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Abstract. Land use change, particularly deforestation, sig-
nificantly influences the global climate system. While vari-
ous studies have explored how deforestation affects tempera-
ture and precipitation, its impact on drought remains less ex-
plored. Understanding these effects across different climate
zones and timescales is crucial for crafting effective land use
policies aimed at mitigating climate change. This study in-
vestigates how changes in forest cover affect drought across
different timescales and climate zones using simulated defor-
estation scenarios, where forests are converted to grasslands.
The study utilizes data from nine global climate models, in-
cluding BCC-CSM2-MR, CMCC-ESM2, CNRM-ESM2-1,
CanESM5, EC-Earth3-Veg, GISS-E2-1-G, IPSL-CM6A-LR,
MIROC-ES2L, and UKESM1-0-LL, which contribute to the
Land Use Model Intercomparison Project (LUMIP). Drought
effects are assessed by examining the Standardized Pre-
cipitation Evapotranspiration Index (SPEI) in the idealized
global deforestation experiment (deforest-global) using the
pre-industrial control simulation (piControl) as the reference.
At the 3-month scale (SPEI03), global SPEI responses to de-
forestation are negative overall, indicating increased dryness
conditions, particularly in tropical regions, while causing
wetter conditions in dry regions. The multi-model ensemble
mean (MME) of SPEI03 is − 0.19± 0.05 (mean ± standard
deviation) in tropical regions and 0.07± 0.05 in dry regions.
The impact on drought conditions becomes more significant
over longer timescales. In tropical regions, the MME of SPEI
at the 24-month scale is−0.39±0.07, while it is 0.19±0.08
in dry regions, highlighting the lasting effects of deforesta-
tion on drought conditions. Seasonal responses of SPEI03 to

deforestation are more pronounced during autumn and win-
ter, with especially significant effects observed in tropical
and northern polar regions. For the MME of SPEI03, the val-
ues in tropical regions are −0.24± 0.08 and −0.18± 0.07,
while, in northern polar regions, they are −0.16± 0.07 and
−0.20±0.08, respectively. Continental zones experience sig-
nificant seasonal changes, becoming drier in winter and wet-
ter in summer due to global deforestation, while the Northern
Hemisphere’s dry regions see increased wetter conditions,
particularly in autumn. Deforestation alters surface albedo
by changing surface land cover structure, which affects the
surface energy and water balance by modifying net solar ra-
diation, evapotranspiration, and precipitation patterns. These
changes affect water deficits, leading to varying drought re-
sponses to deforestation. The findings deepen our under-
standing of the relationship between vegetation change and
climate change, offering valuable insights for better resource
management and mitigation strategies against future climate
change impacts.

1 Introduction

Forests cover approximately 30 % of the global ice-free land
surface and are distributed widely from the tropics to boreal
regions (Crowther et al., 2015; Hansen et al., 2013). Forests
are one of the largest carbon storages on the planet and play
a crucial role in regulating the Earth’s climate (Bonan, 2008;
Pan et al., 2011). However, global forests are rapidly chang-
ing due to a variety of human activities, including deforesta-
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tion, forest degradation, and climate change effects (Hansen
et al., 2013; Keenan et al., 2015; Forzieri et al., 2021). In the
tropics, deforestation and conversion to agriculture (mainly
pasture) or other land uses are the primary drivers of for-
est loss (Vancutsem et al., 2021). In temperate and boreal
regions, forest cover disturbances are often driven by log-
ging and natural disturbances (fires, pests, or wind outbreaks)
(Ceccherini et al., 2020; Seidl et al., 2017). These changes
can have significant impacts on local and global climate pat-
terns by altering both biogeochemical and biogeophysical
processes (Bonan, 2008; Jia et al., 2022). Biogeochemical
processes refer to the exchange of gases and particles be-
tween the atmosphere and forest ecosystems, such as the
absorption and release of carbon dioxide and other green-
house gases. Biogeophysical processes encompass modifi-
cations in surface energy balance, including the reflection
of sunlight, evapotranspiration, and heat exchange between
the land and atmosphere. The loss of forest cover can alter
biogeochemical processes by reducing the amount of carbon
dioxide stored in vegetation and increasing greenhouse gas
concentrations in the atmosphere (Harris et al., 2012). Defor-
estation induces changes in biogeophysical processes, such
as increased surface albedo and reduced surface roughness
and evapotranspiration, which result in changes to regional
climate patterns (Alkama and Cescatti, 2016; Bonan, 2008;
Davidson et al., 2012).

Many observational and modeling studies show that alter-
ations of forest cover have a significant influence on the cli-
mate system (Douville et al., 2021; Jia et al., 2022; Lee et al.,
2011). The effects are highly spatially heterogeneous. In the
tropical region, large-scale deforestation can lead to a decline
in annual total precipitation of approximately 30 % (Snyder
et al., 2004; Smith et al., 2023a; Leite et al., 2021), although
the streamflow in the deforested area can increase (Taylor
et al., 2022; Douville et al., 2021), and to an increase in tem-
perature in both observational and modeling studies (Alkama
and Cescatti, 2016; Zeng et al., 2021; Smith et al., 2023b;
Crompton et al., 2021). The size of deforestation patches can
also influence tropical precipitation. Small-scale deforesta-
tion in the tropics may lead to a localized increase in precipi-
tation (Lawrence and Vandecar, 2014; Douville et al., 2021).
In the boreal region, the conversion of forests to bare land or
grassland can lead to land surface cooling of−0.41±0.57°C
(observational studies) or−2.18±1.08°C (modeling studies)
(Perugini et al., 2017). There may also be a slight reduction
in precipitation following deforestation in the boreal region
(Cherubini et al., 2018). In the temperate area, the impacts
of forest change on temperature and precipitation are more
uncertain and variable across regions (Lejeune et al., 2018).
Mahmood et al. (2014) found that deforestation can lead to
both warming and cooling effects depending on the region,
and Findell et al. (2017) noted significant spatial variabil-
ity in the temperature impacts. Detecting the signal of for-
est cover changes on precipitation in the temperate region is
challenging due to the high variability in synoptic-scale me-

teorological systems that impact local to regional circulation
and rainfall patterns (Bala et al., 2007; Bonan, 2008; Field
et al., 2007).

Climate model is a valuable tool for investigating the im-
pact of changes in forest cover on the climate system. How-
ever, the results of modeling studies are variable and model-
dependent, and a wide range of estimated effects is usually
observed. For instance, in the boreal region, the cooling ef-
fect of forest change on the surface air temperature ranges
from −4.0 to −0.82 °C, depending on the specific model
used, the parameters used to represent forest cover, the re-
gion where the replacement of land cover occurs, and the
type of land cover conversion considered (Perugini et al.,
2017). To facilitate a consensus on forest management de-
cisions, the climate and ecology communities are working
towards establishing a unified framework with standardized
settings for assessing forest change impacts. The Land Use
Model Intercomparison Project (LUMIP) (Lawrence et al.,
2016), a component of the Coupled Model Intercomparison
Project Phase 6 (CMIP6) (Eyring et al., 2016), is a promi-
nent example of such an effort. LUMIP aims to address key
scientific questions related to the impacts of land use on
climate (Lawrence et al., 2016). The idealized coupled de-
forestation experiment (deforest-global) is a specific experi-
ment within LUMIP that focuses on the global biogeophysi-
cal and biogeochemical impacts of deforestation on climate.
To ensure comparability between models, participating mod-
els were required to use a similar deforestation pattern, even
if they employ different variables to represent the deforesta-
tion signal (Lawrence et al., 2016). Researchers utilized the
datasets from LUMIP to examine the responses of tempera-
ture (Boysen et al., 2020), precipitation (Boysen et al., 2020;
Luo et al., 2022), and carbon storage (Ito et al., 2020; Li et al.,
2022) from global deforestation at both the global and re-
gional scales.

