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Abstract

The southeastern Amazon has recently been shown to be a net carbon source, which is partly
caused by drying conditions. Drying depends on a number of factors, one of which is the land
cover at the locations where the moisture has originated as evaporation. Here we assess for the first
time the origins of the moisture that precipitates in the Amazon carbon source region, using
output from a Lagrangian atmospheric moisture tracking model. We relate vegetation productivity
in the Amazon carbon source region to precipitation patterns and derive land-cover data at the
moisture origins of these areas, allowing us to estimate how the carbon cycle and hydrological cycle
are linked in this critical part of the Amazon. We find that, annually, 13% of the precipitation in the
Amazon carbon source region has evaporated from that same area, which is half of its land-derived
moisture. We further find a moisture-recycling-mediated increase in gross primary productivity of
roughly 41 Mg carbon km ™2 yr~! within the Amazon carbon source region if it is fully forested
compared to any other land cover. Our results indicate that the parts of the Amazon forest that are
already a net carbon source, still help sustain their own biomass production. Although the most
degraded parts of the Amazon depend mostly on oceanic input of moisture, further degradation of

this region would amplify carbon losses to the atmosphere.

1. Introduction

Earth’s biosphere is currently a net carbon sink that
stabilizes the climate, and maintaining this sink is key
to prevent catastrophic climate change [1]. Among
the greatest threats to the global climate is the pos-
sibility that the Amazon rainforest, Earth’s largest
aboveground carbon stock [2], becomes a net car-
bon source [3, 4]. This would set in motion a posit-
ive feedback with global mean temperature that amp-
lifies global warming [5, 6]. To assess the state of
the Amazon’s carbon budget, Gatti et al [7] per-
formed 590 atmospheric vertical profiling measure-
ments from four sites using aircraft over the course
of nine years (2010-2018). They found that intact
forests of the southeastern Amazon already act as a
carbon source, fuelling fears that the Amazon as
a whole will flip from net sink to net source as
global climate change continues [4]. Whether this
will occur depends critically on precipitation levels:

© 2023 The Author(s). Published by IOP Publishing Ltd

both intensifying seasonal droughts and increasingly
recurring severely dry years may cause this flip to
happen [4, 8, 9]. However, importantly, precipita-
tion levels are not beyond human influence. Gen-
erally, precipitation over land originates partly from
ocean and partly from land [10, 11]. The land-derived
component of precipitation and its variability depend
on land cover at its source of evapotranspiration
[12]. Specifically, tropical forests tend to produce a
larger flux of evapotranspiration than pastures or
grasslands, especially in the dry season when their
deeper roots allow them to access deeper groundwater
[13]. Likewise, different crops and different means
of irrigation may produce different moisture fluxes
from the land to the atmosphere. Therefore, land-
cover changes such as reforestation could significantly
enhance precipitation levels [14, 15].

The spatial connection between evapotranspira-
tion and precipitation implies a causal link between
land cover and the carbon budget at remote locations.
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Due to recent advances in atmospheric moisture
tracking [11, 16], it has become possible to obtain
such connections at high spatial and temporal detail.
Together with the vertical-profiling measurements by
Gatti et al [7], this means that it is now possible to
obtain the seasonally changing spatial distributions
of the moisture origins of those parts of the Amazon
that are at critical need of moisture to maintain or
regain their function as net carbon sink (or at least be
carbon neutral). Here we map those moisture origins
for different parts of the Amazon with varying carbon
dynamics as identified by Gatti et al [7], with a focus
on the moisture origins of the region in the Amazon
that is identified as net carbon source. We obtain land
characteristics of these areas to explore the potential
to restore the ecosystem service of remote moisture
provisions.

2. Methods

2.1. Definition of the regions of influence

We use the mean regions of influence of each quarter
for the period 2010-2018, based on all vertical profiles
that were collected twice a month from airplanes by
Gatti et al [7, 9]. The regions of influence were calcu-
lated using the HYSPLIT model [17] which uses indi-
vidual back trajectories for each flask (height) of each
vertical profile at 1 h resolution to get the trajectory
density (number of back trajectories over a 1° x 1°
grid cell). Detailed methods of the region of influence
calculations are found in Cassol et al [18], Gatti et al
[7], and Basso et al [19]. These regions of influence
correspond to the southeastern region ALF, south-
western region RBA, northeastern region SAN, and
the northwestern region TAB (2010-2012) and TEF
(2013-2018). We also refer to ALF as the Amazon car-
bon source region.

