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Forestation is a pivotal nature-based solution for mitigating global warming,
yet its unintended hydrological outcomes and associated geospatial patterns
remain understudied. Here, we combine land-atmosphere coupled models
with the Budyko framework to show that forest-atmosphere feedbacks dom-
inate a latitudinal divergence in runoff responses induced by global potential
forestation, with increases in tropical regions but declines in boreal regions. In
tropical regions, substantial precipitation gains due to intensified upward
moisture transport overwhelm the negative effects of forest-driven evapo-
transpiration (ET) enhancement. Conversely, in boreal regions, limited pre-
cipitation gains are insufficient to offset enhanced evaporative loss, driven by
increased atmospheric demand due to elevated surface net radiation. The
negative effects of direct forest expansion vary along the dryness gradient,
with peak impacts in energy-water transitional regions. Our study highlights
the necessity to incorporate hydrological considerations into carbon- or
temperature-focused afforestation planning, and caution afforestation at high-
latitudes where new forests may exacerbate water scarcity.

Forestation—including afforestation, reforestation and forest man-
agement—has been advocated as a cost-effective nature-based strat-
egy to curb climate change by sequestering atmospheric CO, (refs.
1-5). To optimize the climate benefits of forestation, strategic tree
planting in suitable locations is essential. Previous studies indicate
that, when moving from tropical to boreal regions, not only does the
carbon sequestration potential of forests decline, but the biophysical
effects also shift from cooling to warming mainly due to a darkening of
tree canopies, cautioning the limited climate benefits of afforestation
in boreal regions®°. Such insights, however, rarely consider potential
outcomes of forestation on the local hydrological cycle, particularly
changes in freshwater availability through alteration to runoff.
Recently, an expanding body of literature has demonstrated that
ecological restoration projects have caused a significant decline in land

water availability due to increased water consumption through eva-
potranspiration (ET) by planted trees". The forest-driven exacerba-
tion of freshwater availability poses a prominent threat to sustainable
development of human society, particularly in dry regions where water
resources are inherently scarce”™.

Forests, compared to short vegetation they replace, often exhibit
higher ET rates because of their distinct functional traits and canopy
boundary-layer characteristics. These include deeper roots that can
access subsurface water reserves, denser canopy that enhances both
transpiration and rainfall interception, lower surface albedo that
increases available solar energy for ET, and lower aerodynamic resis-
tance that facilitates stronger turbulent transfer®'*'®, Previous assess-
ments of the hydrological consequences of forest change have largely
relied upon data from paired-watershed experiments (PWE)'%%, This
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approach involved a comparison between two adjacent catchments
that have similar characteristics over a prolonged period, except that
one catchment has undergone major land cover changes while the
other remains unchanged®. Most PWE-based studies demonstrated
that small-scale (i.e., catchment-level) afforestation leads to a decrease
in surface runoff and soil moisture owing to the enhanced evaporative
demand of growing trees'?****»_ The runoff-suppressing effect of
afforestation was also supported by analyses based on the Budyko
framework, which also offers an empirical approach for attributing
observed runoff changes into contributions from local atmospheric
changes (i.e., altered precipitation and potential evapotranspiration,
PET) and vegetation cover changes®?”. A key underlying assumption of
these studies is that atmospheric conditions, particularly precipitation,
were independent of vegetation changes. However, more recent stu-
dies have reported opposing results for larger catchments, showing
either minimal impact?®*° or even increased surface water yields due to
forest expansion®>’!. These apparent inconsistencies in the hydro-
logical effects of forests may arise from potential rainfall feedbacks
that become significant only for larger spatial scales of increased tree
cover®,

Recently, observational studies have increasingly recognized that
vegetation-driven ET can promote downwind precipitation through
atmospheric moisture transport and recycling”". Although moisture-
tracking models, which can effectively depict the teleconnections
between moisture source (ET) and sink (precipitation), are capable of
quantifying the impact of forestation on precipitation and subse-
quently runoff through recycling of evaporated moisture, this
approach intrinsically overlooks the potential additional moisture
imported from oceans due to reorganizations in atmospheric circula-
tion patterns®. Coupled Earth system models (ESMs) enable more
comprehensive assessment of afforestation’s hydrological impacts by
simultaneously accounting for direct recycling of evaporated moisture
and alterations in atmospheric circulation patterns. Model-based stu-
dies suggest that forest changes, from regional to global scales, affect
precipitation locally, and also remotely through synoptic-scale atmo-
spheric anomalies (e.g., cyclone) or large-scale circulation shifts®*.
Most existing modelling studies focus on the feedbacks of
deforestation**>**¢, However, given that the hydrological responses
to afforestation and deforestation are asymmetric and that the regions
suitable for potential afforestation are largely distinct from historically
deforested areas***’*%, it remains essential to investigate the hydro-
logical consequences of afforestation. In addition, these simulations
predominantly rely on idealized (e.g., 100% or 50%) or historical
afforestation/deforestation scenarios*****°. Such scenarios fail to
account for current and local-specific climate constraints on achiev-
able forestation potential®***°, thus potentially limiting their applic-
ability in guiding science-based strategies for future afforestation
initiatives.

Beyond altering precipitation, forestation also modifies near-
surface meteorological conditions (e.g., surface net radiation, tem-
perature, and humidity)'®, which influence atmospheric water demand
by regulating PET, thereby affecting the partitioning of precipitation
into runoff versus ET. Although the influence of PET changes is often
considered secondary to that of precipitation, it can become more
pronounced in energy-limited high-latitude regions®. This is because
the transition from snow-covered surfaces to darker forests sub-
stantially increases surface net radiation'®”', which enhances PET and
thus suppresses runoff generation. Conversely, in tropical regions
where the atmosphere is more convectively unstable and oceanic
moisture supply is abundant™>*, high rates of moisture recycling over
rainforests amplify precipitation responses to forest expansion®*>, For
example, previous modeling studies have suggested that large-scale
afforestation enhances precipitation more substantially in the tropics
than in boreal regions**°. These coexisting and counteracting
mechanisms imply the balance between effects of precipitation and

PET may vary geographically. So far, it remains unknown about the net
effect of forest-atmosphere feedbacks on runoff, and the overall
hydrological impact that further incorporates the direct forest-driven
ET increase. These knowledge gaps motivate us to provide a more
comprehensive quantification of runoff responses that account for the
complex interplay between precipitation, PET, and ET, which can
complement current afforestation policies that predominantly
emphasize carbon sequestration or temperature modulation’?.

We here used a coupled land-atmosphere model—the Institute
Pierre Simon Laplace climate model (IPSL-CM)***’—to characterise the
potential hydrological outcomes of global forestation. To better
inform the implications of global forestation strategies, as proposed to
achieve “Net Zero” targets, we applied a full-potential forestation
scenario using the Bastin et al.’s dataset (Bastin_Full), in which trees will
be planted to the maximum potential of land carrying capacity®®
(Supplementary Fig. 1). Two equilibrium simulations were performed,
prescribed identically with a fixed atmospheric CO, concentration of
400 ppm (i.e., close to mean CO, concentration over 2011-2020), and
with the same boundary conditions of sea surface temperature (SST)
and sea ice concentrations (SIC) at 400 ppm (Methods). The foresta-
tion experiment (SCE) is forced by the full-potential tree restoration
map predicted by a machine-learning approach®®, and the control
experiment (CTL) is forced by current land cover map*’. The difference
between SCE and CTL determines all biophysical effects of global
potential forestation on runoff. We then applied the Budyko
framework*°*°! to further disaggregate runoff changes into the con-
tribution from direct forest cover increase and forest-atmosphere
feedbacks (i.e., changes in precipitation and PET).

