow disruptions can lead to self-amplified forest loss (Wunderling et al., 2022; Zemp
et al., 2017). Dry periods are the most critical, given that studies suggest that the dry season length in both the
Amazon and Congo forests is increasing (Fu et al., 2013; Jiang et al., 2019) while at the same time, the rainforests
are becoming increasingly vulnerable to repeated droughts (Tao et al., 2022).

In the Amazon, stronger regional forest-rainfall relationships during dry periods have been suggested to increase
the negative effects of deforestation for forest resilience (Bagley et al., 2014; Staal et al., 2018) and agriculture
production (Leite-Filho et al., 2021). Furthermore, due to a nonlinear relationship between atmospheric moisture
content and rainfall, a minor decrease in moisture content could drastically reduce rainfall (Baudena et al., 2021).
However, studies have contrasting conclusions for temporal variations of the extent to which rainforests depend
on their own moisture supply for rainfall, which may be explained by differences in the selection of study regions,
the methods, assumptions, and the time period considered (overview in Tables S2 and S3 of Supporting
Information S1).

In the Amazon, some atmospheric moisture studies suggest that moisture recycling within the rainforest (rain-
forest moisture self-reliance) is highest in the dry season (Angelini et al., 2011; Claros et al., 2025; Dominguez
et al., 2022; Eltahir & Bras, 1994; Staal et al., 2018; Yang & Dominguez, 2019; Zemp et al., 2014), while others
suggest the wet season (Burde et al., 2006; Satyamurty et al., 2013). Consistent with a higher moisture self-
reliance during the dry season, using a combination of satellite data, reanalysis data, and Lagrangian transport
modeling, Spracklen et al. (2012) showed that deforestation leads to a greater reduction in rainfall in the dry
season (—21% change) than in the wet season (—12% change). Dry season moisture self-reliance (in percent) has
been shown to be about 7% higher during the two mega-drought years 2005 and 2010 relative to wet years (Bagley
et al., 2014). Such dry-year dry-season anomalies are important to understand, as any marginal increase in water
deficit during the dry season can have a large impact, for example, on streamflow and carbon balance (Mitch-
ard, 2018; Marengo et al., 2011).

Estimates of moisture recycling within the Congo rainforest also vary. Pokam et al. (2012) reported the highest
ratios during both dry seasons December—February and June—August for a rectangular region mainly in the
forested regions. Dyer et al. (2017), who selected a rectangular box over the region, observed the highest ratio
during the June—August dry season, but below-average ratios during the other dry season December—February. In
contrast, Sori et al. (2017), who used the basin delineation, suggest that within the basin, moisture self-reliance is
highest in the rainy season, and below average in the dry season month of July. While discrepancies remain
regarding the spatio-temporal variability of continental moisture recycling in the Congo, higher rainfall de-
pendency on terrestrial evaporation sources in dry seasons is also indicated by isotope studies (Worden
et al., 2021).

Moisture that reaches the forests is shaped by the full trajectory of air masses and the land types they traverse
(e.g., Spracklen et al., 2012), and therefore depends both on shifts in the atmospheric circulation and on physi-
ological traits of upwind areas. Increased forest moisture recycling rates during dry periods have been associated
with reduced oceanic moisture inflow, and increased forest transpiration due to higher incoming radiation and
forests' higher buffering capabilities through the ability to store and access subsoil water (Bagley et al., 2014;
Costa et al., 2010; O’Connor et al., 2021; Staal et al., 2018; Zemp et al., 2014). However, this buffering capacity is
increasingly threatened by deforestation and intensifying droughts, as shown, for example, in Ronddnia (Mu
et al., 2023). In the Amazon, high evaporation has also been associated with the presence of low-level jets during
the dry season (do Nascimento et al., 2016), while in the Congo basin, weakened forest moisture recycling ratios
in dry years have been attributed to a vertically integrated moisture flux divergence that favors moisture export
from the basin (Sori et al., 2017). However, questions remain with regard to the respective attribution of moisture
recycling anomalies to either anomalies in wind patterns or evaporation, including a quantification of buffering
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capabilities of upwind land-use types, which, for example, can be relevant for understanding deforestation im-
pacts on forest rainfall.

Comparing the Amazon and Congo rainforests offers valuable insights into how tropical rainforests function as
moisture recycling systems under different climatic and geographic conditions. While both forests are major
suppliers of moisture, they differ in their spatial heterogeneity and atmospheric circulation dynamics. The
Amazon forest is mainly located in lowlands (between 0 and 400 m above sea level), bounded by the Andes in the
west, and has a humid equatorial climate with minimal seasonal temperature variation (see Costa et al., 2021;
Eamus et al., 2016, and references therein). The Inter-Tropical Convergence Zone (ITCZ) lies south of or over the
Amazon forest from December to February, and then shifts northward, driving a pronounced dry season over the
Amazon between June and September whose duration and strength vary across the region (Garreaud et al., 2009;
Horel et al., 1989). The Congo rainforest is located at altitudes ranging from below 300 m in the center and higher.
It has two dry seasons, and its climate is more variable and may be shaped by a combination of seasonally shifting
circulation and associated moisture convergence, together with a strong land-atmosphere coupling over the forest
(Longandjo & Rouault, 2024). Because moisture recycling in the Amazon and Congo is often examined in
different studies with different methodologies, cross-comparisons between the two major rainforest systems often
cannot be easily made. Despite the importance of rainfall for rainforest functioning and resilience (e.g., Singh
et al., 2022), we still have limited knowledge of how variations in moisture recycling within the rainforest (i.e.,
rainforest moisture self-reliance) may potentially interact with dry periods and deforestation to impact forest
rainfall, and how this process might differ between the Amazon and Congo.

This study aims to estimate dry period anomalies of rainforest moisture recycling in South America and Africa,
and investigate the role of atmospheric circulation and land-use for the anomalies. Based on Eulerian atmospheric
moisture tracking of rainforest moisture sources and sinks over 40 years in combination with Lagrangian transport
modeling, we address the following specific questions: (a). What are the dry period anomalies of rainforest
moisture sources and sinks, and do dry period anomalies increase with increasing dryness? (Section 3); (b). How
are dry season anomalies linked to changes in circulation patterns (Section 4); (c). How do different land-use
types buffer reduced moisture flows into the rainforest? (Section 5), and iii. How much do countries and their
forested areas rely on recycled moisture from rainforests during dry periods compared to the annual average
(Section 6). The dry periods investigated are the average dry seasons and the dry seasons in dry years.

2. Materials and Methods
2.1. Data

For our investigations on moisture recycling, we used the following meteorological data from the ERAS rean-
alysis at 0.5° x 0.5° resolution provided by the European Center for Medium Range weather Forecast (ECMWF)
(Hersbach et al., 2020): specific humidity and zonal and meridional wind speed at 22 model levels from zero
pressure to surface pressure at 1 hr resolution, and evaporation and precipitation data at 1 hr resolution of the
period 1979-2024. Due to substantial differences between observational and reanalysis precipitation data over the
Amazon (Polasky et al., 2025) and data uncertainties in the Congo rainforest (Nicholson & Klotter, 2021;
Steinkopf & Engelbrecht, 2022), we also compared our results using precipitation from the Multi-Source
Weighted-Ensemble Precipitation (MSWEP) v2 (Beck et al., 2019) at 3-hourly temporal resolution of the full
available period (1979-2019). The data was originally in 0.25° X 0.25° spatial resolution, and upscaled to
0.5° x 0.5° using the xarray regrid package (Schilperoort et al., 2024).

To compute circulation anomalies, we used a Lagrangian reanalysis data set (LARA: Bakels, Blaschek,
et al., 2025), which is a Lagrangian translation of the ERAS reanalysis (Hersbach et al., 2020) created using the
FLEXPART model (Bakels et al., 2024; Stohl et al., 1998).

