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Forest regeneration is a crucial strategy for mitigating and adapting to global warming. Yet its precise
impact on local climate remains uncertain, a factor that complicates decision-making when it comes to
prioritizing investments. Here, we developed global maps illustrating how natural forest regeneration
influences key local climate drivers—land surface temperature (LST), albedo, and evapotranspiration
—using models fitted at a 1-km spatial resolution with a random forest classifier. We found that natural
forest regeneration can alter annual mean LST by 0.01 °C, —0.59 °C, —0.50 °C, and —2.03 °Cin Boreal,
Mediterranean, Temperate, and Tropical regions, respectively. These variations underscore the
region-specific effects of forest regeneration. Importantly, natural forest regeneration reduces LST
across 64% of 1 billion hectares and 75% of 148 million hectares of potentially restorable land under
different scenarios. These findings improve understanding of how forest regeneration can help

regulate local climate, supporting climate adaptation efforts.

Efforts to mitigate climate change and adapt to its impact often highlight
forest regeneration as one of the key strategies'~. Forest regeneration plans
garnered significant scientific attention in recent years*, with a debate
emerging on the efficacy of such initiatives’, the temperature impacts of
forests'", and the choice of high-priority areas for regeneration'' (see sup-
plementary text S2.2). Despite the ongoing scientific debate on the merits of
forest regeneration as a policy response to climate change, several govern-
mental, non-governmental, and private sector organizations are already
promoting forest regeneration programs all over the world. This highlights
the urgent need for a robust understanding of how strategic implementation
of forest regeneration can offer adaptation benefits.

Forests can have impacts beyond just climate mitigation. Specifically,
two major biophysical factors modified by forests that contribute to shaping
local climatic conditions are land surface albedo (whereby plants change the
reflectivity of the land surface) and evapotranspiration (whereby plants
release water to the atmosphere)'>™". Trees tend to be optically darker than
open lands and snow, thus increasing tree cover has the potential to lower

albedo, leading to increased absorption of solar radiation'”. This, along with
other factors, may contribute to local climate warming in certain regions'*".
Such warming effects can be potentially offset if the absorbed solar radiation
is redistributed through increasing evapotranspiration which is an energy-
intensive process™. Albedo and evapotranspiration (ET) can vary sig-
nificantly across regions™"* due to different environmental conditions (ie.,
soil characteristics, vegetation types, snow conditions, and atmospheric
humidity”*, and their interplay will ultimately control local land surface
temperature (LST).

Given the rising frequency of extreme heat events™ and their impacts
on the living world”, it is increasingly critical to understand where forest
regeneration is likely to have warming or cooling impacts to facilitate
decision-making around climate-related targets. Here, we employed
machine learning models to produce the 1-km maps of changes in LST,
albedo, and evapotranspiration following natural forest regeneration. Nat-
ural forest regeneration refers here to the spontaneous or assisted recovery of
diverse mixtures of native tree species in an area where a forest ecosystem
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was previously disturbed or depleted’®”. While previous studies have
focused on historical data to uncover the impact of forests on local tem-
peratures at coarse resolution’”', we examine the effect of increases in forest
cover to provide spatially explicit information for future climate change
adaptation policies.

Results

We examined the relationship between a suite of explanatory variables
(e.g., climate and soil variables, see supplementary text, S1.1) and response
variables (LST, albedo, and evapotranspiration) in intact forests. We used
this information to create a wall-to-wall model to predict potential LST
(°C), albedo (dimensionless), and evapotranspiration (kg/m?/time) in
locations potentially suitable for regenerating natural forests (Figs. 1 and 2
and supplementary figs. S2-S7). We identified ~1 billion hectares where
natural forest regeneration is theoretically feasible, which is a ‘less con-
servative scenario’. To generate this area, we excluded regions unequi-
vocally unsuitable for forest regeneration—such as water bodies, existing
forests, urban areas®’, and regions identified as nonviable for forest
regrowth”. In a ‘more conservative scenario’, we identified close to 148
million hectares suitable for natural forest regeneration. This was based on
the opportunity map by Griscom et al.’, which considers areas that are
critical for food security and biodiversity conservation. We further
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excluded urban areas, and any areas classified as nonviable for forest
regrowth”™. The boundaries of these areas are illustrated in Fig. 1A for the
more conservative scenario and in supplementary fig. S2 for the less
conservative scenario. For both scenarios, we then computed ALST,
Aalbedo, and AET, which represent the annual mean differences between
predicted values following the regeneration and observed values in the
potential areas to mitigate the effects of residuals (supplementary
text S1.2.2).