Results

Hydrological effects of global potential forestation

We first quantified the hydrological footprint of global tree planting by
comparing our two coupled simulations forced by full-potential and
current tree cover maps (Fig. 1). At the global scale, full-potential for-
estation is estimated to increase terrestrial ET by 5.3% (Fig. 1e). The
enhancement of ET is found over 70.3% of the land surface, and as
expected, with the strongest increase occurring in regions with the
highest afforestation potential (Fig.1a and Supplementary Fig. 2a). The
vegetation-driven ET increases are primarily attributed to enhanced
canopy transpiration and interception, partially offset by reduced soil
evaporation (Supplementary Fig. 3). Forestation-induced ET increase
drives an intensification of the terrestrial water cycle by both enhancing
the amount of terrestrail water vapour released to the atmosphere and
also promoting turbulent and convective activities within the atmo-
spheric boundary layer®. Our simulations exhibit that precipitation
generally increases in response to forest expansion (Fig. 1b and Sup-
plementary Fig. 2b), which is approximately a 4.2% increase of global
mean precipitation (Fig. 1e). However, compared to ET changes, the
magnitudes and even signs of rainfall responses show stronger spatial
variability, demonstrating that the recycling of evaporated moisture by
rainfall is more complex than simply returning the moisture at the same
location. Precipitation increases markedly in tropical and subtropical
regions and in temperate wet regions, whereas in boreal regions it
shows only slight increases or even decreases (Fig. 1b and Supplemen-
tary Fig. 2b). This spatial pattern is broadly consistent with the observed
sensitivity of precipitation to vegetation®®,

The spatial mismatch between water source (ET) and water sink
(precipitation) reshapes surface water availability. We find that pre-
cipitation changes are insufficient to compensate for the soil moisture
loss induced by enhanced ET for most vegetated surfaces. Conse-
quently, soil moisture depletion occurs across 66.9% of land area
(Fig. 1c), causing a 2.7% decline in global mean soil moisture (Fig. 1e).
To understand the influence of global forestation on freshwater
availability, we specifically focus on analyzing runoff responses
(Fig. 1d). Our simulations show that, globally, full-potential forestation
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Fig. 1| Model-estimated impacts of global potential forestation on the
hydrological cycle. a-d Geographical patterns of the last 60-year mean changes in
annual evapotranspiration (AET), precipitation (AP), soil moisture (ASM) and sur-
face runoff (AR) due to global potential forestation. Shown are values from the
Bastin_Full simulation minus the CTL simulation. Black stipples in these panels
denote statistically significant change using the paired sample ¢-test at the 5% sig-
nificance level. e Global annual mean of forestation-induced changes in P, ET, R and
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SM, with error bars indicating the 1-standard deviation of the last 60-year series. **
p<0.05; * p<0.1. Numbers at the panel top show the percentage change in the
corresponding variable. Under equilibrium conditions, runoff changes equal pre-
cipitation changes minus ET changes (AR = AP — AET). f Distribution of AR in the
space of annual mean temperature and dryness index (the ratio of potential eva-
potranspiration to precipitation, PET/P) in CTL. The potential evapotranspiration
(PET) value is the mean estimates of the two Penman-based PET algorithms.

could lead to a significant increase in annual average runoff by 2.8%,
suggesting that global forestation overall increases surface freshwater
availability (Fig. 1e). This global value is relatively small due to the
spatial compensation between regions with wetting (increased runoff)
and drying (decreased runoff) trends. At the local scale, forestation
could induce pronounced runoff changes (Supplementary Fig. 4a),
with magnitudes ranging from 3.7% to 21.4% in most regions (corre-
sponding to the 25th and 75th percentiles; Supplementary Fig. 4b).
Notably, in some arid and semi-arid regions, such as Central Asia, the
Sahel, South Africa, and Australia, although forestation causes small
absolute runoff changes (<0.lmm day?), the relative changes can
exceed 50% due to the low background runoff (Supplementary Fig. 4a).

Our analysis reveals that regional runoff responses depend tightly
on the local climatic conditions, exhibiting greater spatial hetero-
geneity than ET and precipitation changes (Fig. 1d, f). In general, runoff
exhibits divergent responses across latitudinal (or thermal) gradients,
with increased runoff generally clustered in warm tropical and tem-
perate regions, but decreased runoff mainly located in cold boreal
areas. In most monsoon-controlled tropical or subtropical regions,
including the Brazil, Sahel, the Congo Basin, southern Africa, south-
eastern China, Indonesia and northeastern Australia, precipitation
increases frequently override concurrent increases in ET caused by
extra forest cover and thereby result in increases in runoff (Fig. 1a, b,

d). This runoff increase, driven by increase of precipitation exceeding
that of ET, is also detected in some extremely cold regions, such as
northeastern Siberia. In the Northern Hemisphere mid-to-high lati-
tudes, particularly in Europe, Russia, and eastern North America, there
is instead a reduction of runoff mainly because the increased pre-
cipitation cannot fully compensate for the enhanced ET (Fig. 1a, b, d).
However, in northern Russia, the concurrent reduction in precipitation
combined with the increased ET further amplifies the runoff decline
(Fig. 1a, b, d). It is worth noting that the projected runoff decrease due
to global forestation is also detected in some tropical regions, mainly
clustered in South Asia and the Congo basin (Fig. 1a, b, d).

Since the idealised full-potential afforestation scenario (Bas-
tin_Full) may overestimate the actual reforestation potential®* ¢, we
further incorporated additional constraints on the potential foresta-
tion maps to test the robustness of results. Building on Bastin_Full, a
new scenario (Bastin_Refined_Climate) additionally excludes areas with
frequent fire occurrences or with expected albedo-induced regional
warming after afforestation, and another new scenario (Bastin_Refi-
ned_Climate&Land) further excludes croplands, built-up lands, and
wetlands. Our simulations forced by refined potential forestation maps
produced a latitudinal gradient of runoff responses similar to that of
Bastin_Full, though with regional difference in the hydrological effects
(Supplementary Fig. 5). Compared with Bastin_Full, reduced
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forestation area over tropical grasslands and savannas leads to less
strong tropical runoff increase; and further exclusion of afforestation
over croplands and urban areas in Bastin_Refined_Climate&Land show
less significant decreases in high-latitude regions and weaker increases
in low-latitude regions. (Supplementary Figs. 1 and 5). In both affor-
estation scenarios, the contrasting pattern of enhanced tropical runoff
and suppressed high-latitude runoff remains evident.

To further verify our simulated latitudinal gradient of runoff
responses to forestation, we calculated the observed sensitivity of
precipitation minus ET (P-ET) to forest cover changes based on spatial
regression, and retained grid cells where precipitation and ET both
exhibit significant sensitivity to forest cover changes (Methods). Over
multi-decadal timescales, P-ET serves as an approximate estimate for
runoff. This observation-based analysis shows a clear latitudinal con-
trast: P-ET overall decreases with forest cover gain in high-latitude
regions but increases in the tropics (Supplementary Fig. 6), in agree-
ment with our model-based findings. Our results are also corroborated
by previous model-based assessments of global forestation effects on
the hydrological cycle. For example, De Hertog et al. *°. and Portmann
et al. **. consistently show a clear latitudinal gradient, with precipita-
tion generally increasing in the tropics and decreasing or showing
weaker changes at higher latitudes, in line with our findings.

Forest-atmosphere feedbacks driving the latitudinal contrast
Considering that ET is affected by both direct vegetation cover chan-
ges and indirect atmospheric changes (precipitation and near-surface
meteorology as described by PET), we provide a quantitative assess-
ment of the separate roles of land surface changes (AR,,,,4) and forest-
atmosphere feedbacks (AR,,,) in the forestation-induced runoff
changes, based on the Budyko framework**®" (Methods). This frame-
work characterizes land surface controls on runoff using a region-
specific parameter n, which representes the ability of a watershed or
region to retain precipitated water for ET. Higher values of n indicate a
greater partitioning of available precipitation toward ET rather than
runoff. The impacts of altered surface parameter n on runoff (AR,,,;)
refer to the runoff changes caused by terrestrial ET alterations under
conditions of unchanged precipitation and PET. Forest-atmosphere
feedbacks on runoff are further decomposed into contributions from
precipitation (ARp) and PET (ARpg;) changes. Here, we mainly
employed two commonly used variants of the Penman equation for
PET estimation: the open-water Penman equation (Penman-OW)*” and
the reference crop Penman-Monteith equation (PM-RC)*® (Methods).