We used the HILDA+ data set (Winkler et al., 2021) for determining land-use types. This data set contains
0.1° x 0.1° yearly surface data of 12 land-use types, of which 6 are forest types. We upscaled this data to give
land-use type fractions on a 0.5° X 0.5° grid, consistent with our other data sets, keeping the fractions of each
land-use type per gridcell intact.

For our selection of countries, we used the python module regionmask (Hauser et al., 2024) country mask at 1:110
scale as provided by Natural Earth (naturalearthdata.com, last access 17 October 2025).
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2.2. Moisture Recycling Model

The Eulerian moisture tracking model WAM?2layers (Kalverla et al., 2025; van der Ent et al., 2014) was used to
track moisture sources of precipitation and destination of evaporation for the Amazon and Congo rainforest.
WAM2layers tracks atmospheric moisture from zero pressure to surface pressure in two layers at the interface
between IFS levels 111 and 112. This boundary can therefore be at a much lower pressure over mountainous
terrain than at sea-level. The model applies the water balance, and assumes the atmosphere is well mixed within
each of the two atmospheric layers. To track where evaporation from a given region (source region) falls as
precipitation (sink region), moisture is tracked forward as follows:

aSlracked _ aSlra\ckedu aSlra\ckedv E +F 1
- - + tracked — £ tracked -+ {vertical,tracked ( )
Jat ox dy

where Sy, ¢eq 1S the tracked atmospheric storage in an atmospheric column in one layer, ¢ is time, u and v are wind
components in the x zonal and y meridional directions, E\,.q 1S tracked evaporation entering and Py eeq 1S
precipitation leaving an atmospheric column in one layer, and Fieqicarrackea 15 the tracked vertical moisture
transport between the two atmospheric layers. Evaporation in this paper refers to the total of all types of upward
going vapor flows (i.e., ocean evaporation, transpiration, interception evaporation, soil evaporation, and open
water evaporation) (Miralles et al., 2020), and the terrestrial and rainforest evaporation flows that we track
naturally preclude the ocean evaporation component. Backward tracking to determine the source of precipitation
uses an analogous equation. We used WAM2layers to track moisture for the years January 1979 until October
2024, of which 1979 and 2024 were used as spin-up for the forward and backward tracking, respectively.

WAM2layers has been extensively used to characterize the fate and properties of the atmospheric branch of the
water cycle (e.g., Benedict et al., 2021; Keys et al., 2014; Link et al., 2020; Xiao & Cui, 2021). The moisture
tracking performance generally compares well with Lagrangian type multi-atmospheric-layers moisture tracking
and regional climate model online tracking (Benedict et al., 2026; van der Ent et al., 2013), while being relatively
computationally efficient. We used the latest version of the model as described in Kalverla et al. (2025).

2.3. Data Analyses

First, we selected the study regions based on rainforest cover, and defined the dry periods based on precipitation
and climatological water deficit (Section 2.3.1). Second, we tracked and analyzed the spatial and temporal
patterns of the rainforest moisture sources and sinks of the study regions using WAM?2layers (Section 2.3.2).
Third, we computed air-mass footprints in order to understand the role of circulation shifts in changes of moisture
sources during dry season (Section 2.3.3).

2.3.1. Selection of Study Regions and Dry Periods

Moisture tracking was applied to 0.5° X 0.5° grid cells in South America and Africa with at least 85% tropical
evergreen broadleaf forest cover (hereafter referred to as Amazon and Congo rainforests), both in 1979 and 2019,
according to the HILDA+ data set (Winkler et al., 2021). Averaged over the entire study region, each of the two
rainforests has a forest cover of more than 96%. Monthly variations of moisture recycling metrics are shown (in
Section 3). We held the forest region static over time to avoid introducing bias from including different
geographical regions across the study period.

The study regions were kept constant for the whole tracking period, but the time-varying land-use HILDA+ data
set (see Section 2.1) was used to distinguish moisture-source land-use types in Section 5.

We consider (a) the anomaly of dry season in mean years compared to mean annual (“dry season anomaly”), and
(b) the Pearson correlation coefficient between the anomaly and the drought index of that year (see below). We
ensured the validity of using the Pearson correlation coefficient by checking for a linear relationship through
visual inspection, verifying the absence of outliers beyond 3 standard deviations, and ensuring that Spearman
coefficients do not deviate by more than 0.05. Based on the mean precipitation patterns in the study regions, we
selected June to September as the dry season months for South America, and January-February and June—August
for Africa, see Section 3 .
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Figure 1. Conceptual figure showing moisture flows from and to the rainforest. Moisture evaporated from and precipitated
back to the selected rainforest is referred to as rainforest moisture self-reliance. The fraction of evaporation from a certain
area that ends up as precipitation over the selected rainforest is referred to as the “rainforest evaporation recycling ratio.” The
fraction of precipitation on a certain area that has a rainforest source, is referred to as the “rainforest precipitation recycling
ratio”.

We defined the dryness of a year by the intensity of maximum climatological water deficit (MCWD). The MCWD
captures the drought years well: the list captures drought years for the Amazon that correspond to known drought
years with potentially large effects on forests dynamics, 2005 and 2010 (e.g., Lewis et al., 2015), 2015 and 2016
(e.g., Yang et al., 2018), and 2023 (e.g., Marengo et al., 2024).

MCWD is defined as the most negative value of climatological water deficit Cm (mm), which is estimated based
on monthly precipitation and a reference evaporation rate E,; at 3.3 mm day ™! (used instead of actual E in order to
represent the climatological drought) (Malhi et al., 2009; Zemp et al., 2017):

dpend Ay end
C,= min<0, Cpoy + f Py — / Ef) @)
dm,u d,

m,0

where m denotes the month number, d,, ; and d,,, .,q the first and last day of a month, Py ,, is the precipitation for
year Y and month m, and C, is 0. The climatological water deficit C is accumulated continuously and reset to zero
at the wettest month of the year, at which the next 12-month period calculation cycle starts (Malhi et al., 2009).

2.3.2. Moisture Recycling Analyses and Terminology

Figure 1 shows a conceptual overview of the different moisture flows we considered. The rainforest precipitation
recycling ratio (i.e., the fraction of rainfall that originates from rainforest evaporation) is defined as:

©)

where Py, [L*time™ or L time™'] refers to precipitation with rainforest origin. The py,, are estimated for all grid
cells globally. The rainforest precipitation recycling ratio within the rainforest, that is, p;,. values within the
selected forested regions, will be referred to as the rainforest moisture self-reliance.

The terrestrial precipitation recycling ratio, denoted as p,., [—], is defined as the fraction of rainforest precipi-
tation that originate from evaporation from other land sources:

_ ZterrE

Prem = ZSforP’

“)
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Figure 2. Monthly variations in precipitation for ERAS (P, blue solid line) and MSWEP (P, orange solid line), and ERAS
evaporation (E, blue dashed line), fraction of precipitation from the rainforest (p;,., green/yellow solid line for ERA5/
MSWEP), the fraction of precipitation that originates from land sources other than the selected rainforest (p,.,, green and yellow
dotted lines), and fraction of evaporation to the rainforest (e, green and yellow dashed lines) over the study period 1981-2017
for the total rainforest area (gray shaded areas in maps) in (a, ¢) the Amazon and (b, d) Congo. Shaded areas represent the
standard deviation based on the annual variation. Note: considering the full 1980-2023 ERAS period results in minimal
differences.

where Y., E [L*time™" or L time™'] denotes all evaporation from land outside of the selected rainforest at the

global scale with a rainforest destination and ) . P is the total rainforest precipitation.

sfor

Similarly, rainforest moisture dependence on oceanic sources, p,..., [—1, is defined as the fraction of rainforest

1

precipitation that originate from evaporation from the ocean (Ege,, [L*time™" or L time™']):

p) — Zocean E (5)
ocean >
ZSfor P

where 3 ... E [L*time™" or L time™'] is all oceanic evaporation with a rainforest destination and 3 ;= P is the

total rainforest precipitation.