2.2. Atmospheric moisture tracking

To identify moisture origins of precipitation, we use
the Lagrangian atmospheric moisture tracking model
UTrack [16] to track the origins of precipitation back-
ward in time. The model tracks the atmospheric
trajectories of moisture parcels and updates their
coordinates in three-dimensional space. For each mm
of precipitation in an area of interest (here, the
regions of influence), 100 parcels are released into
the atmosphere. Their trajectories are forced with
three-dimensional hourly wind speed estimates from
the ERAS reanalysis product at 0.25° horizontal res-
olution for 25 atmospheric layers [20]. Every time
step, here 0.25 h, the moisture content of each par-
cel is updated depending on ERAS5 evaporation data,
in which case the evaporated amount of moisture,
tracked backward from its location of precipitation,
is allocated to the current position of the parcel. Also
every time step, parcels have a certain probability of
being assigned a new vertical position. This happens
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such that on average every 24 h each parcel is reposi-
tioned, the altitude of which depends on the vertical
moisture profile. A parcel is no longer tracked after
30 days or when 99% of its original moisture has been
allocated to evaporation. We store results for each
region of influence and for each month during 2010-
2018 and summed these monthly moisture flows for
each quarter of the year. For further details of the
UTrack model, we refer to Tuinenburg and Staal [16].

We define the land precipitation recycling ratio
Pland Of a particular region as the percentage of its
precipitation that has last evaporated from land. For
these additional results, we use the UTrack runs from
Tuinenburg et al [11] resulting in monthly climatolo-
gical mean (2008-2017) moisture flows between each
pair of 0.5° grid cells across the globe. We define the
region-of-influence precipitation recycling ratio pror
as the percentage of precipitation within a certain
region of influence that has last evaporated within the
same region of influence. We calculate these statistics
for each of the regions of influence defined by Gatti
etal [7].

Note that the model we use to simulate the tra-
jectories of moisture fluxes is different than the model
used by Gatti et al [7, 9] to simulate the backward tra-
jectories or the regions of influence.

2.3. Evapotranspiration and precipitation

To maintain consistency with the atmospheric mois-
ture tracking results, we use the ERA5 global reana-
lysis dataset for all precipitation and evapotranspir-
ation estimates [20]. Furthermore, to estimate the
contribution of forest cover to evapotranspiration
at the moisture origins, we use the calculations by
Tuinenburg et al [15]. They applied the global hydro-
logical model PCR-GLOBWB [21, 22], simulated for
1981-2010, to determine, globally and for each 0.5°
grid cell and month, the evapotranspiration differ-
ence between a fully covered forest and the highest-
evaporating alternative land cover (natural grassland,
pasture, or cropland).

2.4. Gross primary productivity

We obtained monthly gross primary productivity
(GPP) data at 0.05° resolution for ALF during 2010—
2018 from Wang et al [23]. This product is based on
near-infrared reflectance of vegetation (NIRv) that
was first described by Badgley et al [24] as a robust
proxy for GPP. Furthermore, the GPP product [23]
that we use here was found to be close to the median in
a recent systematic assessment of eight GPP products
[25]. Although higher-resolution datasets exist (such
as MapBiomas or ESA CCI Land Cover), 0.05° is
more than enough for our purpose, for which we
need land cover fractions at 0.25° resolution. As a
first-order estimate of the effect of precipitation on
GPP, we performed a linear regression of monthly
GPP in ALF to precipitation. Because the region
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of influence ALF varies throughout the year due to
seasonal changes in winds [7], we first normalized
GPP to a consistent unit of MgC km~—2 month™!,
Combined with the estimated effect of forest cover
on evapotranspiration in ALF [15], and the evapora-
tion recycling ratio for ALE, we compute for ALF how
much additional GPP during a given period would
result from forest cover increase in ALF itself:

dGPP
AGPPrr = ETforest, ALF * PET,ALE ° — A ()

dParr
where AGPP 5 is the increase in gross primary pro-
ductivity (kgC over time), ETforest, arr (mm over time)
is the evapotranspiration by forest cover within ALF,
pETALF (fraction) is the evaporation recycling ratio for
ALF, and dGPPa1/dParr (kgC mm™!) is the slope of
GPP as a function of precipitation.