Our key finding is that the divergent runoff responses to fores-
tation between tropical and boreal regions, as shown in Fig. 1d, f, are
driven by forest-atmosphere feedbacks (AR;,,; Fig. 2a, b), rather than
by direct land cover changes (AR,,4). Compared to AR, that show
globally consistently negative effects and particularly in mid-to-low
latitudes (Fig. 2c, d), the dominant forest-atmosphere feedbacks pro-
duce opposite responses along latitudinal gradients: widespread run-
off reductions in northern high latitudes (e.g., Eurasia), whereas runoff
enhancements in mid-to-low latitudes (e.g., the Brazil, Africa, South-
east Asia and southern Europe) (Fig. 2a, b). Furthermore, the two fur-
ther constrained forestation scenarios consistently show that forest-
atmosphere feedbacks strongly shape the latitudinal gradient of runoff
responses (Supplementary Fig. 7).

While the Budyko-based attribution highlights the dominant role
of forest-atmosphere feedbacks in driving runoff responses, it does
not explicitly account for the influence of altered precipitation char-
acteristics, such as rainfall intensity and snow fraction, on runoff
generation processes®’. To address this potential bias, we adopted a
modified approach following Zhou et al. ¢, which isolates the effects
of altered precipitation characteristics and incorporates these into
atmospheric feedbacks (Methods). The results from this modified
method align well with our main findings, confirming that forest-
atmosphere feedbacks predominantly drive the latitudinal divergence

of forestation-induced runoff changes (Supplementary Fig. 8). In
addition, we assessed how inter-decadal to multi-decadal climate
variability influences the attribution results by varying time windows of
the equilibrium simulations based on a bootstrap approach (Methods).
The latitudinal pattern of runoff responses and the leading role of
forest-atmosphere feedbacks are consistent across all time windows,
indicating negligible influence of internal climate variability on our
results (Supplementary Fig. 9). Furthermore, applying alternative PET
estimation methods — including two Penman-based equations and
another energy-balance approach — generates highly consistent
results, further strengthening the reliability of our findings (Methods,
Supplementary Fig. 10).

By analyzing the runoff changes within the temperate-dryness
space, we find that the overall runoff responses due to forest-
atmosphere feedbacks are more dependent on background tempera-
ture than dryness conditions (Fig. 2b). Therefore, we quantified the
hydrological responses of forestation in warm regions (with annual
mean temperature > 12.5°C) versus in cold regions (< 12.5°C) (Sup-
plementary Fig. 11). Given that mean runoff differs by several-fold
between warm and cold regions, we used relative rather than absolute
changes in our subsequent analysis to facilitate comparison of
forestation-induced hydrological responses. We find that forest-
atmosphere feedbacks generate a substantial 6.6% runoff increase in
warm regions, but the increase in cold regions is much smaller at just
1.3% (Fig. 3c).

Separate roles of precipitation and PET changes
Further decomposition of AR, into AR, and ARp;; reveals that
forestation-induced precipitation and PET changes both contribute
significantly to the latitudinal divergence of runoff responses (Fig. 3
and Supplementary Fig. 12). As forestation-induced precipitation
changes shift from strong increases in tropics to modest increases or
even slight declines at high latitudes (Fig. 1b), the resultant AR, exhi-
bits a similar spatial pattern of precipitation responses (Fig. 3a and
Supplementary Fig. 12a). Compared to precipitation, PET demon-
strates opposite signs of effects on runoff across latitudinal gradients:
PET decreases drive modest runoff increases at mid-to-low latitudes,
whereas PET increases drive strong runoff reductions in high latitudes
(Fig. 3b, Supplementary Figs. 12b and 13a, c). In warm regions, pre-
cipitation changes lead to a strong runoff increase (+6.4%), which is
slightly amplified by a modest PET-driven runoff rise (+0.2%) (Fig. 3c).
The precipitation-driven runoff increments are most prominent in
some monsoon regions, with values exceeding 40% (Supplementary
Fig. 4e). Conversely, in cold regions, the PET-driven runoff reduction
(-2.0%) becomes non-negligible, largely offsetting the precipitation-
driven increase (+3.3%) (Fig. 3¢). At some locations, forestation-driven
PET changes could reduce runoff by over 20% (Supplementary Fig. 4f).
We next explore the physical mechanisms underlying the spatial
variability of precipitation and PET responses to forestation. By
aggregating the grid-level changes to regional scale, we find that pre-
cipitation significantly increases in both warm and cold regions
(Fig. 3d). However, the magnitude of precipitation increment in cold
regions is only about one-third of that in warm regions (Fig. 3d). We
further decompose precipitation change into the contribution from
four physical processes alterations: thermodynamic effects associated
with atmospheric water vapour (AWV), vertical moisture transport
(AVert), horizontal moisture advection (AAdv), and terrestrial ET
(AET)’, The residual term (Res) representing differences between
modelled precipitation changes and the sum of all processes. Our
analysis shows that, local ET enhancements contribute comparably to
precipitation enhancement in both warm and cold regions, and thus
cannot explain the asymmetric precipitation enhancement in warm
versus cold regions (Fig. 3d). Instead, atmospheric dynamics and
thermodynamics are responsible for the latitudinally asymmetric
precipitation changes (Fig. 3d and Supplementary Fig. 14).
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In warm regions, forestation-induced precipitation increases are
primarily contributed by AVert (Fig. 3d and Supplementary Fig. 14c).
This is because forestation significantly enhances the Convective
Available Potential Energy (CAPE) and the vertical gradient of specific
humidity (Supplementary Fig. 15a, b), indicative of reduced atmo-
spheric stability, thereby promoting the upward motion of moisture
(Supplementary Fig. 15c) and increasing convective precipitation
(Supplementary Fig. 14c). The changes in vertical velocity through-
out the troposphere are intrinsically linked to forestation-induced
alterations in atmospheric circulation and moisture convergence
(Supplementary Fig. 15c¢). This precipitation increase is further
amplified by AAdv (Fig. 3d), due to enhanced horizontal advection of
moisture from upwind regions (Supplementary Fig. 15c). For exam-
ple, the southeasterly winds over Southeast China are strengthened,
enhancing moisture transport from the ocean and consequently
favoring advective rainfall in that region (Supplementary
Figs. 14b and 15c¢). The dominance of dynamic processes (AVert +
AAdv) is particularly evident in monsoon-affected regions, including
South America, Africa, East Asia (Supplementary Fig. 14b, c). This
suggests that large-scale sea breeze circulations, as perturbed by
global forestation, tend to converge more ocean-sourced moisture,
thereby enhancing regional precipitation recycling. In addition, the
effects of thermodynamic processes, AWV, are also non-negligible in
warm regions (Fig. 3d and Supplementary Fig. 14a). The residual
components also exhibit a precipitation reduction in warm regions,
particularly in southeastern China (Fig. 3d and Supplementary

Fig. 14e), which may be related to weakened transient eddies (storm
systems)”*.

In cold regions, while global forestation also causes reorganiza-
tions of atmospheric circulation patterns (Supplementary Fig. 15), the
circulation-induced precipitation changes are insignificant regionally
because the positive and negative effects spatially offset each other
(Fig. 3d and Supplementary Fig. 14b, c). However, at local scales, the
circulation-induced impacts on precipitation remain substantial. For
example, over Eurasia, the marked reduction in CAPE suppresses
upward air motion and consequently weakens convective precipita-
tion (Supplementary Figs. 14c and 15). In addition, the large antic-
yclonic anomaly induced by forestation over Eurasia weakens the
prevailing westerlies, thereby reducing moisture advection from the
North Atlantic and inhibiting advective precipitation. (Supplementary
Figs. 14b and 15c). Beyond such effects of dynamic processes, ther-
modynamic processes associated with changes in atmospheric water
vapor (AWV) further contribute to an insignificant precipitation
reduction in cold regions, particularly over Europe and western North
America (Fig. 3d and Supplementary Fig. 14a).