The rainforest evaporation recycling ratio (i.e., the fraction of evaporation that contributes to rainforest rainfall),
€ror [—1, is defined as:

Ey
€for = % > (6)

where Ej,, [L*time™! or L time™!] refers to evaporation that falls as rainfall in areas within the selected rainforest.

To see how these measures differ during the dry season, and if any (de-) amplification takes place during extra dry
years, we both computed their absolute anomalies and computed the Pearson correlation coefficients between the
annual values of these measures and the drought index of each year (MCWD).
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2.3.3. Air-Mass Footprints

Anomalies in Ey,, can be caused by anomalies in E in the source region and/or by other meteorological conditions,
such as regional wind patterns and rainfall generation in the sink region. To analyze the contribution of the
circulation pattern anomalies to Ey,, anomalies, we compared the mean absolute volumetric E,, anomalies with
air-mass transport anomalies.

To compute circulation anomalies, we used a Lagrangian reanalysis data set (LARA: Bakels, Blaschek,
et al., 2025), which is a Lagrangian translation of the ERAS reanalysis (Hersbach et al., 2020) created using the
FLEXPART model (Bakels et al., 2024; Stohl et al., 1998). FLEXPART is a Lagrangian particle dispersion model
(LPDM) that advances particles using ERAS5 meteorological data and parameterizes subgrid convection and
turbulence. For the creation of LARA, the entire atmosphere was discretized into particles of equal mass. These
particles were initialized so that their number density was proportional to the air density. These air parcels were
traced forward in time over 8-year periods between January 1980 and March 2024. Their positions and other
properties are available at one-hour intervals.

For each month between 1980 and 2024, we selected all air parcels above the Amazon and Congo rainforests and
traced them backwards over a period of 10 days, at an hourly temporal resolution. Each time an air parcel traveled
below 1 km, its location was tagged as a potential moisture source. On average, this resulted in 10° and 6 x 10%
separate instances per month for the Amazon and Congo, respectively.

We divided these instances by the 10-day integration period and by the total number of instances of air traveling
below an altitude of 1 km to calculate the fraction of rainforest-bound air mass, or f;. hereafter. Using this metric,
we calculated the fraction of air mass that originates from evaporation from the rainforest (Efor/ air).

Evaporation and circulation anomalies are expected to be important drivers of Ej,. anomalies, but they do not
account for all the physical processes that are important for moisture transport (e.g., cloud formation, moisture
rained out earlier/later). To indicate how much of the Ej,, anomalies are linked to changes in circulation, we
calculated the following for the absolute dry-season evaporation anomalies with a rainforest destination (AEfor)

and absolute air-mass footprint anomalies (Af;):

o the Pearson correlation coefficient between: r(A]gir, AEfor), where
AX = Xdry-season — “annual> (7)

with X € {fr, Eror}:

¢ the fraction of gridcells that have a corresponding sign:

1
fi = ]_V|(Afa‘1ir,+ n AEfOr,+)U(Af'¢‘lil’,— n AEfor,-) ) (8)

where N is the number of grid cells and AX, and AX_ positive and negative anomalies, respectively.

Additionally, to measure the possible amplification or reduction of the impact of circulation changes with
increasing dryness, we calculated the Pearson correlation coefficient between MCWD and the annual correlation
between the dry season anomaly and the air-mass footprint anomaly: {MCWD, r(Afyi, AEg, ).

3. Moisture Recycling Characteristics

The mean annual fraction of rainforest precipitation that originates from rainforest moisture sources (py,) is
similar between the Amazon (0.213 £ 0.007) and the Congo (0.237 + 0.007) (Table 1, Table 2), although it
follows different patterns throughout the seasons (Figure 2). The terrestrial precipitation recycling ratio p,.,,, that
is, the fraction of precipitation that originate from evaporation from non-selected-rainforest land sources, is
considerably higher in the Congo (0.31 + 0.01) than in the Amazon (0.140 * 0.005). This difference reflects the
influence of the prevailing westerly winds, which transport more air masses over land before reaching the Congo
(Figure 4a), in contrast to the Amazon, which lies adjacent to the eastern coast of South America and receives
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Table 1

Moisture Recycling Measures of the Amazon Rainforest Divided by Their Moisture Source: Selected Rainforest, Other Land, and Ocean

Variable ERA5 1980-2023 (MSWEP 1981—

Dry season anomaly full Annual Annual r(dry

2017) Mean full period period r(mean, Yyicwp) mean, Yyicwp)
Selected rainforest
Pror 0.213 = 0.007 (0.210 £ 0.007) 0.01 (0.01) 0.24 (0.29) 0.03 (0.19)
Efor 0.41 + 0.02 (0.37 £+ 0.02) —0.09 (—0.09) 0.53 (0.34) 0.73 (0.22)
P, /area;,, (mm day~' m~2) 1.50 £ 0.08 (1.38 = 0.08) —0.37 (—0.38) 0.55 (0.40) 0.75 (0.38)
E;,/area,,, (mm day~! m=2) 1.48 + 0.08 (1.32 = 0.07) —0.36 (—0.35) 0.56 (0.38) 0.75 (0.28)
Eqo/fy, (mm day™") 3.73 £ 0.15 (3.34 = 0.14) —0.74 (—0.76) 0.59 (0.20) 0.71 (0.05)
Land other than the selected rainforest
Pes 0.140 = 0.005 (0.134 £ 0.005) —0.02 (—0.02) 0.21 (-0.01) 0.38 (0.05)
E,./areag,, (mm day~' m~2) 0.97 + 0.06 (0.87 £ 0.05) —0.36 (—0.34) 0.45 (0.21) 0.73 (0.28)
E../f,; (mm day™") 3.55+£0.17 (3.21 £ 0.12) —1.45 (—1.38) 0.60 (—0.30) 0.78 (0.19)
Ocean
Pocean 0.67 = 0.01 (0.67 £ 0.01) 0.01 (0.02) —0.21 (—0.58) 0.07 (-0.12)
Eycean/areas,, (mm day~' m=2) 4.53 £ 0.23 (4.22 £ 0.23) —1.30 (—1.16) 0.32 (0.01) 0.71 (0.25)
Eqcean/fyie (mm day™) 8.30 £ 0.32 (7.73 = 0.34) —1.92 (-1.71) 0.33 (-0.01) 0.71 (0.23)

Note. Areay,, is the area of the Amazon rainforest in m?. An explanation of all other measures can be found in Section 2. The mean of the full period, Its dry season

anomaly, as well as the correlation coefficients between the MCWD and the annual full-year and annual dry-season means are listed for each moisture recycling measure.
Significant values are shown in bold and insignificant values are shown in gray. A value is considered significant if the dry season anomaly exceeds one standard deviation
(based on the yearly values) and the p-value for rycwp is below 0.05. Green values indicate stronger dependence or higher values during the dry season or under drier
conditions (i.e., negative correlations). Red values indicate weaker dependence or lower values during the dry season or under drier conditions (i.e., positive correlations).

more direct oceanic influence (Figure 3a). Similarly, evaporation sources are more concentrated in the east and
sinks in the west of the rainforests, following predominant wind patterns. The absolute equivalents for Figures 3
and 4, showing Ey,, and Py, can be found in the supplement (Figures S1 and S2 in Supporting Information S1).

Nevertheless, the main moisture source for both the Amazon and the Congo is the ocean, accounting for a fraction
of 0.67 = 0.01 (Table 1) and 0.49 + 0.02 (Table 2), respectively. Note that these fractions do not exactly add up
to 1, due to the differing definitions: py,, is based on precipitation traced forward, while both p,.,. and p .., are
based on evaporation sources traced backward. Notably, the fraction of rainforest evaporation that returns as
rainforest rainfall (eg,, ) is higher in the Amazon (0.41 * 0.02) than in the Congo (0.32 + 0.04). A difference is
expected, given the larger extent of the Amazon rainforest (~5.2 X 10'2 km?) compared to the Congo rainforest
(~1.7 x 10'> km?), which provides more time and space for recycled moisture to precipitate within the region,
and is further enhanced by the presence of the Andes, which can act as a barrier that keeps the moisture longer
within the basin (e.g., Hoyos et al., 2018; Zemp et al., 2014). The smaller size of Congo rainforest suggests that it
recycles more moisture internally per unit area than the Amazon forest, implying that deforestation of an
equivalent land area could have a greater impact on the regional moisture recycling.