Our results indicate that in the less conservative scenario, ~709 million
hectares, representing 64.19% of the potential area, could experience a
reduction in LST with an annual median value decrease of 0.37 °C. In
contrast, the more conservative scenario anticipates that 75.15% of the
much smaller potential area, ~111 million hectares, would experience
cooling, with a more substantial annual median temperature reduction of
1.46 °C following natural forest regeneration.

The extent of cooling varies substantially across different regions. For
instance, in the less conservative scenario, our model predicts warming
rather than cooling in 87% of the potential area in the Boreal region, whereas
in Tropical regions, only 9% might see ALST increases. The polar bar plot
showed the distribution of various land use classes in areas identified as
potential sites for natural forest regeneration under the more conservative
scenario (Fig. 1C). The robustness of these predictions has been validated
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Fig. 1 | Predicted change in land surface temperature (ALST) following natural
forest regeneration. A This figure illustrates the expected variation in ALST (°C),
calculated as the difference between the predicted LST after forest regeneration and
the currently observed LST. The analysis focuses on regions identified as having
restoration potential and presents data at a 1-km spatial resolution. B Location of
major biome zones, including Boreal, Mediterranean, Temperate, and Tropical
regions. C Class distributions of predicted change in ALST, where the y-axis
represents the percentage distribution of pixel frequencies across a range of values

Class distributions
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Land use classes

ALST

from —8 to 2 and a label i on the x-axis represents the interval [i-1 °C,1°C[ of ALST
values. D. Land use classes in potential areas for natural forest regeneration. Class 1
(savanna: 46.37%), class 2 (grassland: 24.77%), class 3 (croplands, 12.46%), class 4
(cropland/natural vegetation mosaic: 7.52%), and class 5 (Woody Savannas, 5.63%);
other classes (<4%) are not depicted in the figure. In both A and C, red colors
indicate places where natural regeneration would lead to local warming, blue colors
indicate cooling, and yellow indicates no change.
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Fig. 2 | Relationship between modeled land surface temperature (LST), land
surface albedo (AL), and evapotranspiration (ET) following natural forest
regeneration. The predictions are provided at a 1-km spatial resolution identified
for forest regeneration. LST (°C) is represented with increased gradients of red;
albedo (dimensionless) is represented with increased gradients of green; and eva-
potranspiration (kg/m?/time) is represented with increased gradients of blue. The
gray color represents the background color. The accompanying legend employs a
ternary plot where each axis reflects the proportional influence of LST, AL, and ET,

Longitude

ranging from 0% to 100%. The color composition within any given pixel on the map
corresponds to the combined influence of these variables, which collectively add up
to 100%. For example, purple pixels near Hong Kong suggest an approximate equal
influence (ca. 50%) from both LST and ET, with a negligible contribution from AL.
While 100% LST is red, 100% AL is blue, and 100% ET is green, the rotation of 0 and 1
of the axes labelings contains the information on how to decode any color in the
ternary plot.

using 5-fold cross-validation, as documented in the supplementary text
(S1.2.2) and presented in supplementary tables S1-S6.