Apart from precipitation changes, forestation also triggers
asymmetric responses in PET, with warm regions showing a 0.7% (+
0.6%) decrease and cold regions a 1.0% (+ 2.0%) increase (Fig. 3e and
Supplementary Fig. 13a, c). These contrast PET responses arise pri-
marily from the trade-off between alterations in surface available
energy (R,—G, representing the surface energy constraint) and atmo-
spheric aridity (indicated by vapor pressure deficit, VPD) (Fig. 3e and
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Fig. 3 | Regional mechanisms underlying the latitudinal divergence in runoff
responses due to forest-atmosphere feedbacks of forestation. a, b Geographical
patterns of runoff changes associated with precipitation changes (AR,; a) and PET
changes (ARpg7; b), respectively. Shown are the mean results of the two Penman-
based PET algorithms. The insets display the bar plots of global mean of AR, and
ARpgr based on the mean result of two PET methods, respectively. Numbers show
the percent change in runoff relative to CTL-simulated runoff. ¢ Regional annual
mean of runoff relative changes due to forest-atmosphere feedbacks (AR,,),
precipitation changes (ARp) and PET changes (ARp;7) in both warm (>12.5 °C) and
cold (<12.5 °C) regions. The bar plots are the mean results of the two Penman-based
PET algorithms. d Regional components of precipitation relative changes asso-
ciated with four physical processes in both warm and cold regions. The four main

processes are thermodynamic effect (AWV), altered horizontal advection (AAdv),
altered vertical transport (AVert) and land ET changes (AET). The residual (Res)
represents differences between precipitation changes (AP) and the combined
contribution from the four processes, reflecting the impacts of transient eddies.
e Regional annual mean of forestation-induced relative changes in PET (APET), and
relative changes in its two main drivers, including surface available energy
(A(R,—G)), atmospheric vapour pressure deficit (AVPD), respectively. The bar plots
of APET are the mean results of two Penman-based PET algorithms. Estimates by
Penman-OW and PM-RC in (a-c) and (e) are shown as circles and triangles,
respectively. Error bars in (d) and (e) indicate the 1-standard deviation of the last
60-year series. ** p<0.05; * p<0.1.

Supplementary Fig. 16). Forestation tend to increase R,, — G by lowering
surface albedo, but this is insufficient to explain the latitudinal asym-
metric PET responses because of the comparable magnitudes of
radiation gains between warm and cold regions (warm: +4.0%; cold:
+3.7%). Furthermore, forestation tends to reduce VPD, with a greater
reduction detected in warm regions (—5.0%) compared to cold regions
(-1.9%), suggesting VPD as the primary driver of asymmetric PET
responses. By disentangling temperature and humidity contributions
to VPD changes (Supplementary Text 1), we demonstrate that fores-
tation leads to larger VPD reductions in warm regions due to stronger
cooling and greater humidity increases, whereas in cold regions, the

warming induced by forestation partially counteracts the humidity-
driven decline in VPD, resulting in a smaller net decrease (Supple-
mentary Fig. 17). Consequently, the negative effects of reduced VPD
are sufficient to counterbalance the positive effects of increased net
radiation in warm regions, but not in cold regions, resulting in a PET
decrease in warm regions but a PET increase in cold regions (Fig. 3e).

Aridity-level regulation on direct land surface effects

Compared to the circulation-mediated atmospheric feedbacks, direct
effects of forest cover increase on runoff (i.e., AR,,,,4) are more relevant
to freshwater availability at the location of tree planting (Fig. 2c, d).
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Fig. 4 | Forestation-induced changes in the 60-year mean relationship between
dryness index (PET/P) and evaporative index (ET/P). Box plots show the median
(horizontal lines), 25th, 75th quartiles, maximum and minimum values (top and
bottom of the whiskers), and outliers (dots) of ET/P values determined separately
for each 0.2-wide PET/P bin. The solid red and blue lines show the fitted Budyko
curves using the global data with the ET/P values falling between 5% and 95%
(Supplementary Fig. 18, Method) in CTL (red) and SCE (blue), respectively. The
solid green line denotes the difference in the Budyko curves between CTL and SCE.
The inset zooms into the transitional regions with P/PET near unity where the two
Budyko curves differ the most. The background colors distinguish regions of dif-
ferent dryness levels, that are classified according to the United Nations Environ-
ment Programme (UNEP).

Our results reveal that AR,,,, could partially offset the AR,,,-driven
runoff increase in tropical regions (e.g., Africa and South America),
whereas completely neutralize or even reverse the AR ,,,,-driven increase
in some temperate zones (e.g., Europe), thereby amplifying the latitu-
dinal divergence in runoff responses (Figs. 1d, f and 2). This more uni-
versal negative effect of AR,,,; in mid-to-low latitudes are captured by
the forestation-induced increase in the surface parameter n (Supple-
mentary Fig. 13b, d), which represents catchment characteristics gov-
erning runoff generation and primarily reflects the catchmental water
retention capacity?**®””’. The consistent increase in n indicates that
afforestation-induced catchmental changes overall enhances rainfall
portioning into regional ET, thereby reducing runoff. Along the dryness
gradient, the AR,,,,;-driven runoff decrease exhibits a unimodal pattern,
with the most pronounced decrease observed in transitional regions
where the P/PET value approaches unity (Fig. 2c, d). In those afforesta-
tion hotspots, including Europe, southeastern North America, southern
Asia and Africa, the adverse effect of AR,,,,; could reduce regional runoff
by over 40%, far exceeding the global average decline of just 3.7% (Fig. 2c
and Supplementary Fig. 4d). These findings are consistent with theories
that ET is constrained by water limitations in dry regions and by energy
limitations in cold regions’™”.

To better illustrate how background aridity levels affect runoff
responses to tree planting, we fitted the Budyko curves — the rela-
tionships between the evaporative index (ET/P) and the dryness index
(PET/P) — using the global 60-year mean data from both the CTL and
SCE scenarios (Fig. 4 and Supplementary Fig. 18, Methods). The shape
of curves reflects the global-scale surface characteristic parameter (n).
Our results show that potential forestation increases the parameter n
from 3.6 in the CTL to 4.1 in the SCE. This indicates a greater parti-
tioning of precipitation towards ET (increased ET/P) driven by
enhanced ecosystem water demand from forests, leading to less runoff
(decreased R/P, the ratio of runoff to precipitation). Without
accounting for precipitation and PET changes, decreased R/P would
directly result in runoff yield reduction. The Budyko curves in Fig. 4
illustrate unimodal dependence of ET/P (1-R/P) on the background

dryness, peaking at around PET/P =1 that represent transitional zones
between energy-limited and water-limited regions. The effect of tree
planting on the PET/P - ET/P relationship is also robust to the selection
of different percentiles used for the fitting of the global Budyko curve
(Supplementary Fig. 19).

Discussion

Under current climatic conditions, tree planting up to their maximum
potential would, for many locations, accelerate the terrestrial water
cycle through enhancing both ET and precipitation, albeit at the
expense of reduced surface water resources. By balancing forestation-
driven increases in ET and precipitation, our analysis reveals reduced
runoff in boreal regions but increased runoff in tropical and temperate
regions. We demonstrate that indirect forest-atmosphere feedbacks
(due to forest-driven precipitation and PET changes), rather than
direct ET enhancement due to forest cover expansion, primarily drive
the divergent hydrological responses to afforestation in warm versus
cold regions (Fig. 5). In warm regions, particularly humid monsoon
zones, global forestation can enhance precipitation substantially
mainly by supplying extra moisture to the atmosphere and intensifying
vertical moisture transport. Moreover, forestation reduces atmo-
spheric water demand (PET) by decreasing VPD, amplifying the
precipitation-dominated runoff increase. Conversely, in cold regions,
forestation significantly enhances surface net radiation and thus the
energy available for ET (i.e., PET), driving regional runoff declines. The
hydrological effect of PET increase largely offsets that of precipitation
compensation, thus producing small runoff increases due to forest-
atmosphere feedbacks. In contrast to the thermally/latitudinally
dependent forest-atmosphere feedbacks, afforestation-induced land
surface effect drives spatially consistent runoff suppression along the
dryness gradient, reaching maximum intensity in transitional regions
where the PET/P value approaches unity. This negative land-surface
effect partially counteracts the pronounced runoff increases from
forest-atmosphere feedbacks in warm regions, while it overrides the
slight runoff increases driven by forest-atmosphere feedbacks in cold
regions.