2.5. Land cover classes

We determined statistics of the land cover at the mois-
ture origins of ALF. For this we used the MODIS
MCDI12C1 version 6.1 dataset at 0.05° resolution
for the year 2018 [26]. We used the International
Geosphere-Biosphere Programme layer, which we
simplified to six land-cover classes: forest (evergreen
needleleaf forest, evergreen broadleaf forest, decidu-
ous needleleaf forest, deciduous broadleaf forest,
and mixed forests), shrubland (closed shrubland
and open shrubland), savanna (woody savannas and
savannas), grassland, cropland (croplands and cro-
pland/natural vegetation mosaic), and other (urban
and built up, and barren or sparsely vegetated). We
weighted the contribution of the land covers by the
evaporation that they contribute to precipitation in
ALF In this way, we obtained a relative measure (in
percentage) of the contributions of moisture from
these different land cover classes to the Amazon car-
bon source region.

3. Results

We focus on the southeastern portion of the Amazon
rainforest, the region of influence of the aircraft’s ver-
tical profiling site at ALF, as this region was found
to be a net carbon source. ALF received an aver-
age of 488 mm (£47 mm standard deviation among
years) precipitation per year from local and surround-
ing land areas during 2010-2018 (figures 1 and S2;
table 1). Given its mean annual average precipitation
of 1919 mm, the majority (75%) of precipitation in
ALF has oceanic origin. Out of the land-originated
precipitation, 52% (253 £ 27 mm) has evaporated
within ALF itself, with the remainder originating
from more eastern land areas. Most of this terrestrial
moisture comes from Brazil (figure 1). Switching the
perspective to evapotranspiration instead of precipit-
ation, we find that 24% of all evaporation from ALF
is recycled within ALF itself.

A Staal et al

We find seasonality in the amount of moisture
that is recycled within ALF as well as that impor-
ted from other land areas (figures 1 and S1; table 1).
The region of influence was separated by Gatti et al
[7] for the four quarters of the calendar year. In the
first quarter, on average 12% (117 £ 11 mm) of
the precipitation comes from within ALF and 21%
(204 £ 18 mm) from land; in the second quarter, 10%
(34 + 4 mm) of the precipitation comes from ALF and
28% (97 £+ 12 mm) from land; in the third quarter,
12% (7 &£ 5 mm) of the precipitation comes from
ALF and 25% (14 & 10 mm) from land; finally, in the
fourth quarter, 16% (90 £ 22 mm) the comes from
ALF and 33% (179 £ 37 mm) from land (table 1).
Thus, in absolute terms, recycling within ALF peaks
in the first quarter, but in relative terms in the fourth
quarter. Although total recycling is relatively low dur-
ing the driest months (third quarter), mainly due to
the relatively large contribution of Amazonian trees
to evapotranspiration when it is drier, recycling of
the moisture that has been transpired by trees is rel-
atively high in the dry season [13]. Note that the
shape and size of the regions of influence are differ-
ent for each quarter. Moisture recycling ratios tend to
be higher for larger areas [11, 27, 28] and the regions
of influence are indeed smaller in the second and
third quarters (0.9 x 10° km? and 1.0 x 10°® km?)
than in the first and fourth ones (1.7 x 10° km? and
1.6 x 10° km?) (figure 1).

The fact that ALF has a history of land-use change
means that the estimated local dependency on mois-
ture may be lower than it used to be, but also sug-
gests that there could be potential to restore it. There-
fore, we determined the land cover at the origins
of the moisture flows to ALE. We find that forest
occupied on average 46% of the terrestrial origins,
savanna 34%, grassland 16%, cropland 2%, shrub-
land 1%, and all other land covers (such as urban
areas) a negligible amount. The large proportion of
natural areas (both forest and savanna) suggests that
maintaining as much moisture flow towards ALF
would primarily involve conserving existing ecosys-
tems. This is further confirmed by a recent study [29]
showing the largest climate benefits in Brazil would
be achieved by conserving existing forests. Still, a lar-
ger carbon stock in ALF, including secondary forests
and other vegetation, would benefit the carbon
sink there [30].