Previous studies primarily focused on the biogeophysical
effect of forest change on individual climate variables such
as temperature and precipitation, without considering the po-
tential impact on meteorological drought conditions (here-
after referred to drought), which are of greater relevance to
decision-makers in shaping policies for sustainable land use
and water management. However, changes in temperature
and precipitation can have significant effects on drought, a
natural hazard that has caused extensive economic and so-
cial damage worldwide. Drought is characterized by below-
normal rainfall over a period of months to years (Dai, 2011)
and is mainly driven by the combined effect of temperature,
precipitation, wind speed, and solar radiation (Seneviratne,
2012). Understanding the behavior of droughts is essential
for better water resource management and planning. In addi-
tion to human wellbeing, it poses a serious threat to ecosys-
tems by altering soil moisture, forest structure, and carbon
content (Nepstad et al., 2007). While several studies have ex-
plored the impact of deforestation on regional drought con-
ditions, these have primarily focused on the Amazon region.

Hydrol. Earth Syst. Sci., 29, 1637–1658, 2025 https://doi.org/10.5194/hess-29-1637-2025



Y. Li et al.: Global and regional drought response to deforestation 1639

For instance, deforestation can lead to less water being recy-
cled, thereby intensifying regional dry seasons (Bagley et al.,
2014; Staal et al., 2020), and converting mid-latitude natural
forests to cropland and pastures may increase the frequency
of hot, dry summers (Findell et al., 2017). Furthermore, for-
est cover change can modulate the impacts of precipitation
and temperature on drought (Li et al., 2024). The impact of
forest changes on drought conditions across different regions
and timescales remains largely unexplored.

The study focuses on analyzing the response of droughts
to deforestation using idealized experiments with data from
nine LUMIP models. The aim is to address several key sci-
entific questions related to this topic:

1. What are the global and regional-scale responses of
droughts to idealized deforestation?

2. What is the drought response to deforestation across dif-
ferent climate zones and timescales?

3. Does short-term drought exhibit seasonal variability in
response to large-scale deforestation?

Through our study, we aim to contribute to the scientific un-
derstanding of the complex relationship between deforesta-
tion and droughts, shedding light on the spatial and tempo-
ral aspects of this interaction. By addressing these scientific
questions, we hope to provide valuable insights for policy-
makers and land managers in formulating effective strategies
for drought mitigation and adaptation. This information can
also be used to inform forest management decisions aimed at
mitigating the negative impacts of deforestation on water re-
sources and ecosystems. The paper is structured as follows:
Section 1 presents a brief introduction, while Sect. 2 provides
an overview of the methods and datasets used, including the
experiment design, model introduction, drought index used,
climate regions, and the evaluation of the effect. Section 3
analyzes the changes in meteorological factors (temperature
and precipitation) and droughts in response to deforestation,
specifically exploring how droughts respond in different cli-
mate zones and timescales, along with seasonal changes in
short-term drought. Section 4 discusses the limitations and
potential avenues for future research, and Sect. 5 summarizes
the main conclusions.

2 Methods and data

2.1 Experiment design and introduction of models

Two experiments from LUMIP are used in this study: piCon-
trol and deforest-global. The piControl experiment is a stan-
dard control experiment, with spatial resolution ranging from
0.7°× 0.7° to 2.8°× 2.8° (depending on the model) and at
15–60 min time steps, that is designed to provide a reference
state for climate models. It is typically run for several hun-
dred years to ensure that the model reaches a steady state, and

it is used to evaluate the performance of the model (Eyring
et al., 2016). The deforest-global experiment is an ideal-
ized experiment designed to investigate the effects of global
deforestation on climate. It is branched from the piControl
experiment and uses the same forcing, including CO2 con-
centration, land use maps, and land management (Lawrence
et al., 2016). The deforest-global experimental design in-
volves sorting land grid cells based on their forest area in
1850 and selecting the top 30 % of grid cells for tree replace-
ment and calculating tree plant type loss for each year at each
grid cell by attributing the 0.4×106 km2 yr−1 forest loss pro-
portionally to their forest cover fraction across the forest re-
placement grid cells. Therefore, a total of 20×106 km2 of
the forest is replaced by grassland in a linear fashion over
50 years. After forest replacement, the ground biomass is
removed and the underground biomass is changed to litter
pools. The dynamic vegetation modules can be closed over
the deforestation grids to ensure the proper process of car-
bon transition, while, outside of the deforestation grids, the
dynamic vegetation modules can be kept because the impact
of climate change caused by deforestation on tree fraction is
small.

Several climate variables are needed to calculate the
drought index, including temperature, precipitation, wind
speeds, latitude, surface air pressure, and cloud cover (Ta-
ble S1 in the Supplement). Nine models cover these vari-
ables, including BCC-CSM2-MR (Wu et al., 2019), CMCC-
ESM2 (Lovato et al., 2022), CNRM-ESM2-1 (Séférian
et al., 2019), CanESM5 (Swart et al., 2019), EC-Earth3-Veg
(Döscher et al., 2022), GISS-E2-1-G (Kelley et al., 2020),
IPSL-CM6A-LR (Boucher et al., 2020), MIROC-ES2L (Ha-
jima et al., 2020), and UKESM1-0-LL (Sellar et al., 2020).
More information regarding the deforestation simulation and
the land surface model for each Earth system model can be
found in Table S2 and Sect. S1 in the Supplement. All sim-
ulation datasets for both the piControl and deforest-global
experiments can be downloaded from the Earth System
Grid Federation (ESGF) at https://esgf-node.llnl.gov/search/
cmip6/ (last access: 7 February 2025) (Balaji et al., 2018).
Most models have only one run member, except for IPSL-
CM6A-LR, which has three run members. To ensure consis-
tency in the results, we selected the first run for all models
in our analysis. Additionally, both CESM and MPI-ESM1-
2-LR contribute to the CMIP6 LUMIP projection. However,
some variables necessary for calculating drought are miss-
ing from the data archive. CESM lacks daily maximum/min-
imum near-surface air temperature and near-surface wind
speed, while MPI-ESM1-2-LR does not include daily maxi-
mum/minimum near-surface air temperature. As a result, we
excluded these two models from our study. As the datasets
have varying spatial resolutions, they were interpolated to the
N48 lat–long resolution (i.e., 1.875°×1.875°) by using bilin-
ear interpolation. This interpolation approach is a commonly
used method for adjusting differing resolutions to a uniform
grid in multi-model comparisons and analyses. It is generally
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appropriate for most model output variables (Li and Heap,
2011; Wang et al., 2012).