To assess the robustness of our model-based findings, we also
performed equilibrium experiments using an independent model,
Community Earth System Model (CESM). This model reproduces a
similar latitudinal (thermal) pattern of forestation-induced runoff
changes, with increases in warm regions and decreases in cold regions,
albeit with slightly different magnitudes (Supplementary Fig. 20).
Consistent with IPSL-CM, CESM indicates that forest-atmosphere
feedbacks predominantly shape the latitudinal gradient of runoff
responses (Supplementary Fig. 21). Furthermore, both the water vapor
budget analysis for precipitation changes and the attribution of PET
changes using net radiation and atmospheric moisture demand cor-
roborate the main conclusions derived from IPSL-CM (Supplementary
Fig. 22). For instance, regarding precipitation responses to afforesta-
tion, CESM confirms that the pronounced increases in warm regions
primarily result from enhanced horizontal and vertical moisture
transport driven by circulation adjustments (Supplementary
Figs. 22a and 23b, c). Although CESM overall supports the IPSL-based
results, some regional discrepancies are notable due to structural and
physical differences between the two models. For example, in South-
east Asia, precipitation increases exceed ET increases in IPSL-CM,
whereas the opposite pattern is simulated in CESM (Fig.1 versus Sup-
plementary Fig. 20). Our moisture budget decomposition indicates
that this difference stems from contrasting atmospheric circulation
responses: IPSL-CM simulates an intensification of convective pre-
cipitation, while CESM suggests a suppression (Supplementary Fig. 14c
versus Supplementary Fig. 23c). The dominant role of forest-
atmosphere feedbacks in shaping runoff responses is further sup-
ported by an ensemble of idealized global deforestation simulations
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Fig. 5 | Mechanisms of the contrasting runoff responses in warm regions versus
cold regions due to global potential forestation. The schematic illustrations and
numbers are based on results from IPSL-CM simulations. a In low-latitude warm
regions, runoff increases because the positive forest-atmosphere feedbacks
(increased precipitation and reduced PET) fully compensates for the negative land
surface effects (increased water retention capacity). The substantial precipitation
increase mainly results from enhanced vertical moisture transport, amplified by
horizontal moisture advection, intensified thermodynamic effects and increased
ET. The PET decline primarily results from the reduced VPD, whose effect dom-
inates over the increased surface net radiation. b In high-latitude cold regions,
runoff decreases due to the larger negative land surface effects that override the
minor positive effects from forest-atmosphere feedbacks (slightly increased pre-
cipitation and largely increased PET). The minimal precipitation increase arises
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from ET-driven additional moisture supply counterbalanced by diminished ther-
modynamic effects and potentially weakened vertical and horizontal moisture
transport. The PET rise primarily stem from the dominant role of increased surface
net radiation over the reduced VPD. The direct land surface effects of forestation,
which are negative in both warm (a) and cold (b) regions, stems from the increased
water retention capacity. This enhanced water retention allows vegetation to
allocate precipitation more to ET and less to runoff. This response is most pro-
nounced in areas where PET/P is approximately around 1. The residual term indi-
cates the interactions between forest-atmosphere feedbacks and direct land
surface effects. +, positive response to forestation. -, negative response to fores-
tation. The number of + or — denotes the magnitude of the response.?, insignificant
response to forestation using Student’s t-test at the 5% significance level.

from the Coupled Model Intercomparison Project Phase 6 (CMIP6)
Land Use Model Intercomparison Project (LUMIP), in which runoff
responses exhibit a similar latitudinal gradient of tropical reductions
and mid-to-high latitude increases®. Given that hydrological responses
to afforestation and deforestation are generally opposite in sign, this
opposite pattern under deforestation indirectly corroborates the
robustness of our findings.

The latitudinal divergence in forestation-induced runoff respon-
ses aligns with an early modeling study on the hydrological effects of
historical Earth greening, which also showed increased runoff in the
tropics but reductions in Siberia®. However, changes of global water

fluxes (in both ET and precipitation) induced by forestation is two to
three times larger than that associated with historical greening, indi-
cating that forestation, as a form of non-radiative forcing, can strongly
reshape the global hydrological cycle, as consistently highlighted by
numerous previous studies® . These latitudinal gradient in runoff
changes have important implications for determining the locations of
future afforestation initiatives. Previous research has advocated
prioritizing tropical forestation due to their greater carbon seques-
tration capacity and additional biophysical cooling benefits from
enhanced ET®®. In contrast, boreal afforestation remains contentious
due to weaker potential of carbon sinks in conjunction with a net
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biophysical warming mainly due to lower albedo of snow-masked
canopies®’. Our findings, from a hydrological perspective, further
caution against afforestation practices in boreal regions due to
potential reduction of freshwater availability and exacerbation of
water stress. Our results also support the hydrological advantages of
tropical afforestation, which could enhance water availability to miti-
gate regional water deficits in some developing countries”. We
therefore highlight the necessity of latitude-specific strategies that
simultaneously integrate carbon sequestration, temperature benefits,
and hydrological impacts into formulization of afforestation planning.
After balancing runoff increases in tropical/temperate regions and
decreases in boreal regions, our model results reveal that global for-
estation overall enhances global mean runoff. This overall wetting effect
contrasts with conventional understanding that afforestation always
reduces surface runoff”* This perspective, often derived from paired
“offline” small-scale catchment studies, is valid only if vegetation
changes do not induce detectable modifications in precipitation pat-
terns and near-surface atmospheric conditions. By quantifying the
direct hydrological impacts of global forestation (AR,,,;) when the
forest-atmosphere feedbacks are excluded (Supplementary Text 2), we
demonstrate that such assuming no forest-atmosphere feedbacks sys-
tematically overestimate the negative effects of afforestation on runoff,
with fixed precipitation being the primary source of bias (Supplemen-
tary Fig. 24). Therefore, we illustrate that conclusions from small-scale
afforestation experiments inadequately represent, or even mis-
represent, hydrological outcomes under large-scale implementation, as
extensive land cover changes will fundamentally alter moisture advec-
tion and trigger substantial precipitation shifts. Since tree planting is a
global climate change mitigation strategy (e.g., towards achieving “Net
Zero”), we emphasize the necessity to integrate forest-atmosphere
feedbacks, particularly precipitation modifications, into the assess-
ments of hydrological responses to large-scale tree planting initiatives.
However, it should be noted that global forestation alters pre-
cipitation patterns not merely through a direct recycling of evaporated
water from new forests. Moisture tracking analyses that directly pre-
scribe increased ET from new forests are able to isolate the recycling
pathway, but inherently neglect circulation-induced moisture con-
vergence. These studies reveal that the majority of evaporated
moisture generated locally by tropical potential afforestation would be
transported elsewhere and feed precipitation in downwind locations,
thereby reducing local water availability®***”. Our findings extend these
results by showing that global forestation can also reorganise large-
scale atmospheric circulation patterns in tropical regions, drawing
more additional moisture from nearby oceans. Previous studies have
also demonstrated that vegetation changes in monsoon regions can
affect rainfall by perturbing sea-breeze circulations™***°2 This
mechanism largely compensates for the evaporated moisture expor-
ted downwind, thereby generating net precipitation gains and con-
sequent runoff increases. The alteration in large-scale atmospheric
circulation may be associated with forestation-induced changes in
surface energy balance, mainly through reduced albedo***', which
modify the thermal structure of the lower atmosphere and further
initiates a stationary Rossby wave train (Supplementary Fig. 25).
Therefore, future research of how afforestation affects local water
resource availability should accounting for not only increased ET in
upwind afforested areas but also reorganized circulation patterns.
While the latitudinally divergent runoff responses to global for-
estation are robust across both land-atmosphere coupled models
examined, there are a few caveats associated with our model-
ing approach. First, such models lack a dynamic ocean module,
thereby ignoring potential impacts of oceanic circulation adjustments
on precipitation. Nonetheless, idealized 100% forestation simulations
by Portmann et al. using the fully coupled CESM show latitudinal
hydrological responses almost consistent with our results*. Further-
more, multiple fully coupled models participating in the CMIP6 LUMIP

indicate that idealized large-scale deforestation triggers forest-
atmosphere feedbacks with a latitudinal gradient opposite to
ours**”, thereby indirectly corroborating the robustness of our
results, given the opposite signs of the biophysical feedbacks between
afforestation and deforestation***’*%, Collectively, these evidences
suggest that omitting the teleconnections from oceanic circulations
may not qualitatively alter our conclusions unless ocean-mediated
feedbacks substantially overpower land-atmosphere coupling effects.

Second, our simulations do not account for the spatial and tem-
poral dynamics of tree rooting depths, which are prescribed as fixed
values for each plant functional type (PFT) in land surface models.
Hence, the models do not represent how rooting depths vary with
hydroclimates, soil properties, topography, and forest age® . This
simplification may lead to biases, since observations show that the
rooting depth tend to increase with aridity to access deeper water
sources™?¢, and evolve over a tree’s lifetime”. For instance, in humid
regions like Southeast Asia, using a fixed, potentially overestimated
rooting depth for newly planted trees could overestimate the pro-
jected increase in ET and the consequent soil water depletion (Fig. 1).