In dry seasons, as shown in the rainforest precipitation recycling ratio (p;,.) and the terrestrial precipitation
recycling ratio (p[en) remain similar or slightly increase in both the Amazon and Congo (Tables 1 and 2). In contrast,
the fraction of evaporation that becomes rainforest rainfall (efor) decreases significantly during the Amazon JJAS
and Congo JF dry seasons. The eg,, during the Congo JJA season remains close to its annual mean. Spatially,
anomalies in ey, are fairly evenly distributed across the rainforests: significant negative anomalies of ~0.09 and
~0.07 cover most of the Amazon (JJAS; Figure 3c and e, in Table 1) and the Congo (JF; Figure 4c and ey, in
Table 2). During the Congo JJA dry season (Figure 4e), although small (0.04), a dichotomy emerges between the
north-western and south-eastern parts of the rainforest, summing up to a non-significant total anomaly.
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Table 2
Moisture Recycling Measures of the Congo Rainforest
Variable ERA5 1980-2023 (MSWEP Annual Annual Annual
1981-2017) Mean JF anomaly JJA anomaly  r(mean, Yvcwp) r(JF, Ymcwp) r(JJA, Ymcwp)
Selected rainforest
Pior 0.237 + 0.007 (0.242 + 0.008)  0.004 (—0.003)  0.03 (0.04) —0.02 (0.29) —0.07 (0.20) —0.19 (0.20)
Efor 0.32 = 0.04 (0.30 = 0.03) —0.07 (—0.05) 0.01 (-0.02) 0.81 (0.74) 0.82 (0.71) 0.81 (0.44)
P, /area;,, (mm day~' m~2) 1.16 £ 0.13 (1.12 £ 0.11) —0.26 (—0.24) —0.17 (—0.21) 0.84 (0.82) 0.85 (0.79) 0.85 (0.77)
E;,/area,,, (mm day~! m=2) 1.12 £ 0.13 (1.08 = 0.10) —0.22 (-0.17) —0.11 (—0.17) 0.85 (0.78) 0.85 (0.76) 0.84 (0.57)
Eqo/fy, (mm day™") 3.52 = 0.36 (3.37 = 0.25) —0.36 (—0.20) —0.58 (—0.77) 0.86 (0.76) 0.77 (0.69) 0.83 (0.48)
Land other than the selected rainforest
Prerr 0.31 £ 0.01 (0.31 = 0.01) —0.01 (0.01) 0.05 (0.05) 0.32 (0.33) —0.24 (—0.18) —0.14 (-0.08)
E,../areag,, (mm day™' m~2) 1.50 £ 0.19 (1.41 + 0.15) —0.34 (—0.23) —0.19 (—0.28) 0.82 (0.80) 0.86 (0.74) 0.82 (0.57)
E../f,; (mm day™") 2.20 £ 0.26 (2.06 = 0.20) —0.61 (—0.46) —0.12 (—0.28) 0.84 (0.79) 0.68 (0.52) 0.83 (0.59)
Ocean
Pocean 0.49 £ 0.02 (0.49 = 0.02) 0.07 (0.09) —0.02 (=0.02) —0.32 (—0.25) —0.29 (-0.23) —0.15 (-0.05)
Eycean/areas,, (mm day~' m=2) 222 +£0.24 (2.10 £ 0.19) —0.28 (-0.10)  —0.65 (—0.74) 0.75 (0.67) 0.82 (0.67) 0.76 (0.51)
Eqcean/fyie (mm day™) 6.57 = 0.62 (6.21 £+ 0.50) —-0.52 (0.03) —2.02 (-2.25) 0.70 (0.62) 0.53 (0.39) 0.64 (0.35)

Note. The mean of the full period, their JF and JJA dry season anomalies, as well as the correlation coefficients between the MCWD and the annual full-year and both
annual JF and JJA dry-season means are listed for each moisture recycling measure. Similar to Table 1, but now for the Congo rainforest.

Similarly, although absolute integrated values of py, show little change across the rainforest, spatial anomalies
(Figures 3d, 4d, and 4f) reveal marked differences in precipitation dependence patterns. In the Amazon, the
northern and western borders, particularly near the Andes, show increased reliance on forest-sourced moisture,
whereas the south-eastern parts become less reliant. This pattern is consistent with Hoyos et al. (2018), who found
an enhanced redistribution of Amazonian moisture toward northwestern South America. In the Congo JJA season,
spatial patterns of p;,. anomalies are nearly the inverse of those during the JF season, reflecting seasonal wind
reversals associated with shifts in the Inter-Tropical Convergence Zone (ITCZ). Rainforest moisture self-reliance
is notably above average in the northern rainforest during JJA and below average during JF, by approximately 10
and 7 percentage points, respectively.

Correlations between rainforest dryness (MCWD) and both annual and dry-season p;,, values show no significant
amplification of rainforest moisture self-reliance during drier periods (Table 1, Table 2). However, all regions and
seasons exhibit a strong correlation between MCWD and ey, indicating that a higher fraction of rainforest
evaporation precipitates outside the rainforest under drier conditions.

In addition to the results derived using ERAS precipitation data, Table 1, Table 2, and Figure 2 also show results
based on MSWEP precipitation data at 3-hourly resolution between 1981 and 2017 (excluding spin-up years).
Although not all values are statistically significant across both data sets, and some measures differ, the signs of
anomalies and correlations generally agree and there are no significant contradictions. As shown in Figure 2,
mean precipitation rates are lower in MSWEP for both the Amazon and Congo rainforests. Using the 1981-2017
period for both data sets yields lower mean precipitation rates of 0.5 mm day ™" for the Amazon and 0.3 mm day ™"
for the Congo. €y, is on average 0.05 and 0.02 lower in MSWEDP than in ERAS for the Amazon and Congo,
respectively. Mean differences between MSWEP and ERAS5 simulations for pg,. and p,,, remain below one
percentage point. Using the full 1980-2023 ERAS5 period results in negligible changes in the mean values.

4. Air-Mass Footprint Anomalies

Rainfall over the rainforest depends on the inflow of moisture through the atmosphere, from evaporation from the
ocean and other water bodies, or from land. In addition, the amount of moisture transported from each source
depends on the atmospheric circulation, which is here represented by the air-mass footprint (see Section 2.3.3).
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Figure 3. The fraction of evaporation destined for the Amazon rainforest (efor) and fraction of precipitation originating from
the Amazon rainforest (py,,) at the (a, b) mean annual values, and their absolute anomalies in the (c, d) dry seasons (in
fractional difference between the dry season and the mean annual). The purple lines denote the selected rainforest boundaries.
For study region and time period selections, see Section 2.3.1, and for moisture recycling metrics definition, see Section 2.3.2.

The seasonal shift of the ITCZ significantly alters this air-mass footprint and, as previously suggested, is likely an
important driver of the changes in moisture source regions during dry seasons (see Figures 3c and 4c—4f). This
does not necessarily mean that rainfall variability is driven by the ITCZ, which was found to strongly depend on
how moisture is locally converging in the atmosphere in the case of the Congo rainforest (Longandjo &
Rouault, 2024).

Using the LARA data set, it becomes possible to quantify the link between the air mass footprint and the
evaporation-to-precipitation source—sink relationship. We explore this by comparing anomalies in the air mass
footprint and evaporation sources by computing the Pearson correlation coefficient between 2D maps of these
values. A flowchart of our method can be found in the supplement (Figure S3 in Supporting Information S1) and
mean anomalies of Ey,, absolute E, and f,;, are mapped in Figure S4 of Supporting Information S1. The Pearson
coefficient uses the mean of each data set to compare them, losing information about the absolute comparison
between the data sets, possibly skewing our results in favor of the importance of air-mass footprints. For this
reason, we include the correspondence between signs of the two anomalies which can be found on the x-axes.
High r-values together with high sign correspondence indicate that circulation anomalies play an important role
for Ey,, anomalies.