In general, the Boreal region is the least likely to experience cooling as
the result of natural forest regeneration, with an average increase in annual
mean ALST of 0.04 °C under the more conservative scenario and an annual
mean increase of 8.83 °C under the less conservative scenarios (supple-
mentary tables S1 and S4. respectively). This warming trend in the Boreal
region appears to be primarily attributable to changes in albedo (Fig. 2.,
supplementary fig. S3.), which is shown to have the highest decreases in
Aalbedo across all examined regions (supplementary table S2.). On the other
hand, the Mediterranean, Temperate, and Tropical regions generally exhibit
a cooling trend with natural forest regeneration. Under the more con-
servative scenario, our results suggest that natural forest regeneration could
result in annual mean ALST reductions of 1.59 °C in the Mediterranean,
0.50°C in the Temperate, and 2.03 °C in the Tropical regions (supple-
mentary table. S1). This cooling effect is even more pronounced under the
less conservative scenario, with annual mean ALST reductions of 1.41 °C,
0.39°C, and 3.25°C for the Mediterranean, Temperate, and Tropical
regions, respectively (supplementary table. S4). The Tropical region showed
the greatest degree of cooling, consistent with previous studies” ™. In
general, places with reductions in LST, all featured increases in AET (sup-
plementary table S3), alongside modest declines in Aalbedo (supplementary
table S2, Fig. 2, and supplementary fig. S3).

In the more conservative scenario, the maximum cooling effect (ie.,
highest annual median observed reduction in LST) could reach an annual
median change of 4.18 °C in the Boreal, —6.37 °C in the Mediterranean,
—4.93 °C in the Temperate, and —6.37 °C in the Tropical regions following
natural forest regeneration. In contrast, we observe maximum ALST could
reach up to an annual median warming of 4.28 °C in the Boreal, 4.94 °C in
the Mediterranean, 4.12 °C in the Temperate, and 2.29 °C in the Tropical
regions. The areas destined to warm exhibited average decreases in Aalbedo
and smaller rises in AET when compared to areas expected to cool (sup-
plementary tables S1-S6).

To further test the robustness of our models, we compared predicted
values in LST, albedo, and evapotranspiration with observed data in recently
regenerated areas. We first identified areas with global tree gains,

subsequently filtering out regions with artificially planted trees, namely
afforested areas”, and excluding patches <3600 m”. This refinement process
yielded a total focus area of 353,505 hectares. The performance of our
models was good, as evidenced by the coefficient of determination
(R? values) for LST, albedo, and evapotranspiration, which were 0.87, 0.47,
and 0.76, respectively, indicating a substantial alignment with observed
data (Fig. 3.).

Discussion

This study provides the global map of LST, albedo, and evapotranspiration
variation following natural forest regeneration at 1-km spatial resolution,
examining two scenarios: one less conservative, covering approximately a
billion hectares, and another more conservative, covering around 148 mil-
lion hectares. Opportunity for local cooling after regeneration of forests is
substantial, with about 64.19% of the areas in the first scenario and 75.15% in
the second scenario, witnessing an annual median LST reduction of 0.37 °C
and 1.46 °C, respectively. The variation in LST underscores the importance
of identifying and critically selecting apt regions for forest regeneration
initiatives™"”. This variability suggests that substantial temperature mod-
ulation—either cooling or warming—can occur even within a single biome,
thereby highlighting the value of detailed maps such as ours in identifying
areas that yield maximal climate cooling benefits. For example, within the
northernmost areas of the Boreal biome in North America (Fig. 1A), tar-
geted natural regeneration could result in localized cooling, corroborating
previous empirical findings™. The cooling effect of forests in some regions
such as Boreal can be attributed to factors such as forest structure, forest
composition, geographical location of forests, snow quantity and quality,
and their varying impacts on the reflectivity of the land"**".

There are large global forest restoration ambitions, which are primarily
focused on rapid biodiversity and climate mitigation*’. Yet, our analysis
indicates that ~36% of the potential one billion hectares available for natural
forest regeneration would increase LST. Balancing climate mitigation and
adaptation efforts in the forest restoration plans is crucial. Failing to address
the tradeoff between maximizing carbon storage and potential local tem-
perature changes may inadvertently lead to unintended consequences. For
example, the ALST post-natural forest regeneration can hit the maximum
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Fig. 3 | Model validation for predicting changes in land surface temperature

(LST), albedo, and evapotranspiration (ET) following natural forest regenera-
tion. Panels A, C, and E present density plots contrasting observed and predicted
values of LST (°C), albedo (dimensionless), and evapotranspiration (kg/m*/time),
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respectively, within areas that have undergone regeneration. Panels B, D, and

F illustrate the relationship between the actual measurement of LST, albedo, and
evapotranspiration from forests (plotted on the x-axes) and the corresponding
predicted values derived from our models (plotted on the y-axes).

value of 4.94 °C, which increases the potential risk to thermal habitat suit-
ability of certain species, human wellbeing, and ecosystem services. Strategic
planning combined with informed participatory decision-making are
essential to ensure that forest restoration initiatives not only enhance carbon
sequestration but also contribute to local climate resilience.