Finally, our global climate models (GCMs) with coarse grid
increment are deficient in representing mesoscale feedbacks, but
they are capable of capturing the first-order hydroclimatic effects
of large-scale forestation. For example, previous modeling stu-
dies based on a regional climate model (40-km grid increment)®°
or a zoomed IPSL-CM have suggested enhanced runoff in
response to historical afforestation in China*’, consistent with our
GCM-based results. Nevertheless, GCMs cannot explicitly resolve
fine-scale (10-20 km), potentially nonlinear interactions among
forest patchiness, convective development, and local
precipitation’'°% Therefore, for local-scale afforestation studies,
regional climate models (RCMs) with kilometer-scale grid spacing
are recommended to better understand the role of mesoscale
landscape structure in shaping the local hydrological outcomes of
afforestation.

Methods

Equilibrium experiments with coupled land-atmosphere models
In this study, we used the IPSL-CM coupled land-atmosphere climate
model to simulate the biophysical effect of global full-potential for-
estation on runoff under equilibrium climate conditions. IPSL-CM was
developed by the Institute Pierre Simon Laplace modeling community
with a resolution of 1.26° x 2.5° and has participated in the Coupled
Model Intercomparison Project (CMIP) phases 5 and 6 (refs. 56,57). It
consists of two major components that have been updated to the latest
version: the Laboratoire de Météorologie Dynamique atmospheric
general circulation model with zooming capability (LMDZ, version 5,
v2076) and the Organising Carbon and Hydrology in Dynamic Eco-
systems (ORCHIDEE, v3035) land surface model. LMDZ, featuring 19
vertical layers, characterizes dynamics of atmospheric physical pro-
cesses such as convection, boundary layer, and cloud'®'**, and
ORCHIDEE describes water and energy balance, vegetation, and soil
carbon cycle in terrestrial ecosystems'®. The ORCHIDEE model divides
terrestrial plant function types (PFTs) into 13 categories, including 12
vegetation types and one bare ground type, each with independent
parameters to calculate vegetation physiological processes. The IPSL-
CM has been widely used to quantify the biophysical impacts of
vegetation changes on temperature and the hydrological cycle*®'¢'7,
for its outstanding performance in simulating key vegetation-related
processes, including the ratio of vegetation-driven transpiration to the
evapotranspiration, T/ET'*®, Model performance was further evaluated
using observed streamflow records of 270 screened catchments from
the Global Streamflow Indices and Metadata Archive (GSIM)%H°
(Supplementary Text 3). The IPSL-CM successfully reproduces cross-
catchment runoff variability (r=0.66, p<0.01), with the median of
model-observation difference statistically indistinguishable from zero
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(Supplementary Fig. 26). This indicates no systematic bias in the IPSL-
modelled runoff, supporting the model capability for assessing
afforestation-induced runoff responses.

The biophysical impacts of forestation on the hydrological cycle
were isolated by a pair of equilibrium experiments. The two experi-
ments differed solely in their prescribed PFT conditions: the “CTL” run
was forced with current PFT maps, whereas the “SCE” run was pre-
scribed with the hypothesized PFT maps with global forestation to the
full of potential of terrestrial ecosystems. The experiment pair was
conducted under the atmospheric CO, concentration of 400 ppm.
Each equilibrium experiment was run for 100 years. We used the last
60 years of monthly output data for further analysis because the
simulations typically reached an equilibrium state in around 40 years,
and selecting 60 years also helps reduce the potential influence of
inter-decadal and multi-decadal climate variability. Each of the last 60
years could be regarded as an independent run under the equilibrium
state, allowing us to estimate the uncertainty in forestation-induced
biophysical response.

The current land cover map was derived from the Olson categories,
containing 94 land cover types, which were developed based on more
than 20 years of field investigations since 1980%. The conversion from
Olson to PFT categories is done within the code of ORCHIDEE based on
cross-walking table. The PFT map based on Olson categories was pro-
vided by ORCHIDEE guidelines (https://forge.ipsl.jussieu.fr/orchidee/
wiki/Documentation/Ancillary). The potential tree cover across the
globe was derived from Bastin et al. **. Bastin et al. developed a random
forest machine-learning model to extrapolate tree cover measurements
from protected areas to the globe using satellite-observed environ-
mental conditions. Notably, the tree cover potential has been heavily
debated, as it may be overestimated® ®°. Therefore, this forestation
potential should be regarded as an upper limit for global current tree
cover. In the forestation scenario (SCE), the forest increase from current
to potential levels was assigned to different forest types using their
observed present-day fraction (used in the CTL run) as the weighting
factor. This allocation principle ensured that dominant forest type
increased most substantially in the SCE run. In addition, different defi-
nition and classification methods of forest among data sources or
overfit of the machine learning models might lead to less forest cover of
the potential level than the current level in a small fraction of vegetated
lands. In such cases, we assigned the forest cover in the SCE run as that
in the CTL run, suggesting no afforestation attempts.

The coupled land-atmosphere model does not incorporate the
ocean module, which help limit potential biases propagated from
oceanic processes. To ensure accurate representation of conditions
over the oceans, the model experiments were constrained by
employing multi-model averaged sea surface temperatures (SSTs) and
sea ice concentrations (SICs) from the CMIP6 1pctCO, simulations at
400 ppm. There are 41 ESMs providing the available outputs, including
ACCESS-CM2, ACCESS-ESM1-5, CAMS-CSM1-0, CAS-ESM2-0, CESM2,
CESM2-FV2, CESM2-WACCM, CESM2-WACCM-FV2, CIESM, CMCC-
CM2-SR5, CanESM5, CanESM5-CanOE, CNRM-CMé6-1, CNRM-CMé6-1-
HR, CNRM-ESM2-1, E3SM-1-0, EC-Earth3, EC-Earth3-AerChem, EC-
Earth3-Veg, GOALS-f3-L, FGOALS-g3, FIO-ESM-2-0, GFDL-CM4, GFDL-
ESM4, GISS-E2-1-H, HadGEM3-GC31-LL, HadGEM3-GC31-MM, INM-
CM4-8, INM-CM5-0, IPSL-CM6A-LR, KIOST-ESM, MIROC-ES2L,
MIROC6, MPI-ESM-1-2-HAM, MPI-ESM1-2-HR, MPI-ESM1-2-LR, MRI-
ESM2-0, NESM3, NorCPM1, NorESM2-MM, UKESM1-0-LL.

We also conducted numerical experiments using another coupled
land-atmosphere model, CESM version 2.0, to verify the robustness of
our results. This model was developed by the National Center for
Atmospheric Research (NCAR) with a spatial resolution of 1.9° x 2.5°
(ref. 111.). It employs the Community Atmosphere Model version 5
(CAMS) as its atmospheric component™ and the Community Land
Model version 4.0 (CLM4) as the land surface component'. Similarly,
we set the CO, concentration at 400 ppm and used multi-model

averaged SSTs and SICs under this CO, concentration as boundary
conditions. We conducted two 100-year equilibrium simulations with
different PFT inputs: CTL (control) with current PFTs using Olson land
cover map*’, and SCE (forestation scenario) with full-potential fores-
tation PFTs based on Bastin et al.’s global potential tree cover map®®.
Considering the required model spin-up time, we analyzed data from
the last 60 simulation years. It is worth noting that while CESM-
simulated runoff is significantly correlated with observations, CESM
overall underperforms IPSL (Supplementary Fig. 26). We therefore
present the CESM-based results in the Supplementary Information to
support the robustness of our primary findings from IPSL.