2.2 Introduction of the drought indices

In this study, the Standardized Precipitation Evapotranspira-
tion Index (SPEI) is employed to characterize drought, an
indicator that is well established in the literature (Vicente-
Serrano et al., 2010). Table S1 lists the climate variables nec-
essary to compute the SPEI. The SPEI is an extension of
the Standardized Precipitation Index (SPI), which maps pre-
cipitation intensity onto a standard Gaussian variable and is
based solely on precipitation amounts (Mckee et al., 1993).
Compared to SPI, the SPEI additionally takes the influence of
potential evapotranspiration (PET) into account, which refers
to the amount of water that could evaporate and transpire un-
der specific environmental conditions if water availability is
not a limiting factor. This makes the SPEI a more compre-
hensive measure of drought than the SPI. SPEI can also be
used to analyze drought conditions at different timescales.
The water deficit (Di,j ) for month i, year j is defined by

Di,j = Pri,j −PETi,j . (1)

Di,j can be aggregated over the desired timescales, denoted
k months. The aggregated Di,j over k months yields a series
Dki,j , representing the water deficit for month i of year j ,
with a timescale of k months. The series starts from month
13− k+ i (if i < k) or month i− k (if i ≥ k):

Dki,j =

12∑
h=13−k+i

Dh,j−1+

i∑
h=1

Dh,j , if i < k; (2)

Dki,j =

i∑
h=i−k+1

Dh,j , if i ≥ k. (3)

To model the distribution of Dki , the three-parameter log-
logistic distribution is identified as the appropriate model for
this purpose (Vicente-Serrano et al., 2010). The probability
density function (PDF) is Eq. (4) and the cumulative function
(CDF) as Eq. (5) for the three-parameter log-logistic distri-
bution:

f
(
xDki

)
=
β

α

(
xDki − γ

α

)β−1
1+

(
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α
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F
(
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)
=

1+

(
α

xDki − γ

)β−1

, (5)

where α, β, and γ denote the scale, shape, and origin param-
eter, respectively. Given a specific point, month of a year,
and timescale, the parameters (α, β, and γ ) can be estimated
using unbiased probability-weighted moments (PWMs; “ub-
pwm”), plotting-position PWMs (“pp-pwm”), and maximum

likelihood (“max-lik”). Then, the CDF for theDki log-logistic
distribution is obtained.

In order to more easily compare drought conditions at dif-
ferent timescales, months, and sites, the CDF from Eq. (5)
is then transformed to the standard normal random variable
(with a mean of zero and a variance of 1) based on the
equiprobability transformation (Panofsky and Brier, 1968). It
converts a log-logistic variable into a standard normal vari-
able, ensuring that the probability of the original variable be-
ing less than a given value matches the probability of the
transformed being less than its corresponding value. The re-
sulting value is the SPEI.

The SPEI was calculated using the R package “SPEI”
(https://cran.r-project.org/web/packages/SPEI, last access: 7
February 2025). The log-logistic distribution is suitable to
describe the water deficit change, and unbiased probability-
weighted moments (“ub-pwm”) were used for parameter es-
timation. PET was calculated using the FAO-56 Penman–
Monteith method (Allen et al., 1998). Here, SPEI was
computed for different accumulation timescales, includ-
ing 3 months (SPEI03, short-term), 6 months (SPEI06,
mid-term), 12 months (SPEI12, mid-term), and 24 months
(SPEI24, long-term).

2.3 Climate classification

The latest Köppen–Geiger world map data (http://www.
gloh2o.org/koppen/, last access: 7 February 2025) are used
in this analysis to classify the climate regime (Beck et al.,
2018). This classification was formulated by Wladimir Köp-
pen and has undergone several updates over the years (Peel
et al., 2007; Kriticos et al., 2012). The most recent ver-
sion was introduced by Beck et al. (2018) and has an un-
precedented resolution of 0.0083° (approximately 1 km at the
Equator), which provides a more accurate representation of
highly heterogeneous regions. To ensure accuracy and as-
sess uncertainties in map classifications, the authors com-
bined climatic air temperature and precipitation data from
multiple independent sources, including WorldClim V1 and
V2 (Fick and Hijmans, 2017; Hijmans et al., 2005), Clima-
tologies at high resolution for the Earth’s land surface ar-
eas (CHELSA) V1.2 (Karger et al., 2017), and Climate Haz-
ards Group’s Precipitation Climatology (CHPclim) V1 (Funk
et al., 2015). These datasets have been explicitly corrected
for topographic effects and, except the CHELSA V1.2 tem-
perature dataset, are based on a large number of stations
(≥ 34542 for precipitation and ≥ 20268 for temperature).
The use of multiple data sources allows an estimate of un-
certainty in the derived classes. The resulting dataset defines
30 possible climate types, which can be grouped into five
main categories: tropical, dry, temperate, continental, and po-
lar regions (Fig. S1 in the Supplement). The current climate
Köppen-Geiger world map was employed in the subsequent
analysis to delineate the five core climate zones. This choice
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is based on its remarkable consistency across timescales (Yoo
and Rohli, 2016).

The Earth’s tilted axis results in significant seasonal differ-
ences in solar radiation between the Northern and Southern
hemispheres. To accurately represent the seasonal impact of
deforestation in these regions, we have classified them into
dry climate zones in the Northern Hemisphere (Dry_n) and
Southern Hemisphere (Dry_s), temperate climate zones in
the Northern Hemisphere (T_n) and Southern Hemisphere
(T_s), and the polar climate zones in the Northern Hemi-
sphere (Polar_n) and Southern Hemisphere (Polar_s), corre-
sponding to dry, temperate, and polar regions in hemispheres.

2.4 Evaluation of the effect of deforestation on
droughts

The deforest-global experiment is a branch of the piControl
experiment, sharing identical parameters except for the land
cover data. We can assess the climate response to land cover
change by contrasting the outcomes of these two experiments
(Lawrence et al., 2016). We seek to evaluate the effects of
deforestation on drought by analyzing changes in SPEI with
and without deforestation. In this study, we use water deficits
from the piControl experiment to estimate the parameters of
the log-logistic distribution which defines the reference for
evaluating the SPEI of the subsequent deforest-global exper-
iment. The non-exceedance probabilities for water deficits
from the deforest-global experiment with respect to the pi-
Control CDF are then mapped via the equiprobability trans-
formation to a Gaussian variable. The process clarifies the
SPEI in this study, describing the relative conditions (dry or
wet) compared to those in the piControl experiment, which
indicates comparing conditions before and after forest loss.
The last 30 years of the experiment (from year 51 to year
80) are considered the stabilized period (Boysen et al., 2020;
Luo et al., 2022). During this period, the effects of defor-
estation are fully expressed. Consequently, in this study, if
not stated otherwise, all analyses are carried out exclusively
on data from this specific period. The subsequent analysis
is concentrated solely on land grids and SPEI changes in
deforest-global relative to piControl. We utilize a two-tailed
t-test to assess the significance of changes in SPEI induced
by deforestation.