Although a positive effect of precipitation on
the carbon sink is to be expected in the ALF
region of influence, it is less obvious what that rela-
tion looks like. Therefore, we took the monthly
GPP in ALF (mean = 0.27 GgC km™2 month™')
and related that to monthly precipitation (dur-
ing 2010-2018). A linear regression fits reasonably
well (R* = 0.54; figure 2), in which every mm
of monthly precipitation tends to increase GPP by
0.22 MgC km~? month™!. The residual standard
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Figure 1. Average (2010-2018) land evaporation (mm month™!) in each quarter that precipitates in the Amazonian southeast
ALF, the part of the Amazon that has been found to be a carbon source. The boundaries of the regions of influence of the vertical
profiling measurements [7] are given in blue, which means that the definition of ALF is different for each quarter. The location of
the ALF vertical profiling measurements is depicted with the blue star. Note the different colour scales across the plots. For the
figures of the other subregions, of which the intact forests are found to still be a net carbon sink, see the supplementary figures

S2-85.

Table 1. Annual and quarterly precipitation (P, in mm), land precipitation recycling ratio (pjang, in %), and precipitation recycling ratio
of ALF (paLr, in %). Between brackets are the standard deviations (all based on the period 2010-2018). For results of all regions of

influence, see table S1.

Annual Q1 Q2 Q3 Q4
P (mm) 1919 (4+162) 967 (+94) 344 (£38) 58 (4+33) 550 (+102)
Pand (%) 25 (£2) 21 (+2) 28 (+4) 25 (£17) 33 (£7)
oar (%) 13 (£1) 12 (£1) 10 (£1) 12(4£9) 16 (+4)

deviation is 0.026 GgC km~2 month~!. Forest cover
in ALF is estimated to increase evapotranspira-
tion rates by at least 81 mm month™' on average:
71 mm month ! in the first quarter, 70 mm month ™!
in the second quarter, 85 mm month~! in the third
quarter, and 98 mm month~! in the fourth quarter.
In the first quarter, 37% of the evapotranspiration in
ALF returns as precipitation in ALF; in the second
quarter, this is 11%, in the third quarter it is 3%,
and in the fourth quarter 27%. This means that a
fully covered forest in ALF enhances precipitation by
26 mm month™', 8 mm month™!, 2 mm month™",
and 26 mm month ™! in the respective quarters. This
sums to 186 mm yr~!, which translates into an estim-
ated 41 MgC km~? of additional GPP annually. There
are reasons, however, to assume that this value is an
underestimation. Namely, it disregards the strongly
nonlinear effect that forest cover increase may have
on precipitation [31]. Furthermore, the intercept in

figure 2 implies that 0.23 GgC km ™~ month ™! is pro-
duced at 0 mm precipitation, which is not realistic.
It should also be noted that the moisture-recycling-
mediated effect is not the only biophysical effect that
forest change has on productivity [32] and that we
focus here on dynamics within the Amazon carbon
source region only.

We present the moisture-recycling results for all
regions of influence in the supplementary figures S2—
S5 and table S1. Although mean annual precipit-
ation varies only little among regions of influence
(1900-2148 mm yr—'), the precipitation recycling
ratios vary considerably: lowest annual pj,,g is found
for SAN (northeast) with only 13% and highest for
RBA (southeast) with 31%. Both in absolute amounts
and relative amounts of moisture recycling, and both
on an annual basis and peak-quarterly basis (fourth
quarter), both pung and pror are highest in RBA
(table S1).
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Figure 2. Gross primary productivity (GPP, in GgC km~2 month~!) in ALF as a function of precipitation (P in mm month—!)
for each month during 2010-2018. GPP is normalized to km ™2 because of the differing area of the ALF region of influence
throughout the year. The grey band represents one standard deviation around the linear fit (R? = 0.54; p < 0.01).