For each dry season of the Amazon and Congo rainforest moisture sink regions, Figure 5 shows the correlations
between dry-season air-mass footprint anomalies and dry-season moisture source anomalies, r(Afm, AEfor), with
respect to moisture sourced from the rainforest itself, from other terrestrial sources, and from the ocean. We find a
strong positive correlation between dry-season air-mass-footprint anomalies over the ocean and E,. anomalies
for all regions and dry seasons, and near-zero mean correlations between rainforest moisture source anomalies
and circulation patterns. This is expected, as more local sources (within the rainforest) are more dependent on
local processes and therefore less affected by the 10-day air-mass footprint, while distant sources (such as the
ocean) are more sensitive to variations in long-range air-mass transport.
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Figure 4. The fraction of evaporation that goes to the Congo rainforest and the fraction of precipitation originating from the
Congo rainforest at the (a, b) mean annual scale, and their absolute anomalies in the (¢, d) January-February (JF) dry season
(i.e., difference between the JF and the annual mean), and (e, f) June—August (JJA) dry season (i.e., difference between the
JJA and the mean annual). The purple lines denote the selected rainforest boundaries. For study region and time period
selections, see Section 2.3.1, and for moisture recycling metrics definition, see Section 2.3.2.

In the Amazon (Figure 5a), all terrestrial sources (rainforest and other land) show near-zero mean correlation
coefficients. However, the spread in yearly dry-season correlation values is large and correlates strongly with the
dryness of the rainforest (MCWD). During wetter dry seasons, air-mass-footprint anomalies are more positively
correlated with Ej,. anomalies, while during drier dry seasons, the two become even anti-correlated for rainforest
sources. However, although these correlations are relatively strong and significant, the sign-correspondence, f.,
stays fairly constant at ~0.5, independent of drought index, due to the dry-season anomalies over the whole
selected rainforest area being negative. A similar, though less extreme, pattern is visible for land moisture sources
other than the rainforest.

Interestingly, although strongly correlated overall, oceanic source anomalies become less correlated with cir-
culation anomalies during drier dry seasons (i.e., years with higher MCWD values). For the Congo (Figures 5b
and 5c¢), circulation anomalies are strongly correlated with moisture source anomalies over land, but not over the
selected rainforest itself. However, their £, are low during JF (0.45). Correlations between the spread of
r(Aj;ir, AEfor) and MCWD are less pronounced than in the Amazon. Increasing dryness does not appear to be
clearly linked to changes in the role of circulation anomalies in driving moisture source anomalies. However, with
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Figure 5. Correlation between dry season air-mass footprint anomalies (Afm) and dry season moisture source anomalies
(AEfO,) for each moisture source (rainforest, other land, ocean) and sink region: (a) Amazon JJAS, (b) Congo JF, and

(c) Congo JJA (see Equation 7). The correlation of the anomalies of each year is separately plotted on top of the distribution
and colored by its respective drought index MCWD. At the bottom of each individual violin plot, the correlation coefficient

r* between the MCWD and the correlation between the anomalies is given. Red values show a decreasing correlation between
the anomalies with increasing drought, and increasing anomaly correlations with increasing dryness are shown in green.
Insignificant correlations with p-values >0.05 are shown in gray. Mean sign-correspondence fractions between Af;;, and AEx,.
are shown on the x-axis as f; (see Equation 8) Results are shown for all years between 1980 and 2023 for the ERAS simulations.

increasing dryness, the influence of circulation appears to weaken for terrestrial sources other than the selected
rainforest, while becoming slightly stronger over the rainforest during the JJA season. This suggests that during
increasingly dry JJA seasons, circulation anomalies over the rainforest align more closely with anomalies in
evaporation that returns as precipitation within the rainforest.

Figure S5 in Supporting Information S1 shows the equivalent of Figure 5, but for correlations and sign corre-
spondence within the different regions and source areas using absolute evaporation anomalies instead of air-mass
transport anomalies. We find higher correlations and sign correspondence between absolute E and Ef,, within the
Amazon forest source area. In the Congo rainforest, although the correlations are lower, we find a higher sign-
correspondence across all source regions during JF. Values for all other regions and seasons are lower. The
mean collinearity between air-mass transport anomalies and absolute evaporation anomalies are 0.2 and —0.2 for
the Amazon and Congo, respectively. When we weight the absolute evaporation anomalies by the air-mass
transport anomalies, we see how much of the forest-destined evaporation source anomalies can be explained
by our method. This is shown in Figure S6 of Supporting Information S1. We find similar or higher correlations
and sign-correspondence across all regions, but also that certain processes remain unexplained (e.g., cloud for-
mation, moisture rained out earlier/later).

In the Amazon, the mean correlation values for the MSWEP simulations all terrestrial sources are somewhat
lower: r(Afm,AEfor) = —0.02 (Figure S7 in Supporting Information S1) instead of 0.05 for the rainforest in
Figure 5a, and 0.05 instead of 0.09 for other land. For the Congo rainforest, mean values differ by less than 0.01,
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except for other land sources during the JJA season, where MSWEP gives a mean correlation of 0.32 compared to
0.36 in ERAS in Figure 5c. Correlations between MCWD and r(Afair, AEfor) are generally lower for the MSWEP
data (Figure S7 in Supporting Information S1). For the MSWEP results, Amazonian land sources other than the
rainforest and oceanic sources are not statistically significant (p-value > 0.05), as is also the case for other land
sources during the Congo JJA season.

5. Land-Use Type

In addition to understanding the relationship between shifting circulation patterns and moisture transport, we also
examine how seasonal and dryness-related fluctuations in moisture transport depend on the type of the moisture
source. Specifically, we explore how different source-region types “buffer” the moisture flow toward the rain-
forests during dry seasons and with increasing rainforest dryness. We define the amount of “buffering” to be the
fractional difference between the annual mean and dry-season mean moisture supply from each land-use type, that
is, how stable the moisture flow is per land-use type. We use the time-varying land-use mask as described in
Section 2. Due to shifting winds across seasons and substantial land-use changes over recent decades, we
normalize the evaporation from each source by both the total area of the land-use type and the volume of air
passing over that region with the potential to deliver moisture to the rainforests.

Figure 6 shows the moisture transported to the Amazon and Congo rainforests per air-mass unit, for each land-use
type. Note that the “other forest” land-use type here only includes forest outside of the selected Amazon and
Congo rainforest, and can be of any type. In the Amazon (Figure 6a), among all source-land-use types, other forest
shows the smallest fractional decrease in absolute moisture contribution between the dry season and the annual
mean (—0.37), whereas cropland (—0.55), pasture (—0.38), and grassland (—0.55) sources all show reduced
buffering capacity. For the Congo rainforest (Figure 6b), which depends considerably more on non-oceanic
moisture sources than the Amazon rainforest (see Figure 2), the picture is quite different. Dry-season means
are much closer to annual means, and no clear difference in buffering emerges between land-use types.

Considering the air-mass footprints for different seasons (Figure 6b), which vary more strongly over land in the
Congo than in the Amazon (Figure 6a), some results may be explained by shifts in where a given land-use type is
located. For instance, during the JJA season, grassland shows a similar moisture-per-air-mass ratio (—0.04) to the
annual mean, but the map reveals that less air is transported over the northern, drier grasslands. Instead, more air
flows over the southern grasslands, which have expanded over time due to deforestation. The opposite is visible
for the JF season, transporting more air over the northern grasslands. As a result, grassland buffers the moisture
flow to the Congo rainforest well during the JJA dry season, but buffers the least during the JF dry season (—0.28),
when more air is transported to the Congo rainforest from the north. A similar pattern appears for pastures (JJA:
—0.03, JF: —0.27). Very similar fractional differences in Ey,,/f;; between dry-season and annual means are found
when using the MSWEP simulations (Figure S8 in Supporting Information S1), with deviations for all land-use
types within +0.1.