To improve visualization of the time series of drought in-
dices, we use the cubic spline regression to obtain smooth
curves. This smoothness of the curve is determined us-
ing generalized cross-validation (Wood, 2017). The “gam()”
function from the R package mgcv was used in this study
to obtain the cubic splines (https://cran.r-project.org/web/
packages/mgcv/mgcv.pdf, last access: 7 February 2025).

3 Results

3.1 Impact of deforestation on meteorological factors

The deforest-global experiment focuses on removing trees
from grid cells that were predominantly covered by forests.
Deforestation mainly occurs in selected areas of tropical,
temperate, and continental regions, and the global pattern
of deforestation is similar for all models (Fig. S2 in the
Supplement). The multi-model ensemble mean (MME) re-
sults reveal that the Amazon basin, central Africa, eastern
North America, and Europe experience the most significant
forest reductions. Large-scale deforestation leads to an av-
erage global land reduction in precipitation of −10.15±
4.91mmyr−1 (mean ± standard deviation) from year 51 to
year 80 (Fig. S3 in the Supplement). There are some dif-
ferences in precipitation variability patterns in response to
deforestation (Fig. S4 in the Supplement). For temperature,
MME shows that deforestation leads to a global land cool-
ing effect of −0.47± 0.13°C (Table S3 in the Supplement).
There is a clear cooling trend in global temperature, and in
four regions (excluding the tropical region), compared to the
piControl experiment (Fig. S4 in the Supplement). The tem-
perature response to forest change exhibits inter-model vari-
ability in specific regions (Fig. S5 in the Supplement).

Deforestation leads to a reduction in global precipitation
and near-surface cooling, but the magnitude of these changes
varies across regions and models (Fig. 1). According to the
different model outputs, some models estimate that the trop-
ical region experiences the most significant decrease in pre-
cipitation and the least pronounced cooling. In contrast, the
continental region typically experiences significant cooling,
but the decrease in precipitation is less pronounced. In the
temperate region, both precipitation and cooling changes are
not very pronounced. The dry and polar regions, where fewer
trees are removed, show slight variability in precipitation and
temperature changes. Interestingly, there is no linear relation-
ship between deforestation area and precipitation or temper-
ature changes across regions, highlighting the complex and
non-local nature of the biogeophysical effects of deforesta-
tion. Global and regional changes in forest fraction, precip-
itation, and near-surface temperature for individual models
can be found in Fig. S6 in the Supplement.

3.2 Impact of deforestation on drought indices (SPEIs)

3.2.1 Analysis of annually averaged SPEI response to
deforestation

For short-term drought (SPEI03), seven models indicate a
tendency towards drier conditions in the Amazon and trop-
ical Africa. However, two models (CMCC-ESM2 and EC-
Earth3-Veg) show a significant wet trend in these regions
(Fig. 2). Most models simulate positive SPEI03 changes in
northern Africa, the Middle East, central Asia, and central
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Figure 1. Global (only over land) and regional mean changes (deforest-global minus piControl) in forest fraction (%), precipitation
(mmyr−1), and near-surface temperature (°C). The dots represent the 30-year (from simulation year 51 to 80) average of multi-model
ensemble mean results, and the vertical error bars represent the range of results from the nine models.

North America, which are classified as dry climate zones in
global climate classification, suggesting an increase in atmo-
sphere moisture. Notably, CMCC-ESM2 and EC-Earth3-Veg
show a significant positive change in these areas. The MME
also captures the drier Amazon and tropical Africa and the
wetter conditions in dry climate zones.

For long-term drought (SPEI24), models exhibit a simi-
lar pattern of changes in dry–wet conditions as observed for
short-term drought. Notably, significant changes in SPEI are
evident in the Amazon and tropical Africa across most mod-
els (Fig. 3). In specific dry regions such as northern Africa,
the Middle East, central Asia, and central North America,
CMCC-ESM2, EC-Earth3-Veg, and CNRM-ESM2-1 show a
significant tendency towards wetter conditions, while other
models, excluding GISS-E2-1-G, indicate a slight wet trend
that does not pass the significance test. This highlights the in-
fluence of large-scale deforestation on local dry–wet condi-
tions, with some variability among models. The MME results
demonstrate more agreement with the majority of individual
models in capturing the changes.

After the main forest is removed, the global mean short-
term drought (SPEI03) shows a negative trend for the next
30 years (Fig. 4), with an average value of −0.06± 0.02
(mean ± standard deviation) during this period (Table S4
in the Supplement). This negative trend remains relatively
constant over the last 30 years. However, our findings show
notable variations in the SPEI03 changes across different cli-
mate zones. In the tropical region, the SPEI03 time series
indicates a significant decrease, with the rate of decline slow-
ing down in the latter 30 years, resulting in a stable average
value of−0.19±0.04 (Table S4), and this region experiences
the most significant dryness after deforestation. On the other
hand, the dry region becomes more humid after global defor-
estation, with an average SPEI03 change of 0.07±0.05. The
temperate, continental, and polar regions all experience neg-
ative changes in SPEI03, indicating varying degrees of des-
iccation. These findings underscore the crucial role of forests

in regulating local and global climate patterns, especially in
dry regions.

The impacts of deforestation on long-term drought
(SPEI24) are more severe and have a large magnitude, and
these changes are evident globally and regionally (Fig. 5).
However, there are differences in the simulation results
among individual models. For instance, GISS-E2-1-G pre-
dicts the most severe droughts globally, in the tropical, dry,
and continental regions, while IPSL-CM6A-LR produces the
largest absolute average value for the latter 30 years in the
temperate region. Additionally, CanESM5 shows that the po-
lar region most clearly becomes drier after deforestation.
These differences highlight the importance of considering
multiple models when assessing the impacts of deforesta-
tion on droughts, as the specific outcomes may depend on
the modeling approach used. The changes in spatial and tem-
poral distribution for each model and the MME in mid-term
drought can be observed in Figs. S7 and S9 in the Supple-
ment for SPEI06, while Figs. S8 and S10 in the Supplement
showcase the same for SPEI12.

Comprehensive perspective on the spatial variability in
global and regional impacts resulting from deforestation on
various SPEI indices for the MME is shown in Fig. 6.
The analysis shows that large-scale deforestation tends to
lead to drier conditions, particularly noticeable in the con-
text of long-term droughts. The tropical region is the most
severely affected, followed by the dry, continental, and po-
lar regions. In contrast, the temperate region seems to be
the least affected, with a small mean value and large stan-
dard deviation (Table S4). For a specific model like GISS-
E2-1-G, the most significant changes in drought indices due
to large-scale forest removal are observed, barring the polar
region (Fig. S11 in the Supplement). Interestingly, in the po-
lar areas, CanESM5 has the most substantial impact. Con-
versely, MIROC-ES2L demonstrates the slightest change,
with a small value and large standard deviation. To our no-
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Figure 2. Standardized Precipitation Evapotranspiration Index calculated over a 3-month timescale (SPEI03) from the deforest-global exper-
iment using the piControl experiment as a reference for nine global climate models (GCMs) and the multi-model ensemble mean (MME).
Positive values signify increased moisture (wet conditions), while negative values denote reduced moisture (dry conditions) relative to the
piControl experiment. The black dots indicate the changes in SPEI03, with significance tested using a two-tailed t-test at a p value of 0.05.

tice, GISS-E2-1-G indicates negative SPEI values in the dry
region, which diverge from the results of other models.