This study provides a much finer spatial resolution of 1-km spatial
resolution relative to the ca. 111-km spatial resolution in earlier studies'****".
We were also able to substantially improve predictions of changes in LST
compared to previous studies (e.g., see reference number 31), which
reported an R’ of 0.34. The improvement in our analysis stems from the
methodology employed in our study (supplementary text S1.2), which
forgoes the conventional rolling window searches over time and space that
were prevalent in prior studies””". In addition, our models include a larger
range of environmental predictors—including soil characteristics—that
were overlooked in previous studies. Soil types differ in their heat capacity,
moisture retention, and thermal conductivity, all of which affect heat
exchange processes between the Earth’s surface and the atmosphere, thereby
impacting local temperature dynamics**.

The Boreal region is less likely to experience cooling due to forest
regeneration, with some areas even experiencing local warming (Fig. 1A and
supplementary table. S1). This local warming trend is primarily attributed to
changes in albedo which can lead to higher absorption of solar
radiation'*"”**, However, the models have the weakest prediction power for
the Boreal region (supplementary table S1), and the validation for predicting
changes in albedo performed poorly (Fig. 3). The albedo component
remains less reliable, likely using annual mean values rather than seasonal
variations in albedo, which do not account for significant snow-related
changes that influence albedo seasonally in the Boreal region. Such uncer-
tainties complicate decision-making for forest regeneration projects in
Boreal regions.

The identified areas for potential forest regeneration (Fig. 1A)
encompass current land use classes, including grassland and savannas
(Fig. 1C), posing challenges for conversion to forests due to presence of
established ecosystems and competing land use interests (see supplemen-
tary text S2.2). Furthermore, the Food and Agriculture Organization of the
United Nations (FAO) reported that between 2010 and 2020, the annual net
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forest area change was -4.7 million hectares, with over 90 percent of the
world’s forests regenerating naturally”’. This highlights the challenge of
regenerating between 111 million and 709 million hectares of forests,
depending on the scenario. Despite these difficulties, regenerating forests is
crucial for effective climate mitigation. Griscom et al. * emphasized that
natural climate solutions, such as forest regeneration, could provide over
one-third of the cost-effective climate mitigation required by 2030 to limit
global warming to below 2 °C. In addition, Cook-Patton et al. ** highlighted
that natural forest regrowth can significantly contribute to climate stabili-
zation by mid-century’. While modeling the air temperature benefit of
current forests can help to inform climate policy recommendations, this
study focused on modeling LST associated with natural forest regeneration
plans. LST is particularly valuable because it directly reflects the temperature
of the land surface, which is influenced by factors such as vegetation, soil,
and moisture levels. This allows LST to present crucial temperature-
dependent physiological processes and energy exchanges occurring within
the vegetated canopy”’.

Although the potential of forest regeneration to cool down the local
climate is promising (supplementary table S1), the available land associated
with a local cooling effect for such efforts is limited to 7.15% of the total
globalland area in the less conservative scenario and 1.12% of the total global
land area in the more conservative scenario (supplementary text S2.1)*.
Further, ultimately only a fraction of this land may be restorable, given
competing land use demands®. Therefore, our study highlights the need for
deploying a combination of multiple solutions, both nature-based and gray
infrastructure solutions for climate mitigation and adaptation, with a focus
on “no regrets” strategies that deliver benefits regardless of future climate
outcomes™. It is the case of well-designed and carefully implemented natural
forest regeneration, which brings multiple environmental and ecological
benefits, as forests play a critical role in regulating carbon’"""”, water cycle,
and biodiversity preservation®. Recognizing that it is impractical to
regenerate forests universally, our work is crucial in prioritizing areas where
forest regeneration will have the positive impact on climate adaptation. We
stress that the primary motivation for forest regeneration should be the local
well-being of people and the biodiversity that they depend on™. With the
growing threat of widespread deforestation on our planet’s ecosystems, our
findings highlight the crucial role of the urgent need for natural forest
conservation and regeneration in supporting climate resilience at the
local level.