In addition to fractional differences between dry-season and annual means, it is also important to assess how land-
use types respond to increasing dryness, shown in Figures S9 and S10 in Supporting Information S1 (ERAS)
(MSWEP). For the ERAS simulation, all source-region types of the Amazon rainforest, with the exception of
grassland, show similar correlations with the dryness index (MCWD), with significant Pearson correlation co-
efficients of ~0.54—0.57 between MCWD and the fractional difference between dry-season and annual means
(Figure S10 in Supporting Information S1). This would suggest that all land-use types, apart from grassland, show
equal buffering-amplification for the selected Amazon rainforest. However, the MSWEP simulation results show
no strong or significant correlations, making this result questionable (Figure S10 in Supporting Information S1).
In the Congo, there are no strong or significant differences between dry-season and annual correlations with
MCWD in either simulation.

6. Countries' Rainfall Reliance on Rainforest Moisture

As shown in Tables 1 and 2, during the dry season, a higher fraction of rainforest evaporation leaves the rainforest
and precipitates elsewhere. This fraction increases with rainforest dryness (MCWD). In this section, we inves-
tigate where this moisture ends up, focusing on the dependence of different countries on rainforest-sourced
rainfall. Figure 7 shows the precipitation dependence of a selection of countries on the rainforest, both
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Figure 6. Moisture transported to the Amazon (a) and Congo (b) rainforests is shown per air-mass unit and moisture-source-
region type. The moisture-source-region types considered are other forest (dark green), cropland (orange), pasture (yellow),
grassland (light green), and ocean (blue). The spatial distribution of the source region types are shown on the maps in the
upper left corner of each panel for the year 2000. The contour lines on the maps indicate the 75th percentile of the 10-day
mass footprint for the period of 1980-2019. Results for each year are scattered individually on top of the violin plots and are
colored according to the corresponding drought index (MCWD). Relative differences between dry season and annual means
are listed for each source region type at the bottom of each panel. Note that forests here include all types of forest outside of
the Amazon and Congo selected rainforest area. Results are shown for all years between 1980 and 2019 for the ERAS
simulations, later years are omitted due to the time-varying land mask (HILDA+) covering up to 2019.

annually and during the dry season, and whether this dependence is (de-) amplified with increasing rainforest
dryness. Figure 8 shows a further breakdown of the fraction of this rainforest-sourced precipitation that falls on
any forest type or other land-use types.

In South America (Figure 7a), the countries most dependent on Amazon-sourced moisture are located west of the
rainforest. Peru shows the highest dependence on rainforest-sourced moisture, with ~32% of its annual pre-
cipitation and ~36% during the dry season, followed by Bolivia (~28% annually, ~29% in the dry season). Most
of this moisture returns to forested areas within these countries, in proportion significantly higher than their forest
cover (Figure 8a). For example, while Peru is 57% forested (52% selected rainforest), over 80% of the Amazon-
rainforest-sourced precipitation falls on this land-use type. Brazil, despite having about 58% forest cover
(including 35% selected rainforest) and hosting the largest share of the Amazon rainforest, relies on recycled
moisture for only ~ 11% of its rainfall. All downwind countries show increased dependence on Amazon moisture
during the dry season, with the largest absolute increase in Ecuador, from ~25% to ~33% of its total precipitation
(Figure 7a). In addition, Ecuador's annual dependence on rainforest moisture strongly correlates with increasing
rainforest dryness. All statistically significant correlations (p-value <0.05) show increased dependence on
Amazon moisture with increased dryness; this includes Ecuador, Colombia, Peru, and Paraguay.

Similar trends are found in the countries downwind of the Congo rainforest (Figure 7b). The countries most reliant
on moisture recycling from the Congo are located to the west of the forest, namely Gabon (~25%), Congo
(~23%), and Equatorial Guinea (~22%). As shown in Figure 8b, the forested areas (including non-rainforest types
and rainforest outside of the selection area) in most countries receive rainfall from the Congo rainforest in
proportions that exceed their forest cover. We find that countries south of the Congo rainforest, such as Angola,
Zambia, and southern DRC, depend more on Congo rainforest moisture during the JF season, with Angola and
Zambia nearly doubling their dependence (Figure 7b) which is in agreement with the patterns shown in Figures 4d
and 4f. In contrast, countries north of the rainforest, such as Nigeria, CAR, Cameroon, and South Sudan, have
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Figure 7. Precipitation fraction (py,,) originating from the Amazon (a) and Congo (b) rainforests to selected downstream
countries (x-axes). Gray bars show annual means over the period 1980-2023. Dry season means are shown in orange
(Amazon: JJAS; Congo: JF) and red (Congo: JJA). Error bars indicate one standard deviation of inter-annual variability.
Correlations between rainforest dryness and precipitation dependence on rainforest moisture are shown below each panel: green
values indicate increasing dependence with increasing dryness (f(MCWD, p,,.) < 0), red values indicate decreasing dependence
(r>0), and gray values denote non-significant correlations (p-values >0.5). Correlations above 0.5 or below —0.5 are printed in
a larger font. CAR stands for the Central African Republic, and DRC stands for the Democratic Republic of Congo. Countries
are ordered by decreasing difference in precipitation fraction between the mean annual and the dry season.

higher dependence during the JJA season. Further along the West African coast, Liberia receives less moisture
from the rainforest in both dry seasons, which is also reflected in the slight red anomalies in Figure 4 during both
seasons in that region. Within the rainforest, dependence patterns also align with Figures 4d and 4f: Congo and
Gabon, located further south, receive more rainforest rainfall during the JF season, whereas the more northerly
Equatorial Guinea shows greater dependence during JJA.

Amplification trends are strongest near the western edge of the Congo rainforest (Figure 7b). The Republic of
Congo shows an amplified dependence on rainforest-sourced rainfall during both dry seasons. Even Liberia,
which generally depends less on rainforest moisture during dry seasons, shows increased dependence during
exceptionally dry years. The only significant exception is the Central African Republic, which shows reduced
dependence on rainforest-sourced moisture during increasingly dry JF seasons.

Using MSWEP precipitation fields to run WAM2layers (Figure S11 in Supporting Information S1) results in
higher annual and dry-season dependence on Amazon moisture for several countries: Ecuador (+4%, +4%
percentage points for annual and dry-season, respectively), Colombia (+1%, +1%), Peru (+6%, +6%), Uruguay
(+2%, +2%), Paraguay (+3%, +3%), and Bolivia (+5%, +7%). Slightly lower dependencies (<—1%) are
found for Suriname, Guyana, Venezuela, and Brazil. In Africa, differences between the MSWEP and ERAS-
based estimates are no larger than one percentage point, with the exception of Equatorial Guinea during JJA-
season (+3%). Most significant correlations with dryness disappear in South America when using MSWEP,
but they remain overall consistent in Africa.

7. Discussion
7.1. Comparing Moisture Recycling in the Amazon and Congo Rainforests

Although the Amazon and Congo rainforests differ significantly in their seasonal cycles of precipitation, evap-
oration, and moisture recycling ratios (see Figure 2), meaningful parallels can be drawn between their moisture
recycling systems. In both forests, seasonal shifts in the ITCZ strongly influence moisture recycling dynamics,
albeit in different ways. These shifts affect both the location of moisture sources and the regions where recycled
moisture from the forests precipitates (see Figures 3 and 4). Importantly, our focus is on the origin and transport of
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Figure 8. Precipitation fractions by land-use type originating from the Amazon (a) and Congo (b) forests and falling on
selected downstream countries (x-axes). Green bars indicate precipitation falling on all forest types (incl. non-rainforest
types), coral on cropland, yellow on pastures, light green on grasslands, and gray on other surfaces, including water bodies.
For each country, the left bars represent annual means and the right (Amazon) or middle and right (Congo) bars represent
dry-season means for the time-varying land-mask restricted period of 1980-2019. Dashed lines show the corresponding
land-cover fractions of selected rainforest (bright green), all other forest (dark green), cropland (red), pasture (yellow), and
grassland (light green). CAR denotes the Central African Republic, and DRC the Democratic Republic of the Congo.

moisture, rather than on local-scale processes of rainfall generation. e.g., recent work indicates that rainfall
variability in the Congo rainforest may also strongly depend on how moisture is organized and converges within
the atmosphere (e.g., Longandjo & Rouault, 2024).