Two sensitivity experiments with constrained forestation
As previously noted, the Bastin et al.’s data likely overestimate potential
tree cover; thus, our full-potential forestation scenario (Bastin_Full)
represents the upper bound of global forestation potential. In this
regard, we designed two additional scenarios (Bastin_Refined_Climate
and Bastin_Refined_Climate&Land) by progressively introducing more
realistic constraints to test the robustness of our results. These three
scenarios represent a range of possible forestation pathways, from the
theoretical maximum to the most practical feasible.
Bastin_Refined_Climate builds upon Bastin_Full by excluding
regions with frequent fires and where forestation would produce net
warming due to reduced surface albedo. This refinement addresses
two major critiques of the Bastin et al.s dataset: overestimated
potential in fire-prone grassland and savanna ecosystems, and the
neglect of forestation-caused regional warming due to reduced
albedo®®°, Following Fesenmyer et al®’., we used the 500 m MODIS
Burned Area dataset to remove all non-cropland areas experiencing
two or more fires during 2002-2022, assuming that such frequencies
substantially limit tree density"*. We further excluded regions where
albedo-induced radiative warming exceeds the cooling from carbon
sequestration of potential forestation, based on the dataset of Hasler
et al. ', These constraints markedly reduce the estimated afforesta-
tion potential in tropical grassland and savanna ecosystems, particu-
larly across Africa (Supplementary Fig. 1b).
Bastin_Refined_Climate&Land incorporated additional constraints
on Bastin_Refined_Climate by excluding croplands, built-up areas, and
wetlands to ensure land-use sustainability and feasibility. Urban and
agricultural areas, given their essential roles in food production and
human livelihoods, were masked out using the ESA CCI Global Land
Cover dataset for 2000. Wetlands were excluded using the Global
Lakes and Wetlands Database (GLWD, version 2) to prevent potential
losses of large soil organic carbon (SOC) stocks following afforesta-
tion. Compared with the Bastin_Refined_Climate scenario, the further
reduction in forestation potential in Bastin Refined_Climate&Land
predominantly occurs in cropland-dominated regions like Europe,
African croplands, Southeast Asia, and eastern South America (Sup-
plementary Fig. 1c).

Observed sensitivity of P-ET to forest cover change

To quantify the observation-based sensitivity of P-ET to forest cover
change, we used precipitation data from the Multi-Source Weighted-
Ensemble Precipitation (MSWEP; 1° x 1° resolution), ET data from the
Global Land Evaporation Amsterdam Model (GLEAM; 0.1° x 0.1°), for-
est cover data from the European Space Agency Climate Change
Initiative (ESA CCI; 30 m), near-surface air temperature from the Cli-
matic Research Unit Time-Series (CRU TS; 0.5° x 0.5°), and incoming
shortwave radiation from the Clouds and the Earth’s Radiant Energy
System (CERES; 1° x 1°). Considering the role of mesoscale and large-
scale circulation in redistributing atmospheric moisture, which can
obscure the forest-precipitation signal, we analyzed 20-year means
(2001-2020) rather than individual years. All datasets were resampled
to a common 1° x1° grid to match the coarser spatial resolution of
model outputs.
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For each vegetated grid cell, we performed regressions of pre-
cipitation (or ET) against forest cover, air temperature, and incoming
shortwave radiation within a 3 x 3 window centred on the pixel, to
estimate the sensitivity of precipitation (or ET) to forest cover
change. The difference between precipitation and ET sensitivities
represents the sensitivity of P-ET to forest cover changes, which
approximates runoff responses over long-term scales. It is important
to note that most observation-based space-for-time substitution
approaches assume that forested and non-forested landscapes share
similar atmospheric backgrounds, and thus cannot capture the
influence of forest change on atmospheric circulation that redis-
tributes moisture and affects precipitation. We hypothesize that this
moisture redistribution effects of circulation diminishes the local
forest-precipitation signal. Hence, we only selected pixels where
precipitation and ET sensitivities to forest change were both statis-
tically significant (p < 0.05), despite their limited number.

PET

In the climate models, PET is not directly available but can be calcu-
lated using model outputs of meteorological variables. To avoid the
dependence of our results on the formulization of PET, we adopted
two widely used versions of the Penman-Monteith model, including
Penman-OW and PM-RC model. The Penman-OW model is a simplified
version of the Penman-Monteith model, which is applied to open-
water surface®’:

(R, — G) +6.43(1+0.536u)yD

N
PET = As+p)

@

The PM-RC model is another standardized version that is applic-
able to an idealized reference crop surface®®:

0.4085(R,, — G) +y 2% uD

PET= s+y(1+0.34u)

2

In these equations, s is the gradient of the saturation vapour
pressure with respect to temperature (KPa K™), y is the psychometric
constant (0.0665 kPaK™), A is the latent heat of vaporization (2.45 KJ
kg™), T is the air temperature at 2 m above ground (°C), u is the wind
speed at 2 m height (ms™), D is the vapour pressure deficit (VPD) of the
air at 2m height as the difference between the saturation vapour
pressure and the actual vapour pressure (kPa), R, — G is the net surface
radiation minus the ground heat flux as the available energy (M m™
d™). The quantities s and D are computed according to

$=4098¢, /(T +273.3)* 3)
D=e5—e, 4)

e,=0.6108 exp [17.27T /(T +273.3)| )
e, =P, xSH/(0.3785H +0.622) (6)

where e; is saturation vapour pressure (kPa) with respect to T, e, and
SH are the actual vapour pressure (kPa) and specific humidity (kg kg™)
at 2m height, respectively. P is the surface air pressure.

However, the Penman equation may overestimate PET because
the underlying assumption of a saturated land surface is typically not
satisfied. To address this issue, we also calculated PET using an energy-
based approach proposed by Zhou and Yu"*'" (referred to as PETe).
PETe represents the maximum ET constrained by the energy supply

(Rp) under conditions of saturated surface. PETe is calculated using the
net radiation (R,,) and the wet Bowen ratio (8,,), given by:

@)

B is estimated based on the aerodynamics, that is, the ratio of
sensible over latent heat exchanged between the saturated surface and
the atmosphere, given by:

ﬁw — y(Ts - Ta) (8)

6‘; — €

Where T, — T, is the difference between surface (T,) and air (T,)
temperatures, and e; — e, is the difference in vapor pressure at the
saturated surface (e;) and of the air (e,) above.

We noted for some grid cells, the PM-based and energy-based PET
was smaller than the model-output ET, especially in energy-limited
high latitudes. The potentially underestimated PET in such locations
may lead to inaccurate n values as represented in the Budyko model.
To address this issue, we replaced PET values with the ET values if the
empirically calculated PET is less than ET.

Untangling the land surface effect and atmospheric effect with
Budyko framework

The Budyko model assumes that precipitation partitioning at the
surface is determined by climatic conditions and land surface char-
acteristics under steady-state climatic conditions of the climatological
(at least 30-year) scale water balance (i.e., P=ET +R)". It should be
noted that our equilibrium experiments meet this steady-state condi-
tion assumption. Within the Budyko framework, Climatic conditions
refer to the precipitation and near-surface meteorological condition
(i.e., PET), while land surface characteristics, such as vegetation, soil,
land use and topographic factors, are encapsulated with a region-
characteristic parameter n in Budyko models’®”°. Here, we adopted the
Choudhury-Yang equation”, a widely used Budyko model, to
decompose the change in runoff caused by tree planting into con-
tributions from the atmospheric changes and land surface changes. In
this Budyko model, the fraction of evapotranspiration to precipitation
(ET/P) is expressed as a function of the dryness index (PET/P) and the
region-characteristic parameter (n):

ET [(PET\ ™ 17
ET _T(PET 9
] K 2 ) +1} ©

Based on the global 60-year data of P, ET and PET, we first esti-
mated the parameter n in each grid-cell by solving the above equation.
Then we decomposed the changes in runoff (AR) as the sum of con-
tributions from changes in P, PET and n by combining the first-order
Taylor expansion of Choudhury-Yang equation and the water balance
assumption:

ap— BT pper —%T pp

QT
) PET an 10)

AR=AP — AET = <1_W

where the three partial derivatives can be analytically derived from the
Eq. (9), given by:
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In practice, calculating the above sensitivity coefficients using
only 60-year data of either CTL or SCE may introduce some bias in the
contributing components. Zhou et al°’. suggested that using the mean
values of the sensitivity coefficients calculated by CTL and SCE data
can best estimate the contributions of P, PET and n, given by:

_ 1[[OET OFT
=35 ), (), - 09
L[/ OET OFT
ARper=—3 KW’T)l + (WU (PET, — PET;) (15)
1[/0ET OET
ARigna = =5 KW>1 + <W) j (ny —ny) (16)

where the subscript ; and , denote the 60-year period in CTL and SCE,
respectively.