4, Discussion

We present the moisture origins of the carbon source
region in the southeastern Amazon, highlighting
where forest conservation and restoration may con-
tribute to prevent further carbon emissions or restore
the carbon sink. We add to previous work about the
role of forest in generating precipitation in the (south-
ern) Amazon (e.g.) [13, 33—40] by specifically target-
ing the area that was identified by Gatti et al [7] as a
carbon source. We find that 13% of its precipitation
has originated from within the same region, indic-
ating a regional positive feedback between GPP and
precipitation.

Positive (reinforcing) feedbacks are ubiquitous in
tropical forests [41] and can cause tipping points [42],
which present a possible threat to the Amazon [6, 43,
44]. An example of such a positive feedback exists
between fire and tree cover loss, which could trap
a landscape in a state of low tree cover maintained
by fire [45-47]. Regionally, forests enhance precip-
itation, feeding back to the forest [13]. The posit-
ive feedback between CO, concentrations and tem-
perature is global, so the effects of enhanced carbon
fluxes from the forest to the atmosphere are spread
out globally. As this would be unlikely to cause run-
away global warming by itself, it cannot be concluded
that a tipping point is reached once ALF (or even the
Amazon as a whole) becomes a net carbon source.
Still, reduced photosynthesis is causally coupled to
reduced moisture transport from the soil to the atmo-
sphere. Thus, lowered primary productivity reduces
atmospheric moisture recirculation, which implies a
weakening of the positive forest-precipitation feed-
back that is crucial to parts of the Amazon. The

5

finding that a significant part (249 mm, or 13%)
of the annual precipitation in the Amazon’s carbon
source region has last evaporated within the same
area suggests the potential for a destabilizing (posit-
ive) feedback within the subregion if drought condi-
tions worsen. Indeed, self-amplifying tipping points
are found to be most likely in the southeastern forests
of the Amazon, regardless of whether absolute cli-
matic tipping points are assumed [43] or whether
tipping points relative to local climatic history are
assumed [48].

We have assessed nearly a decade of carbon
exchange and moisture flows in the Amazon. This
period contains not only seasonal variations but also
substantial interannual variations, with some notable
wet and dry years. These include the extremely dry
years 2010 [49] and 2015/16 [50], which had major
impacts on carbon cycling due to reduced photosyn-
thesis and increased fires, as confirmed by vertical
profiles [9], remote sensing [51, 52], and models [53].
In addition, the study period contains the wet years
2009 [54],2012 [55], and 2014 [56]. However, despite
the large interannual precipitation variability during
the study period, the moisture flows within and to
the Amazon carbon source region were robust (with
standard deviations of around 10% of the interannual
means). Therefore, we are confident that our derived
estimates for moisture flows and the sensitivity of car-
bon uptake to precipitation are representative for a
large range of conditions.

We based our analysis on the sensitivity of the car-
bon uptake on the regression between GPP and pre-
cipitation. We selected GPP for this analysis, because
the assimilation of carbon through photosynthesis is
the starting point for the subsequent carbon cycling



10P Publishing

Environ. Res. Lett. 18 (2023) 044027

through the ecosystem, and is highly sensitive to
environmental conditions. We acknowledge that this
does not necessarily result in biomass production, as
ecosystem respiration also varies with moisture and
temperature (e.g.) [57], but this response is typic-
ally less strong [58]. Our results should thus be con-
sidered a first-order approximation to precipitation
variability, and future work with dynamic vegeta-
tion models can provide more accurate results on the
net carbon exchange of the ecosystem. Furthermore,
uncertainties in the different measurements (such
as the airborne measurements and related estimates
of the regions of influence) and models (such as
the UTrack moisture tracking model) that underlie
our results may propagate. Future research should
determine in more detail how forest loss or restora-
tion may cascade through the Amazon forest system
through moisture recycling and thus affect the carbon
exchange between the forest and the atmosphere.

5. Conclusion

Our findings indicate that conservation of the
Amazon carbon source region itself helps to main-
tain precipitation levels within the same region. More
degradation of the forests may lead to a further reduc-
tion of the forest’s ability to capture atmospheric CO,
via reduced atmospheric moisture recycling, stressing
the importance of conserving Amazonian forests to
maintain Earth’s terrestrial carbon sink.
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