Moisture flow anomalies from oceanic sources are primarily driven by circulation shifts, whereas moisture
recycling within the rainforests is more closely tied to local processes, with varying sensitivity on the dryness
index (see Figure 5). During the dry season (only JJA for Congo), both rainforests show a slight but statistically
significant increase in dependence on internally recycled moisture (see Tables 1 and 2). Most surrounding
downwind countries also become more reliant on moisture recycled from the rainforests during the dry seasons
(incl. JF Congo) (Figure 7), and this reliance disproportionally involves forest covered areas (Figure 8). Addi-
tionally, moisture flows recycled from forests outside of the selected rainforest areas remain more stable than
those from other land-use types (see Figure 6).

7.2. Literature Comparison

Generally, our findings of annual average moisture recycling percentages within the rainforest are lower than
those found in other studies, which is expected as our selected forest moisture source region is typically smaller
than others' source region selections (see Tables 3 and 4). A comparison of the results with previous findings is
challenging due to differences in definitions, such as forest area and study period. This matters because the ef-
ficacy of moisture recycling within forests is highly dependent on forest size: smaller areas offer less opportunity
for evaporated moisture to return as precipitation. Consequently, comparing anomalies is more meaningful than
comparing absolute averages across studies. To provide the most meaningful absolute comparison possible, we
define an upper limit as the total moisture recycling from all land sources (Amazon: ~35%, Congo: ~55%), and a
lower limit as the recycling occurring strictly within forested areas (included in the tables). Most of the earlier
estimates fall between these two bounds. The range of dry-season anomalies reported in previous studies reflects
these definitional differences: for the Amazon, our result (a relative increase of ~5%) aligns with most earlier
findings (4%—8%). For the Congo, the range of anomalies in the literature is considerable, with Baker and
Spracklen (2022) reporting an increase of 7% at one extreme, and an increase of almost 40% at the other extreme,
as reported by Dyer et al. (2017). Our analysis indicates an increase of approximately 12% in moisture recycling
within the Congo rainforest during the JJA dry season.
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Table 3
Moisture Recycling in the Amazon Region or Selection Therein, Non-Exhaustive Overview of the Literature
Ref. Annual (pg,,) Dry season (py,,) Region Time period and data Method
Eltahir and Bras (1994) 25% highest: ~28% (Jun), lowest: Amazon basin 1985-1990, ECMWF 2D recycling model
~22% (Jan)
Burde et al. (2006) 31% highest: 38% (Nov), lowest: Box 4°N-16° 1981-1993, 2° x 2° monthly data from the 2D recycling model
20% (June) S, 50° — 16°W Data Assimilation Office
26% highest: 29% (Nov), lowest: Budyko model
21% (June)
41% highest: 45% (Nov), lowest: IMB model
35% (June)
45% highest: ~50% (Aug), lowest: Modified general model

~38% (May)

Angelini et al. (2011)

25% from land

Higher recycling in dry season
(not quantified)

Amazon basin

1999, sampling at three sites along Amazon
river

Isotopic

Satyamurty et al. (2013)

37% in rainy season, 16% in dry
season

Box 40°N-50°
S, 20° — 120°W

1978-2010 NCEP/NCAR, 1986-2010 GPCC

Box model, based on
moisture convergence

Bagley et al. (2014)

67.3% in dry season (JAS)

Box

2003-2010

Quasi-isentropic back
trajectory, WRF

Zemp et al. (2014) 28% 30% Amazon basin 2001-2010 TRMM + MODIS WAM2layers
24% 25% 1990-1995 LandFlux-EVAL and average of
CRU, GPCC, GPCP and CPC
Staal et al. (2018) 32% - Amazon basin 2003-2014, PCR-GLOBWB, ERA-I, CRU,  Lagranian moisture tracking
LandFlux-EVAL
Baker and Spracklen (2022) 365 + 4.9% ~37% in JJAS (Figure 3). Peak Amazon basin CMIP6 models Recycling estimation
in SON: ~ 39% method based on Eltahir
and Bras (1994)
362 £ 1.2% ~37% in JJAS (Figure 3). Peak Reanalyses
in SON: ~41-42%
Yang and 29.4% 32.9% Amazon basin 2004-2013, WRF-WVT + Noah- WRF-WVT
Dominguez (2019) MP + MODIS + ERA-I
Chug et al. (2022) 25% 25% in JJA, 26% in DJF Box over Amazon 2003-2013, ERA-I WRF-WVT
basin
Claros et al. (2025) 26% - Amazon basin 2000-2021, convection-permitting model 2L-DRM
25.6% 35% 2019, WRF-WVT convection-permitting WRF-WVT
model
This study 26% 28% Amazon >85% 19802013, ERA-I, MSWEP WAM2layers v.1
rainforest
21.3 £ 0.7% 22.3% 19802023, ERAS WAM2layers v.3
21.0 £ 0.7% 22.0% 1981-2017, ERA5 + MSWEP

7.3. Uncertainty and Sensitivity

Our moisture recycling estimates using MSWEP and ERAS precipitation are generally more consistent in the
Congo rainforest than in the Amazon rainforest. The MSWEP simulation demonstrates a higher annual and dry-
season dependence on Amazon moisture for most countries than the ERAS simulation, while only minor dis-
crepancies exist between the two over the Congo rainforest. When considering total area averages and air-
footprint normalized anomalies, a general agreement is found between the two runs. However, the MSWEP
simulation gives a consistently lower correlation between dryness and moisture recycling metrics. This may be
associated with the discrepancy in ERAS precipitation data, as identified by (Polasky et al., 2025).

A preprint of this work was released in 2022 (Wang-Erlandsson et al., 2023). The earlier research used ERA-
Interim data with MSWEP precipitation fields as opposed to the ERAS5 data used here. Some notable differ-
ences were found using the newer data set, which we believe are important to emphasize in order to demonstrate
the sensitivity of our methods using different meteorological data. In this earlier version, moisture recycling
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Moisture Recycling in the Congo Region or Selection Therein, Non-Exhaustive Overview of the Literature
Ref. Annual (pg,,) Dry season (pg,,) Region Time period and data Method
Pokam et al. (2012) 38 % Feb: ~43%, JAS: Box 5°N-5°S, 12.5°-30°E 1968-2000, 6h data NCEP reanalyses 2D recycling model
42%, lowest: ~33%
(rainy season)
- highest: ~31% Budyko type model of Brubaker
(Feb + Jul): 42%, et al. (1993)
lowest: ~24% (Nov)
- highest: ~48% Tank model of Zangvil
(Feb + Jul): 42%, et al. (2004)
lowest: ~39% (Nov)
Dyer et al. (2017) 28% JJA: 39%, DIF: 25%  Box over Congo Basin north: 1980-2000 Water tagging ability in
2°N-5°S, 15°-30°E, and south: CESM1.2
2°-10°S, 15°-30°E
Sori et al. (2017) 59% highest: ~65% Congo basin 1980-2010, P from CRU, ocean E from Lagrangian model FLEXPART
(May), lowest: 55% OAFlux, land E from GLEAM,
(July) moisture fluxes from ERA-I
te Wierik et al. (2022) 68% Congo basin 1981-2016, ERA-I, MSWEP, Lagrangian model FLEXPART
GLEAM
Baker and 41.9 + 49% JF: ~45%, JJA: Congo basin CMIP6 Recycling estimation method
Spracklen (2022) ~40-50% (Figure 3) based on Eltahir and
Bras (1994)
39.7 + 3.1% JF: ~45%, JJA: Reanalyses
~45% (Figure 3)
This study 28% JF: 28%, JJA: 36%  Africa where >85% rainforest 1980-2013, ERA-I, MSWEP WAM2layers v.1
23.7 £ 0.7% JF: 24.1%, 1980-2023, ERAS WAM2layers v.3
JJA: 26.7%
242 + 0.8% JF: 23.9%, 1981-2017, ERA5 + MSWEP
JJA: 28.2%