Large-scale deforestation induces a global mean negative
change in SPEIs, indicating increased global aridity post-
deforestation (Fig. 7). Among the five climate regions, trop-
ical and arid areas appear most susceptible to deforesta-
tion. Deforestation within the tropical belt results in a neg-
ative SPEI change, signalling heightened aridity in the re-
gion. Conversely, deforestation in arid zones yields a posi-
tive SPEI change, indicative of increased moisture. Despite
its lower deforestation rate (Table S3), the polar region dis-
plays a more substantial SPEI change compared to the con-
tinental and temperate regions (ranking second and third,
respectively, in deforestation within the deforest-global ex-
periment). These findings suggest that the impact of de-
forestation extends to global climates, especially in regions
with relatively uniform ecological compositions, such as
arid and polar zones. As the timescale increases, the im-
pact of global forest removal on drought conditions becomes
more pronounced, suggesting a greater influence on long-

term drought conditions compared to the pre-industrial forest
cover (Fig. 7).

3.2.2 Analysis of SPEI03 response to deforestation at
seasonal scale

The high-latitude regions in northern North America, north-
ern Europe (excluding Greenland), and northern Asia expe-
rience more pronounced seasonal changes in SPEI03 follow-
ing deforestation (Figs. 8 and 9). Specifically, these regions
become drier in December–January–February (DJF; Fig. 8)
and wetter in June–July–August (JJA; Fig. 9). In contrast,
there is no clear seasonal pattern in the SPEI03 variation in
the middle and low latitudes, with some variation depending
on the latitude. We also observe that SPEI03 becomes nega-
tive in the tropical region after deforestation, while, in the dry
region in the Northern Hemisphere, it becomes positive, with
no significant seasonal variation. Additionally, Figs. S12 and
S13 in the Supplement show the March–April–May (MAM)
and September–October–November (SON) changes result-
ing from deforestation during the same period. Overall, our
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Figure 3. Same as Fig. 2 but for the SPEI calculated over a 24-month timescale (SPEI24).

results suggest that deforestation has a significant impact on
the seasonal variability in short-term drought, especially in
high-latitude regions.

The impact of deforestation on seasonal changes in
SPEI03 varies across models, with some unable to accurately
capture the seasonal changes in drought induced by defor-
estation as seen in the MME. IPSL-CM6A-LR, for example,
shows no significant difference in SPEI03 variation between
DJF and JJA. Furthermore, simulation results for certain re-
gions in Asia and Europe’s high latitudes indicate the oppo-
site result to the MME, with a wetter winter and drier sum-
mer. It is worth noting that the regions with the most sig-
nificant seasonal fluctuations in SPEI03 are mainly located
in the continental zone. Therefore, a deeper analysis of the
seasonal impact of deforestation on drought in this region is
needed.

Deforestation impact on continental drought is most sig-
nificant during DJF and JJA, with a smaller effect during
MAM and SON (Fig. 10). The MME results show nega-
tive values for winter SPEI03 time series changes, with an
average of −0.20± 0.07. Most models, except for IPSL-
CM6A-LR (with an average of 0.00± 0.14), can capture the
characteristics of a drier-condition tendency in DJF. Simi-
larly, in the Northern Hemisphere summer (JJA), MME and

most models (except IPSL-CM6A-LR, with an average of
−0.06±0.11) indicate positive values. However, in the MAM
and SON seasons, the model outputs display a blend of both
positive and negative values. In contrast, the MME results are
predominantly negative, although to a lesser extent compared
to the winter season. More details about the seasonal changes
in SPEI03 in different regions are available in Figs. S14–S18
in the Supplement.

Figure 11 highlights the impact of deforestation on
SPEI03 across different regions and seasons. The MME re-
sults reveal that deforestation leads to a negative effect on
SPEI03 in all seasons, with the most substantial impact ob-
served in the Northern Hemisphere’s winter half-year (SON
and DJF). In the tropical region, deforestation significantly
decreases SPEI03 in all seasons. Conversely, the Dry_n re-
gion experiences a positive change in SPEI03 following de-
forestation, indicating a wetter climate, with the effect being
more pronounced in summer and autumn. The Dry_s region,
however, does not exhibit any significant change in SPEI03.
Notably, the continental region experiences the most signifi-
cant seasonal change in SPEI03 following deforestation, with
a considerable decrease in the Northern Hemisphere’s winter
and a marked increase in the Northern Hemisphere’s sum-
mer, indicating that the impact of deforestation differs be-
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Figure 4. Global and regional annually averaged SPEI03 in the deforest-global experiment using piControl as the reference for each model
and for the MME. Different colors indicate different models. The solid lines denote cubic spline regression, with significance indicated by
shaded areas at a level of 0.05.

Figure 5. Same as Fig. 4 but for the SPEI calculated over a 24-month timescale (SPEI24).
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Figure 6. Box plots of SPEIs (SPEI03, SPEI06, SPEI12, SPEI24) in the deforestation experiment (deforest-global), with the piControl
experiment as the reference, averaged over years 51–80, both globally and for five climate regions, for the MME. Each box plot represents
the spatial variability in a specific SPEI, where the box represents the interquartile range (IQR) between the 25th and 75th percentiles and
the line inside the box represents the median. The whiskers extend to the minimum and maximum values within 1.5 times the IQR, and any
data beyond the whiskers are shown as points. Different colors indicate different SPEIs.

Figure 7. Spatial and temporal averages (from year 51 to 80) of SPEIs (SPEI03, SPEI06, SPEI12, and SPEI24) in the deforest-global
experiment (piControl experiment as the reference) globally and across five climate regions for each model and the MME. Each model is
represented by a different colored marker, while the MME averages are represented by solid black circles.

Hydrol. Earth Syst. Sci., 29, 1637–1658, 2025 https://doi.org/10.5194/hess-29-1637-2025



Y. Li et al.: Global and regional drought response to deforestation 1647

Figure 8. SPEI03 in deforest-global (piControl as the reference) during December–January–February (DJF) for nine GCMs and the MME.
Positive values signify increased moisture (wet conditions), while negative values denote reduced moisture (dry conditions) relative to the
pi-Control experiment. The black dots indicate the changes in SPEI03, with significance tested using a two-tailed t-test at a p value of 0.05.

tween the two seasons. These results underscore the region-
specific nature of the impact of deforestation on drought, and
understanding the seasonal patterns of these changes is cru-
cial for developing effective mitigation and adaptation strate-
gies.