Then we can obtain the effect of forest-atmosphere feedbacks
(AR4m =ARp + ARpey) and land surface changes (AR,,,;) on the esti-
mated forestation-induced runoff changes.

Sensitivity tests of Budyko attribution

We first evaluated the robustness of our Budyko-based attribution
analysis to different methods of estimating PET. The decomposition of
runoff changes was repeated using outputs from the final 60 years of
the equilibrium simulations with two Penman-type PET equations
(Penman-OW and PM-RC) and an energy-balance-based PET (PETe). All
three approaches yielded consistent attribution results, supporting
our main conclusion that forest-atmosphere feedbacks dominate the
latitudinally contrasting runoff responses to global forestation (Sup-
plementary Fig. 10). This consistency is present despite the tendency
of greater Penman-based PET than PETe particularly in arid regions
(Supplementary Fig. 27), as also noted by Zhou and Yu"*'", This PET
difference has minor influence on our results (Supplementary Fig. 10)
likely because potential forest expansion is mainly located in humid
regions. Moreover, the Penman equations explicitly represent
afforestation-induced increases in near-surface humidity and its sup-
pression on atmospheric moisture demand — an effect that the energy-
balance approach cannot fully capture (Supplementary Figs. 13a, ¢, e
and 16). As the humidity-related effects are an important component
of atmospheric feedbacks, our main analyses of runoff change
decomposition are based on Penman-derived PET, while the results
using PETe are presented in the Supplementary Information.

In addition to the use of 60-year equilibrium simulations, we
further examined how climate variability across different timescales
might affect the attribution of runoff responses. To this end, we
implemented a bootstrap resampling approach to generate 1000
random year samples (with replacement from the final 60 years), for
30-,40-, 50-, and 60-year timescales, respectively. For each sample, the
forestation-induced runoff change was calculated as the difference
between the SCE and CTL simulations and further decomposed into
atmospheric feedback and land-surface components using the Budyko
framework. The mean of the 1000 realizations represents the average
runoff response for each timescale. The ensemble means derived from
the 30-, 40-, 50-, and 60-year subsets produced results consistent with
our main findings (Supplementary Fig. 9), indicating that internal cli-
mate variability has minimal influence on our conclusions.

Finally, we assessed the potential influence of forestation-induced
changes in precipitation characteristics (e.g., rainfall intensity, snowfall

fraction) on the Budyko-based attribution of runoff changes. In cold
regions, for example, a considerable portion of precipitation falls as
snow during winter, and the subsequent spring or early-summer
snowmelt substantially contributes to seasonal runoff. Since the
standard Budyko framework only accounts for the first-order control
of mean climate (precipitation and PET) and land surface conditions,
the effects of precipitation characteristics on runoff (e.g., through the
inter-seasonal processes) were implicitly conflated into the data-
approximated n (ref. 69.). Hence, this may bias our interpretation of n
changes as resulting from altered land surface properties. To address
this bias, we adopted a modified Budyko-based approach for attribu-
tion following Zhou et al®'., which isolates the portion of precipitation
change solely driven by altered precipitation characteristics (P"). In
this approach, the P'-related portion of precipitation is artificially
partitioned into runoff and directly subtracted from total precipitation
and runoff, to present its effect being conflated into catchment
properties (n) (Eq. 17). This method does not consider the potential
effect of forestation-induced changes in land surface properties on
runoff generation, implicitly assuming that runoff generation depends
only on precipitation characteristics. Therefore, the ratio of the
remaining runoff (R, — P’) to the remaining precipitation (P, — P’) in
the forestation experiment is then assumed to be identical to that in
the control simulation:

17

where subscripts 1 and 2 denote the CTL and SCE simulations,
respectively, and subscript 2’ suggests that the effect of precipitation
characteristics (P*) has been excluded for the forestation scenario.
Solving for P yields:

+ RyxP; —RxP,

g Pr—R

18)

Further, the effects of changes in the remaining precipitation
(Py), PET, and n on the remaining runoff (R, ) are decomposed under
the Budyko framework. This allowed us to identify the more realistic
climate change effect (changes in the mean P, PET and precipitation
characteristics) and land surface effect on forestation-induced runoff
changes:

DR = — 4 [ (EF), + (%), — 2] (P2~ Py)

2 P : 19)
3| () (BE) | (PET, — PET) +P

1[/0ET OET
BRigna= =5 {(W) ’ <W> 2} (ny —ny) (20)

Together with the standard Budyko-based attribution, this
extended approach, which explicitly accounts for precipitation char-
acteristics, provides a refined estimate for the contributions of atmo-
spheric feedbacks and land surface changes. Results from this
sensitivity test remain consistent with our main findings, confirming
that forest-atmosphere feedbacks predominantly drive the latitudinal
contrast in runoff responses to global afforestation.

Moisture budget decomposition
To understand the mechanisms driving precipitation change, pre-
cipitation is decomposed into four components based on the vertical
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integration of the moisture budget’:

, Psr= _0q/ dp Per o _1dp /”S[ 6(7]dp
P=— VVG +@ | = — Vivg| = — ~| —— +E'+Res
/0{ qwap]g /0[/q]g ow/apg

@n

Here the overbar operator ~ denotes climatology in CTL
and 'represents the changes caused by global forestation (SCE-CTL).
P, w q V,E, P, are precipitation, vertical pressure velocity, specific
humidity, horizontal velocity, ET and surface pressure, respectively.
The four main terms on the righthand side represent the thermo-
dynamic effect associated with water vapour changes (AWV), altered
horizontal moisture advection (AAdv) associated with horizontal wind
changes, altered vertical dynamic effect (AVert) associated with ver-
tical velocity changes, land surface ET changes (AET). The residual
term (Res) is the precipitation change that is unexplained by above
four processes, representing the impacts of transient eddies.

Global Budyko curve and global-scale surface parameter

We fitted the relationship between the evaporative index (ET/P) and the
dryness index (PET/P) using global 60-year mean data (Supplementary
Fig.18). PET is the mean value of the two PET algorithms (Egs. (1) and (2)).
We binned the ET/P values according to their corresponding PET/P
values. Following Ukkola et al."®., we determined the 5th and 95th per-
centile values of ET/P for each 0.1-wide PET/P bin. Then we fitted the
Budyko curve and estimated the global-scale n value based on the global
data with ET/P values falling between the 5th and 95th percentiles. The
5% and 95% thresholds were chosen to ensure that as much data as
possible was used and to exclude outliers that could introduce bias into
the fitted parameters. Apart from the fitted Budyko curve, we also
plotted box plots with 0.2-wide PET/P bin in Fig. 2 to better demonstrate
the impacts of global forestation on ET/P-PET/P relationship.

Data availability

All data used for our numerical simulations in this study are publicly
available. The current PFT map based on Olson categories is available
at (https://forge.ipsl.jussieu.fr/orchidee/wiki/Documentation/
Ancillary). The dataset mapping the global tree restoration potential
from Bastin et al. (https://doi.org/10.1126/science.aax0848) is available
on request. The datasets mapping current SSTs and SICs are available
at (https://esgf-node.linl.gov/projects/input4mips/). The dataset
mapping the net climate impact of afforestation while accounting for
the albedo offset effect is available at https://doi.org/10.7910/DVN/
GI7RXL. The dataset mapping non-cropland areas that experienced
two or more fires during 2002-2022 is available at https://doi.org/10.
6084/m9.figshare.27335799. Global wetland datasets from the Global
Lakes and Wetlands Database (GLWD) Version 2 are available at
(https://www.hydrosheds.org/products/glwd). Global cropland and
urban area datasets from the European Space Agency’s Climate
Change Initiative (ESA CCI) are available at (https://maps.elie.ucl.ac.be/
CCl/viewer/download.php).

Code availability

Code and documentation for the IPSL model are publicly available at
(https://cmc.ipsl.fr/ipsl-climate-models/ipsl-cm5/). Description and
code relevant to CESM are freely available online at (https://www.
cesm.ucar.edu:/models/cesm2). Model outputs were processed using
the software Matlab 2023a. The main MATLAB scripts are available at
(https://doi.org/10.6084/m9.figshare.30959648). All figures were cre-
ated by the authors using MATLAB and Adobe Illustrator under insti-
tutional academic licenses.
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