within the rainforest was found to be higher, at 26% in the Amazon and 28% in the Congo. The dry-season
anomaly was relatively similar to what we find now in the Amazon, and larger in the Congo area, with a 21%
increase instead of the 12% found here. Large differences are observed between the moisture source regions for
the Amazon, where the discernible signal from the Tropical Atlantic, visible in Figure 3a, is absent from the ERA-
Interim results. Both dry season precipitation anomalies in Congo (Figure 4) exhibit a more northward orientation
than was observed in the ERA-Interim result. This results in some changes in the precipitation dependence of
downwind countries. For example, the preprint suggested a high JJA dry season dependence of precipitation from
rainforest moisture in Congo and Gabon of up to approx. 50%, whereas this study shows that the dependence is
lower than the mean annual at approx. 20%. The observed discrepancies can be primarily attributed to differences
within the wind fields and evaporation fields, since these differences are not evident between our ERAS and
MSWEP precipitation runs. The preprint found significant amplifications in p,. with increasing drought index,
whereas we did not observe such a pattern (see top row last two values of Table 1 and last three values of Table 2).
Nonetheless, we do find amplifications in countries' dependence on rainforest-sourced moisture under increasing
dryness. In most cases, the proportions of rainfall originating from rainforests that falls on all forested areas
(including rainforest outside of the selected area and non-rainforest types) exceeds the total forest cover (see
Figure 8, suggesting that while local rainforest recycling may not intensify, the broader reliance on rainforest
moisture does. Readers interested in further details regarding the discrepancies between the ERA-Interim and
ERAS simulation results are encouraged to consult the preprint.

7.4. Potential Implications for Forest Governance

Increasingly, policies to promote nature-based solutions to address climate change such as forest restoration and
conservation are being proposed, planned and implemented (Chaplin-Kramer et al., 2019; Griscom et al., 2017).
The benefit of forest moisture supply for forest resilience, agriculture, and water resources are increasingly
recognized (Cui et al., 2022; Hoek van Dijke et al., 2022; Leite-Filho et al., 2021). At the same time, dry season
length in both the Amazon and Congo forests is increasing (Fu et al., 2013; Jiang et al., 2019) and rainforests are
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becoming increasingly vulnerable to repeated droughts (Tao et al., 2022). Thus, it will be important to understand
where measures to prevent deforestation or promote forestation might have the greatest benefits for counteracting
such drying trends (Tuinenburg et al., 2022). More than 30% of the moisture that precipitates in the Congo
rainforest originates from land outside of the rainforest, much higher than the dependence on evaporation from the
rainforest itself (~24%), indicating that substantial land areas without dense forests are also important for
moisture supply to rainfall. The same applies to the Amazon, though to a lesser extent. Compared to the Amazon,
the Congo rainforest is also projected to face greater future threats of forest loss and greater impacts of defor-
estation on regional precipitation (Smith et al., 2023).

The need for governance of moisture flows is increasingly being discussed in the scientific literature (Keys
et al., 2017; te Wierik et al., 2020). Hitherto, most analyses of moisture flows at the country scale focus on the
mean annual scale (Dirmeyer et al., 2009; Keys et al., 2017). However, Figures 7 and 8 reveal substantial seasonal
variations in both the forest's contribution to rainfall and the spatial distribution of where this rain occurs. For
example, in South Sudan, the reliance on forest-sourced moisture increases from negligible (~1%) in January and
February to substantial (~7%) in June, July, and August. Concurrently, while only about 20% of this rainfall
returns to the forested areas of South Sudan, more than 55% does so during the summer months. This means that
considering the importance of forests for different nations' management and governance contexts will need to go
beyond the mean annual scale and account for seasonal variations.

As discussed in Section 7.2, the existing literature shows a wide range of results, particularly in the Congo region.
In addition, results are sensitive to the use of different data set, as shown in Section 7.3. This highlights the critical
need to improve data availability to support policy development and enable a more accurate understanding and
quantification of uncertainty. Therefore, it is vital to increase data availability for policy for better understanding
and quantification of uncertainty. At the same time, policy design must be responsive to present uncertainties,
aiming to generate benefits while minimizing the risks when accounting for moisture recycling in management
and governance frameworks.

8. Conclusion

In this study, we quantified moisture recycling in both the Amazon and Congo rainforests during 1980-2023, and
studied both the sources and sinks of the recycled water during the dry season and drought years. We draw the
following conclusions:

e On average, between 1980 and 2023, 21.3 + 0.7% of the annual precipitation in the Amazon rainforest and
23.7 £ 0.7% in the Congo rainforest depend on moisture recycling within the rainforests themselves.
41 + 2% and 32 + 4% of all evaporation is rained down back into the Amazon and Congo rainforests,
respectively.

¢ Both the Congo and Amazon rainforests become significantly (>1c) more reliant on their own moisture
supply during the dry season: +1 percentage points (increase of 5%) during JJAS in the Amazon, and +3
percentage points (increase of 12%) during JJA in the Congo. No significant increase in moisture self-reliance
is found for the JF Congo dry season. However, a larger fraction of its evaporation leaves the rainforest: +9
percentage points (increase of 15%) for JJAS in the Amazon, and +7 percentage points (increase of 10%) for
JF in the Congo. No significant difference is found for the JJA Congo dry season. Strong correlations between
all seasons and regions, and the drought index MCWD indicate that during drier years, the fraction of
evaporation that leaves the rainforest becomes more pronounced.

¢ Correlations between dry-season air-mass footprint anomalies and moisture source anomalies reveal that
oceanic sources are strongly influenced by air-mass transport, while rainforest sources are more locally
controlled. For the Amazon rainforest, the relationship between anomalies in air-mass footprint and moisture
sources shifts with dryness, becoming even anti-correlated in dry years for terrestrial moisture sources. For the
Congo rainforest, circulation shifts are the main driver of land moisture source anomalies outside the rainforest
and decrease in importance with increasing dryness. No significant correlation is found between dryness and
the importance of circulation shifts as a driver of oceanic moisture sources to the Congo rainforest.

« Different land-use types vary in their ability to buffer moisture supply to the rainforests during dry seasons: in
the Amazon, forest-type sources (excl. The selected rainforest) show the smallest reduction in moisture
contribution compared to the annual mean (—37%: E;o/fy. is 37% smaller for JJAS than the annual mean),
while cropland (—55%), pasture (—38%), and grassland (—55%) show (slightly) weaker buffering. In the
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Congo, seasonal shifts in air-mass paths lead to variable buffering, with grasslands contributing slightly more
during the JJA dry season (—4%), but much less during JF season (—28%).

e At the country scale in South America, Peru is the country that relies most on rainforest moisture for its
rainfall, receiving 36% of its dry season rainfall from rainforest moisture. Ecuador sees the largest seasonal
increase, from 25% annually to 33% in the dry season. Significant positive correlations between forest dryness
and dependence are observed in Ecuador, Colombia, Peru, and Paraguay. In Africa, Gabon (25%), Congo
(23%), and Equatorial Guinea (22%) depend most on forest-sourced rainfall. The largest seasonal difference is
found in the Central African Republic. Seasonal patterns align with wind shifts: southern countries like Angola
and Zambia nearly double their Congo moisture dependence during JF, while northern countries like Nigeria
and Cameroon are more dependent during JJA. Amplification of dependence with dryness is strongest south
and west of the rainforest.

¢ In most countries, the proportion of rainforest-sourced moisture precipitating on forested areas exceeds their
total forest cover, indicating a disproportionate reliance on forests for moisture recycling.
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