The variability in SPEI03 seasonal changes is evident
across different regions and models (Fig. S19 in the Sup-
plement). The global region, for instance, presents diverse
trends in SPEI03 changes across models. Specifically, while
five models (BCC-CSM2-MR, CanESM5, GISS-E2-1-G,
IPSL-CM6A-LR, UKESM1-0-LL) indicate an overall de-
crease in SPEI03 for four seasons, one model (MIROC-
ES2L) shows an overall increase in SPEI03 for four seasons,
and it suggests that deforestation leads to positive changes in
SPEI03 for the tropical and Polar_n regions, which contra-
dicts the conclusions of most models. These results highlight
the need to account for the variability across multiple mod-
els when interpreting the findings of this study. It is essential
to exercise caution when drawing conclusions based on the
results of any individual model and consider a more com-
prehensive approach that accounts for the variability across
multiple models.

There is a clear distinction among the models in illustrat-
ing the global and regional averaged SPEI03 shifts follow-
ing deforestation (Fig. 12). Overall, the results show that de-
forestation leads to a negative shift in average SPEI03 val-
ues globally, indicating a drier climate, particularly during
the Northern Hemisphere winter and autumn. This trend is
consistent in the tropical and Northern Hemisphere polar re-
gions as well. In the continental region, however, the average
changes in SPEI03 are negative during DJF and positive dur-
ing JJA, showing an opposing trend. These findings are in
line with the box plots presented in Fig. 11. Furthermore, the
comparison among the nine models shows that GISS-E2-1-G
is more sensitive to the seasonal effects of deforestation on
drought, with results mostly spread in the lower part of the
figure (except for the polar region, where CanESM5 shows
the most fluctuation in SPEI03). Conversely, the majority of
SPEI03 outcomes for EC-Earth3-Veg and CNRM-ESM2-1
are positive, suggesting that the world will become wetter
following deforestation.

In general, the global averaged SPEI03 shifts are more
prominent in the boreal autumn and winter seasons follow-
ing deforestation, which is also observed in both tropical and
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Figure 9. Same as Fig. 8 but during June–July–August (JJA).

Northern Hemisphere polar regions. The temperate zone is
the least affected by deforestation. Moreover, the continental
region experiences the most seasonal change, with a nega-
tive SPEI03 (drier) in winter and a positive SPEI03 (wetter)
in summer. In line with the previous analysis of annual vari-
ability, the Northern Hemisphere dry region is the only area
that becomes wetter following deforestation, and this is most
noticeable in the autumn season.

4 Discussion

In this study, we use idealized deforestation experiments
(deforest-global) and pre-industrial control simulation exper-
iments (piControl) conducted by nine global climate mod-
els from the LUMIP dataset bank to examine the impacts of
global deforestation on droughts across different climate re-
gions and timescales. Model simulations consistently show
that deforestation leads to a global decrease in precipita-
tion (Luo et al., 2022), with the most significant reduction
occurring in tropical regions (Smith et al., 2023a, b), and
causes an average surface cooling (Boysen et al., 2020). Bio-
geophysical mechanisms such as changes in evapotranspi-
ration and atmospheric moisture convergence play a crucial

role in causing changes in precipitation (Zhang et al., 2021),
while reduced available energy is primarily responsible for
temperature changes (Luo et al., 2022). The effects of de-
forestation on the climate vary depending on the location,
with boreal deforestation primarily increasing albedo and
tropical deforestation mainly decreasing evapotranspiration
(Chen and Dirmeyer, 2020; Spracklen et al., 2012; Winckler
et al., 2019).

Large-scale deforestation can significantly increase the
risk of global droughts, as droughts are influenced by var-
ious factors such as precipitation, temperature, solar radia-
tion, and wind speed. Deforestation has contrasting effects
on cloud cover across different regions: it typically decreases
cloud cover in tropical areas while increasing it in dry, tem-
perate, and continental regions (Fig. S20 in the Supplement).
This reduction in cloud cover in the tropics is primarily at-
tributed to a decrease in local cloud formation, whereas there
is a non-local enhancement of cloud cover in temperate and
boreal regions (Duveiller et al., 2021; Hua et al., 2023). The
changes in cloud cover induced by deforestation are pre-
dominantly driven by sensible heating, with areas of higher
sensible heat more likely to experience cloud enhancement,
while areas with lower sensible heat tend to see cloud in-
hibition over forests (Xu et al., 2022). These alterations in
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Figure 10. Seasonal changes in SPEI03 induced by deforestation averaged in the continental region for each model and the MME. Each
model is represented by a different color. The solid lines denote cubic spline regression, with significance indicated by shaded areas at a level
of 0.05.

cloud cover subsequently influence incoming surface radia-
tion. Meanwhile, the changes in forests also impact on the
surface albedo and then on the flux exchange between land
surface and atmosphere, which in turn impacts surface po-
tential evapotranspiration. Specifically, deforestation tends
to increase potential evapotranspiration in tropical regions
while decreasing it in middle to high latitudes, particularly
in dry regions (Fig. S21 in the Supplement). Despite these
changes, large-scale deforestation typically results in more
precipitation in dry regions and less precipitation in tropi-
cal regions (Figs. S3 and S6). In tropical regions, deforesta-
tion leads to a significant reduction in transpiration, which
disrupts water recycling processes and contributes to lower
precipitation levels, exacerbating dry conditions (Staal et al.,
2020, 2018; Van Der Ent et al., 2014). Conversely, in dry
regions, the increase in precipitation and decrease in poten-
tial evapotranspiration induced by deforestation often result
in wetter conditions. Li et al. (2024) also confirmed that
precipitation is the primary factor affecting droughts in the
tropical region, while temperature is the primary factor af-
fecting droughts in the dry region. The dry region experi-

ences precipitation deficits and cooling effects after the re-
moval of trees, and the cooling effect could contribute to
increased moisture, so global deforestation can potentially
mitigate droughts in this region, showcasing the non-local
impact of deforestation. In contrast, the temperate and con-
tinental regions are the most stable in terms of droughts fol-
lowing deforestation (Li et al., 2024).

Our study also focuses on analyzing the effects of an ide-
alized deforestation scenario on seasonal changes in SPEI03
and finds that the continental zone is most affected through
variations in drought. The insights into the possible reasons
behind this phenomenon are that deforestation in the conti-
nental region has contrasting effects on temperature, caus-
ing cooling in winter and spring but warming in summer, as
previously reported in other studies (Alkama and Cescatti,
2016; Cherubini et al., 2018). Deforestation increases sur-
face albedo in winter by removing tree cover, which leads to
a decrease in the net radiation balance and surface tempera-
ture. Conversely, in summer, the reduced evapotranspiration
and surface roughness are the primary causes of tempera-
ture increases. Additionally, using the CCM3-IBIS coupled
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Figure 11. Box plots of seasonal (DJF, MAM, JJA, SON) changes in SPEI03 in the deforest-global experiment (piControl experiment as the
reference) across different areas (global and eight regions) for the MME. Each box shows the interquartile range (IQR) of the SPEI03 changes
within a specific region, with the lower and upper edges corresponding to the 25th (Q1) and 75th (Q3) percentiles, respectively. Outliers are
also displayed and defined as values less than Q1-1.5×(IQR) or greater than Q3+1.5×(IQR). Different colors are used to represent different
seasons.

