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The maritime continent’s rainforests modulate the
local interannual evapotranspiration variability
Ting-Hui Lee 1, Min-Hui Lo 1✉, Chun-Lien Chiang1 & Yan-Ning Kuo 1,2

The interannual variation of evapotranspiration in tropical rainforests is thought to be small,

despite the variability of precipitation. Here we investigated the cause of this phenomenon in

the Maritime Continent using observations, reanalysis data and model simulations. We find

that evapotranspiration’s interannual variation is dampened by the self-compensating

mechanism of canopy evaporation and transpiration. During El Niño, when precipitation is

lower than climatology, canopy evaporation decreases due to less interception, while canopy

transpiration increases in response to increased incoming solar radiation, resulting in a

compensating effect and a small interannual variation of evapotranspiration. Deforestation,

however, eliminates transpiration’s dampening effect and, thus, amplifies the interannual

variation of evapotranspiration significantly. This increase in evapotranspiration’s interannual

variation due to deforestation further affect the local hydrological cycle, resulting in

decreased interannual variation of precipitation. The results highlight the impacts of defor-

estation and emphasize the critical role of tropical rainforests in the hydroclimatological

cycle.
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The variation in evapotranspiration is a critical topic in
understanding the hydrological water cycle1,2 and surface
energy balance3. Evapotranspiration is influenced by

changes in surface properties and meteorological conditions. It
consists of canopy evaporation, canopy transpiration, and soil
evaporation, each responding differently to alterations in land
surface type and meteorological variables. In tropical rainforests,
canopy transpiration is the major contributor to evapo-
transpiration, followed by canopy evaporation, and soil eva-
poration is the least4. However, deforestation, a significant change
in land surface type, could reduce leaf interception, leading to
decreased canopy evaporation, and can also impact canopy
transpiration by eliminating deep root systems used for extracting
water from deeper soil layers. As a result, soil evaporation may
increase and dominate evapotranspiration after deforestation.
Deforestation can alter evapotranspiration’s partitioning and
hydrological cycle, impacting moisture recycling patterns and
redistributing water resources5.

Meteorological conditions, such as precipitation and incoming
solar radiation, could affect evapotranspiration sensitivity6–10.
Each meteorological variable plays a unique role in changing
different parts of evapotranspiration. For instance, precipitation
provides available water for canopy interception and soil eva-
poration. Specifically, canopy interception is highly dependent on
precipitation rather than other meteorological variables11.
Canopy transpiration, on the other hand, is primarily related to
solar radiation through photosynthesis, particularly in energy-
limited tropical rainforests4. When there is more incoming solar
radiation, rainforests have stronger photosynthesis and higher
canopy transpiration, even during extreme droughts when roots
can reach deeper soil layers to extract water for transpiration,
keeping total evapotranspiration at a certain level12,13.

Furthermore, changes in meteorological variables in tropical
regions are strongly associated with natural variabilities, such as
the El Niño-Southern Oscillation (ENSO), an interannual climate
variability in the tropical Pacific region. ENSO leads to abnormal
large-scale circulation and precipitation over the tropics, e.g.,
affecting evapotranspiration in the MC and Amazon
rainforests6,10. During El Niño years (warm phase of ENSO), the
decrease in precipitation results in the decreased canopy eva-
poration. However, an increase in incoming solar radiation leads
to stronger photosynthesis and increased canopy transpiration,
offsetting the decrease in evaporation from both the canopy and
soil, indicating a compensatory relationship between these
components14,15. The above-mentioned studies emphasize the
role of the compensating relationship in the year-to-year changes
of evapotranspiration. This relationship may change due to the
increased deforestation within the MC16,17, which subsequently
decreases canopy evaporation and transpiration.

Examining how evapotranspiration varies between different
ENSO phases in a deforested environment is important for
understanding the local water cycle and climate. Therefore, this
study focuses on the differences in evapotranspiration during
various ENSO phases and investigates the role of rainforests in
changing surface evapotranspiration using observations, reana-
lysis datasets, and model experiments.