Materials and methods

In this study, we employed a data-driven machine learning algorithm called
random forest model”® to assess variation in LST”, albedo®, and
evapotranspiration®’ within existing forests to predict these variables in
areas globally that lack forest cover but have the potential for natural forest
regeneration. Data-driven approaches such as random forest based on direct
observations from satellite data can improve estimates of the biogeophysical
characteristics of forests by addressing the inherent uncertainties in process-
based models relevant to our study® . Such approaches can account for the
confounding effects of multiple variables influencing biogeophysical pro-
cesses across diverse environmental conditions by capturing the non-linear
and complex relationships between these variables and the resulting pat-
terns (Supplementary Text S.1).

We used variable importance analysis and multicollinearity test to
determine the key variables for explaining response variables, ie., LST,
albedo, and evapotranspiration, to be served as predictor variables for model
development and optimization by using only the most relevant and inde-
pendent variables (supplementary text S1.1)”. We selected a set of expla-
natory variables which mainly present the geo-environmental parameters
such as slope, elevation, aspect, soil properties, topographic information,
incoming solar radiation, distance to road, and climate zones (supple-
mentary text S1.1). The predictor variables do not include any direct
information on the forest characteristics (e.g., Leaf Area Index (LAI), canopy
cover). By excluding direct information which characterize forests, the
model can better predict LST, albedo, and evapotranspiration, resembling

species distribution models. In other words, the strategic selection of
training variables enables accurate prediction in diverse landscapes. To
extract training data, we first identified stable forests through trend analyses
using Theil-Sen’s slope, removing any pixels that showed a significant
decline (p-value: 0.05) in the LAI (supplementary text S1.2.1). Having a
consistent spatial database, we aggregated all the datasets to a 1-km spatial
resolution using the mean function for all the predictors and response
variables, except for the land cover map that was aggregated with a modal
function. Following the extraction of datasets from stable forest locations,
we addressed varying missing values in response variables per year during
the study period, using a two-step process between 2003 and 2021. First, we
calculated the mean values of LST, albedo, and evapotranspiration for each
pixel for each calendar month, creating 12 monthly maps. Then, we com-
puted the overall mean LST, albedo, and evapotranspiration for each pixel
by averaging these monthly means across between 2003 and 2021 (sup-
plementary text S1.2.1).

Two scenarios were analyzed to assess the potential impacts of natural
forest regeneration: a less conservative scenario identifying ~1 billion hec-
tares suitable for natural forest regeneration, and a more conservative sce-
nario focusing on 148 million hectares, accounting for food security and
biodiversity constraints. The less conservative scenario excluded existing
forests, and urban regions and nonviable areas such as water bodies. In
contrast, the more conservative scenario further constrained the suitable
areas based on the opportunity map by Griscom et al.*, emphasizing regions
critical for food security and biodiversity conservation. We delineated the
boundaries of Boreal, Mediterranean, Temperate, and Tropical forests were
based on an ecoregion map®, which provides a spatial classification of
distinct ecological zones according to bioclimatic, vegetation, and geo-
graphical criteria (supplementary fig. S1.1). Next, we built four random
forest models over Boreal, Mediterranean, Temperate, and Tropical forests
to predict LST, albedo, and evapotranspiration for each scenario. In each
model, we used over 25,000 random points and validated the results using
20% of the sample points which were never used to develop the random
forest model. By using bootstrap aggregating, or so-called bagging, which is
a machine learning ensemble meta-algorithm, we minimized the risk of
overfitting. The robustness of these predictions was validated using 5-fold
cross-validation (see Supplementary Text S1.2.1 and Tables S1-S6). Addi-
tionally, we tested the models by comparing predicted LST, albedo, and
evapotranspiration with observed data in recently regenerated areas (Figs. 3,
$1.2.1, and S1.2.2).