Figure 12. Global and climate regional averaged SPEI03 in the deforest-global experiment (piControl as the reference) for each season and
model, along with the MME. Each colored marker represents a different model.

atmosphere–biosphere model, Snyder et al. (2004) demon-
strated that deforestation leads to a substantial reduction in
precipitation in summer (−0.7mmd−1) and the least reduc-
tion in winter (−0.2mmd−1) in the continental region. Re-
moving trees leads to a significant reduction in transpiration,
which is particularly pronounced during summer and to a

smaller extent in winter (Cai et al., 2019). This reduction
may contribute to a situation where there is a greater con-
flict between reduced precipitation and transpiration during
winter compared to summer, which then leads to a drier win-
ter in the continental region. Therefore, we conclude that the
combined biogeophysical effects of deforestation in the con-

Hydrol. Earth Syst. Sci., 29, 1637–1658, 2025 https://doi.org/10.5194/hess-29-1637-2025



Y. Li et al.: Global and regional drought response to deforestation 1651

tinental region could explain the wetting effect in summer
and the drying effect in winter.

We investigate the influence of global deforestation on re-
gional drought patterns within the five main climate zones
as classified by the Köppen–Geiger system. However, it is
important to acknowledge that our analysis does not account
for sub-climates within these zones. Instead, we focus on de-
termining the average changes in drought for each climate
zone, providing a broader assessment. Among the climate
zones studied, the dry climate zone, encompassing steppe
and desert climates and representing approximately 26 % of
the Earth’s land area, exhibited heightened vulnerability to
changes in drought patterns. Interestingly, our findings indi-
cate that this region is likely to experience reduced drought
occurrences following forest removal, primarily due to the
non-local effects associated with global deforestation. It is
worth noting that the extent of forest replacement with grass
was relatively lower within the dry climate zone in our study.
To obtain more precise and specific conclusions, it is ad-
visable to further subdivide the climate divisions, enabling
a more nuanced analysis. This approach would enhance the
accuracy and granularity of our findings, particularly when
examining the response of different sub-climates within each
climate zone to deforestation-induced changes in drought.
Furthermore, our study utilizes models with relatively coarse
spatial resolutions, ranging from 0.7°× 0.7° to 2.8°× 2.8°,
depending on the specific model employed. This coarse res-
olution may have resulted in some loss of information, partic-
ularly when investigating regional variations in drought. To
address this limitation, future studies could employ higher-
resolution models, which would provide a more accurate un-
derstanding of how land use changes impact regional drought
patterns. For instance, the integration of data from projects
such as the Land Use and Climate Across Scales Flagship
Pilot Study (LUCAS FPS) could significantly enhance our
investigations. LUCAS FPS utilizes regional climate models
to quantify the biogeophysical effects of land cover change in
specific regions, such as Europe (Davin et al., 2020). Incor-
porating regional climate models and higher-resolution data
would enable a more comprehensive examination of the in-
tricate relationship between land use changes and drought
patterns at the regional level. The integration intervals in the
LUMIP models range from 15 to 60 min. This variation could
affect fast physical processes, such as convection and turbu-
lence, which in turn may influence precipitation patterns and
drought responses to deforestation.

Recent observations indicate that changes in dry spells
across northeastern South America and western Africa/the
Sahel region are primarily influenced by anthropogenic fac-
tors (Wainwright et al., 2022). Specifically, the lengthening
trend of dry spells in South America is likely linked to de-
forestation, altering moisture recycling and reducing latent
heat flux (Leite et al., 2019). Changes in forest cover, pre-
dominantly due to restoration of forest from cropland, have
significant local climatic impacts in Europe (Huang et al.,

2020). Model simulations reveal that deforestation induces a
cooler and drier climate in Europe (Hu et al., 2019; Cheru-
bini et al., 2018). Furthermore, alterations in forests, includ-
ing activities like forest harvesting, modify various surface
attributes such as leaf area index and canopy structure, conse-
quently affecting surface roughness, energy transfer, and so-
lar radiation absorption (Anderson et al., 2011; Huang et al.,
2023, 2024). These surface disturbances can potentially in-
fluence the general circulation of the atmosphere (Badger and
Dirmeyer, 2016). However, the extent of modifications in the
general circulation, propelled by changes in forests and their
influence on inter-hemispheric heating, particularly impact-
ing the position of the intertropical convergence zone (Frier-
son et al., 2013; Stephens et al., 2022) and the movement of
rainfall belts (Frierson et al., 2013; Dong and Sutton, 2015),
remains largely unknown.

This analysis shows a diverse climate response (tempera-
ture, precipitation, and SPEIs) resulting from large-scale for-
est losses. Although these models share a common frame-
work by deforesting the top 30 % grid cells relative to their
forested fraction in the piControl land cover (Lawrence
et al., 2016), there are variations in defining forest fractions
within the piControl stage across models. For instance, IPSL-
CM6A-LR utilizes the ORCHIDEE land surface model, rep-
resenting vegetation heterogeneity with 15 plant functional
types (Boucher et al., 2020), while CNRM-ESM2-1, coupled
with the ISBA-CTRIP land surface model, incorporates 16
vegetation types (Decharme et al., 2019; Delire et al., 2020).
Differences in the spatial pattern of deforestation among
models predominantly stem from variations in initial for-
est cover, ranging from 36 to 66×106 km2 (Boysen et al.,
2020). This disparity underscores the challenges in imple-
menting consistent land use and cover change scenarios (Di
Vittorio et al., 2014). Moreover, these models employ dis-
tinct land surface models with varying approaches to veg-
etation phenology and carbon cycle, further influencing the
climate response to deforestation (Boysen et al., 2020). For
example, the terrestrial biogeochemical processes in CMCC-
ESM2 are represented by the Community Land Model ver-
sion 4.5 (CLM4.5) in its biogeochemical configuration, in-
cluding key processes concerning global carbon and nitrogen
cycles (Oleson et al., 2013; Koven et al., 2013). Photosynthe-
sis descriptions vary among plant types, with C3 plants (Far-
quhar et al., 1980) and C4 plants (Collatz et al., 1992). These
methods differ in leaf-level parameterization of carboxyla-
tion and limiting factors. The resulting photosynthate is allo-
cated into various vegetation carbon pools, and the transfer
of carbon into litter–soil pools follows a dynamic cascade
(Parton et al., 1988). EC-Earth-veg employs the LPJ-GUESS
land surface model to simulate vegetation dynamics, man-
agement, land use, and terrestrial carbon and nitrogen cy-
cles, and it incorporates six stand types (natural, pasture, ur-
ban, crop, irrigated crop, and peatland). LPJ-GUESS features
competition among plant functional types within each stand
type, with tree establishment disabled in deforested areas,

https://doi.org/10.5194/hess-29-1637-2025 Hydrol. Earth Syst. Sci., 29, 1637–1658, 2025



1652 Y. Li et al.: Global and regional drought response to deforestation

leaving only herbaceous PFTs in competition. The model
represents global carbon and nitrogen cycles within vege-
tation, litter, and soil organic matter pools, influencing soil
biogeochemistry, CO2 fluxes, and nitrogen trace gas emis-
sions. In addition, UKESM1-0-LL continues the removal of
forest cover after year 50, which may result in varying re-
sponses in specific regions. For example, a more significant
climate response occurs in dry regions where there is less for-
est loss. The distinct variations in vegetation phenology and
structures across models will also influence aerodynamic re-
sistance following forest replacement, thereby significantly
contributing to changes in surface temperature (Liu et al.,
2023). These temperature changes can subsequently impact
potential evapotranspiration and, consequently, drought con-
ditions.

Considering the wide-ranging initial forest cover and the
distinct land surface models used, a comprehensive approach
involving multi-model simulations from LUMIP is essential
for a more accurate assessment the drought condition re-
sponse to large-scale deforestation. This approach provides
a more comprehensive understanding of the realistic climate
effects associated with large-scale deforestation. However,
due to differences in the implementation of initial land cover,
the representation of vegetation phenology, the parameteriza-
tion of albedo, and the treatment of evapotranspiration across
land cover types, multi-model analyses may introduce sig-
nificant variation and uncertainties in the climate response to
land cover change (Pitman et al., 2009; Boysen et al., 2020).
Most LUMIP models released only a single simulation, lim-
iting the ability to assess uncertainties in climate responses
to large-scale deforestation due to the lack of large ensem-
ble members. This presents a challenge in evaluating the im-
pact of inter-model variability on drought conditions driven
by deforestation. A single model with multiple realizations
has the potential to provide a more robust estimate of cli-
mate responses to deforestation. Notably, MPI-ESM1-2-LR
includes seven ensemble members that contribute to LUMIP.
However, some key variables necessary for calculating the
SPEI are missing from the available data, preventing their
use in this study. Future researchers working on related top-
ics could leverage these larger ensemble members to improve
estimates of climate responses to deforestation.

Changes in land cover can significantly alter local sur-
face water and energy balances, which can have telecon-
nection effects that influence other regions through mod-
ifications in the planetary boundary layer (Zhao et al.,
2001). These changes can subsequently impact the posi-
tion and strength of general circulation patterns, such as the
Walker and Hadley circulations, via mesoscale wind circu-
lation (Mahmood et al., 2014; Portmann et al., 2022). How-
ever, the extent of these modifications in general circulation
strength varies depending on the model used (Pielke et al.,
2011). The response of the SPEI to large-scale deforestation
also demonstrates these teleconnection effects. For instance,
some regions, like Antarctica, may not experience forest

cover changes but still show significant SPEI variations. No-
tably, this teleconnection effect is pronounced in some mod-
els, such as CanESM5, GISS-E2-1-G, and UKESM1-0-LL,
while it remains relatively weak in others. In this paper, we
focus on the combined effects of local and non-local effects
of deforestation, and, in the future, we can further analyze
the different responses (local and non-local) to deforesta-
tion and the weight of the different responses in each re-
gion. Here, we have only analyzed the effect of deforesta-
tion on the magnitude of the drought, but we can also an-
alyze the effect on the onset, termination, and duration of
the drought. Future research also could consider incorporat-
ing other factors that may influence the response of drought
to deforestation, such as soil characteristics, topography, and
vegetation type. It would be interesting to investigate the po-
tential feedback mechanisms between the changes in climate
and the resulting changes in vegetation cover and the impacts
of deforestation on other hydrological processes, such as
runoff and groundwater recharge. Lastly, further research can
be conducted to assess the economic and social impacts of
deforestation-induced drought and to explore potential miti-
gation and adaptation strategies for vulnerable regions.

5 Conclusions

This study extensively investigates the impact of deforesta-
tion on droughts at various timescales (SPEI03, SPEI06,
SPEI12, SPEI24) across different climate regions (tropi-
cal, dry, temperate, continental, and polar regions). We ac-
complish this by utilizing simulations from nine models in
the pre-industrial control simulation (piControl) of CMIP6
and the LUMIP global deforestation experiment (deforest-
global). Based on our analysis of the results, we draw the
following conclusions about the effects of deforestation on
droughts in different climate regions:

1. The LUMIP global deforestation experiment was con-
ducted with the same framework requirements. Defor-
estation primarily occurs in tropical, temperate, and
continental regions. This is because the experimental
setup involved deforestation in the grid where the forest
area was among the top 30 % largest, meaning that the
most heavily forested areas were selected for deforesta-
tion. The results of the experiment indicate that defor-
estation on a global scale can significantly alter precip-
itation and temperature patterns. Tree removal caused
a considerable reduction in temperature over the land,
particularly in the continental regions, while also result-
ing in a decrease in global and regional precipitation.
The tropical regions are the most affected by this reduc-
tion in precipitation.

2. The analysis reveals that deforestation leads to nega-
tive changes in the global average of SPEIs, resulting
in drier conditions. This trend is most pronounced in
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the tropical region. However, in the dry region, defor-
estation results in increased SPEIs. In the temperate and
continental regions, which are major global forest belts,
deforestation has a relatively limited impact. Moreover,
our findings indicate that the effect of deforestation on
drought indices increases with longer timescales, sug-
gesting that deforestation has a more significant impact
on the long-term drought index.

3. At the seasonal scale, global average SPEI03 changes
are more significant in autumn and winter following
deforestation. This trend is also detected in tropical
and northern polar regions, while the Northern Hemi-
sphere temperate zone is the least affected. The conti-
nental region experiences the most significant seasonal
changes, becoming drier in winter and wetter in sum-
mer due to global deforestation. In the dry Northern
Hemisphere region, deforestation leads to increased at-
mospheric moisture, which is most evident in autumn.

In summary, this study provides valuable insights into the
impact of large-scale deforestation on global and regional
droughts across different timescales, which serves as a start-
ing point for further exploration of the complex relationships
between land cover change and climate. In terms of climate
mitigation, forest management policies should account for
regional differences. Changes in forests within tropical and
dry regions can significantly affect local drought conditions.
Deforestation in tropical regions often leads to a drier cli-
mate, potentially causing water shortages. Afforestation is
highly recommended in tropical regions. Conversely, defor-
estation in dry regions can result in a wetter climate. There-
fore, afforestation is not recommended in dry areas. Overall,
our study could inform the development of climate-oriented
land use policies and increase our understanding of the re-
gional and global climate impacts of land cover change. Fur-
ther research in this field could ultimately help us to mitigate
the negative effects of land use change on the environment
and society.

Code and data availability. The simulations of the CMIP6 piCon-
trol experiment and the LUMIP deforest-global experiment are
available at https://esgf-node.llnl.gov/search/cmip6/ (ESGF, 2025).
More information is shown in detail in Table S2. The statistical
analysis primarily relies on the stats package in R (https://www.
r-project.org/, R Core Team, 2022). R codes and all the datasets
produced during this study are available upon request.
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