After predicting LST, albedo, and evapotranspiration across potential
areas following natural forest regeneration, we quantified the changes in
these variables resulting from the regeneration process. The window
searching technique is a widely used remote sensing method for quantifying
the biogeophysical impact of forests compared with non-forest areas. It
employs a spatial window—such as ~50 km x 28 km in Li et al. (2015) and
111 km x 111 km in Bright et al. "“—to evaluate the differences in biogeo-
physical characteristics between forests and non-forestlands or stable for-
ests. However, the method may introduce uncertainties in certain regions
such as the Amazonian forests, where finding pure open lands close to dense
forests is challenging. In addition, with a such large spatial window, envir-
onmental factors such as soil type, annual precipitation, proximity to water
bodies, and distance to urban areas can vary significantly, potentially leading
to errors in estimating the temperature benefits of forests. At a coarse spatial
resolution, the results of different forest patches within a coarse pixel might
cancel out each other. Furthermore, the results may not be interpretable due
to different land types within a single pixel. Hence, we quantified impact of
natural forest regeneration on the LST, albedo, and evapotranspiration
(ALST, Aalbedo, A evapotranspiration, respectively) via:
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AET = ETpredicted forest — ET

observed values in potential area (3 )

This formula allows us to remove the residual signal due to climate
variability and isolate the cooling effect of the forest by removing the
baseline temperature of potential areas, which may be influenced by residual
signals from local climate variability and noise. Positive values of ALST
indicate warming effects due to the natural forest regenerations, while
negative values indicate cooling.

We showed the interplay between LST, albedo, and evapotranspiration
through a global map depicted in Fig. 2. The color scheme in the map is
derived from a ternary plot, serving as the legend. The ternary plot employs
barycentric coordinates to represent the three variables, LST, albedo, and
evapotranspiration. In the ternary plot, we have rescaled the values of each
pixel such that the sum of LST, albedo, and evapotranspiration equals 100%.
This rescaling enables us to represent the three variables in a two-
dimensional format, simplifying the intricate compositional relationships
between LST, albedo, and evapotranspiration and simplifying the complex
compositional relationships between the variables. Let X be a 2-dimentional
matrix. Define:

m(X) = min; ;X (€))

M(X) = max;;X;; (5)

and the 2-dimensional matrix S(X) defined entry-wise by:

X;; — m(X)

S0 = 2400 = mx)

©)

The proportions adding to 100% and determining the color via the
ternary diagram are then calculated as:

S(LST);
S(LST);; + S(Albedo); ; + S(ET); ; @)
S(Albedo);;
S(LST);; + S(Albedo); ; + S(ET), ; ®
S(ET); ;
(1), o

S(LST);; + S(Albedo),; + S(ET);

More details on modeling the consequence of forest regeneration plans
on LST, albedo, and evapotranspiration can be found in the supplementary
material file, including the plots of predicted change in LST, albedo, and
evapotranspiration following natural forest regeneration (supplementary
figs. S2-S7).

Data availability

The MODIS land surface temperature (LST) data, including MYD11A1 and
MODI11A1, as well as albedo (MCD43Al), evapotranspiration
(MOD16A2) data and global leaf area index (LAI) data (MCD15A3H), can
be accessed via NASA’s Earth Observing System Data and Information
System (EOSDIS) at https://earthdata.nasa.gov. The Global Roads Inven-
tory Project (GRIP4) data can be accessed at https://www.globio.info, and
soil data from SoilGrids and WoSIS are available at https://soilgrids.org/.
The WorldClim dataset for solar radiation can be found at https://www.
worldclim.org. More information on data related to this study can be found:
https://doi.org/10.5281/zenodo.13766638.

Code availability

All code and functions used in this study were executed using the built-in
functions and APIs provided by Google Earth Engine (GEE). For example,
the random forest model used in this study can be found here. Custom

Python 3 code was developed specifically for data visualization, which can be
found: https://zenodo.org/records/13769609.
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