This study investigates changes in evapotranspiration and its
partitioning, and their interannual variation related to ENSO in
the MC rainforest, which has experienced increasing deforesta-
tion in recent decades16,17. More specifically, the interannual
variation was defined by the difference between El Niño and La
Niña. We used the Global Precipitation Climatology Centre
(GPCC18,19) precipitation data to quantify the precipitation
changes in different ENSO phases over the MC. To estimate land
surface evapotranspiration and its components during different
ENSO phases, we utilized various datasets, including the

European Centre for Medium-Range Weather Forecasts Reana-
lysis v5 land data (ERA5-land20,21) and the Global Land Eva-
poration Amsterdam Model (GLEAM22,23), the Community
Earth System Model (CESM) 2 piControl (CESM2-piC), and the
CESM1 large ensemble (CESM1-LE24). We defined ENSO cases
using the Oceanic Niño Index. Further details can be found in the
data, method, and experiments section. To explore the role of
forests in managing evapotranspiration fluctuations, we con-
ducted a series of idealized deforestation experiments in the MC
using the offline Community Land Model version 4 (CLM425)
and the fully coupled Community Earth System Model 2
(CESM2). The simulation results showed that the interannual
variation of evapotranspiration could increase after deforestation,
thereby affecting the hydroclimatological cycle and decreasing the
interannual variation of precipitation.

Results
The interannual variation of precipitation and evapo-
transpiration. During El Niño, there is a warm anomaly in the
sea surface temperature of the tropical eastern or central Pacific,
which leads to a change in the Walker circulation and an east-
ward shift of convection, resulting in decreased precipitation in
the MC region. Conversely, during La Niña years, convection and
precipitation in the MC increase. The GPCC observed a sig-
nificant precipitation difference between El Niño and La Niña
years of −1.68 mm day−1 (represented by the white square bar in
Fig. 1), which is 23.3% of the mean annual precipitation of
7.19 mm day−1 (Supplementary Table 1 in Supporting Informa-
tion), indicating a significant interannual variation in precipita-
tion. However, reanalysis data from ERA5-Land and GLEAM
show the difference in evapotranspiration between El Niño and
La Niña years to be −0.05 mm day−1 and −0.09 mm day−1,
respectively (represented by the gray bars in Fig. 1). The ratio of
these differences to their respective climatological evapo-
transpiration is only 1.3% and 3.2% (Supplementary Table 1),
respectively. This relatively stable evapotranspiration character-
istic is consistent with findings in Kume et al.11, Kosugi et al.12

and Fatichi and Ivanov26.

Canopy transpiration dampens the interannual variation of
evapotranspiration. We then examined changes in evapo-
transpiration components during different ENSO phases to
investigate the small interannual variation of evapotranspiration,
which can be attributed to the biophysical characteristics of

Fig. 1 The difference (El Niño-La Niña) in precipitation (white square
bar), total evapotranspiration (ET, in gray), canopy evaporation (CE, in
blue), canopy transpiration (CT, in green), and soil evaporation (SE, in
orange) of the observed data (GPCC) and reanalysis datasets (ERA5-
land and GLEAM). The left Y-axis indicates the precipitation values, while
the right Y-axis indicates the ET, CE, CT, and SE values, all of which are in
mm day−1. Statistical significance (Student’s t-test) is indicated by the
presence of asterisks, with stars indicating p-values smaller than 0.001
(***), 0.01 (**), or 0.05 (*).
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rainforests. In the MC rainforests, soil evaporation accounts for
only about 6% of evapotranspiration in the reanalysis data.
Therefore, our discussion in this section focuses on canopy eva-
poration and transpiration only. Figure 1 shows that the differ-
ence in canopy evaporation is −0.18 mm day−1 for ERA5-Land
and −0.11 mm day−1 for GLEAM (blue bars), indicating less
canopy interception in response to decreased precipitation during
El Niño years than La Niña years. Conversely, more canopy
transpiration occurs during El Niño years compared to La Niña
years, with the difference in canopy transpiration being 0.12 mm
day−1 for ERA5-Land and 0.05 mm day−1 for GLEAM (green
bars in Fig. 1). This is because El Niño years feature the eastward
shift of the ascending branch of Walker circulation. Conse-
quently, the less-than-normal convection leads to less cloud cover
and more incoming solar radiation, allowing rainforests to absorb
more energy and draw more water for transpiration from deeper
soil layers. Thus, the biophysical characteristics of rainforests
increase canopy transpiration, dampening the decrease of canopy
evaporation in El Niño years and vice versa for La Niña years. As
a result, evapotranspiration shows smaller interannual variations
compared to precipitation.

The same characteristic can also be observed in the CESM2-
piC and CESM1-LE simulations (see Supplementary Fig. 1). In
these two simulations, the decrease in precipitation between two
different ENSO phases is both ~1.23 mm day−1 (white square
bars in Supplementary Fig. 1), which is slightly smaller than the
decrease in the GPCC observations. The ratio of precipitation
changes relative to their climatology is 12.4% for CESM2-piC and
16.2% for CESM1-LE (Supplementary Table 1). However, the
decrease in evapotranspiration is also relatively small, with a
decrease of 0.05 mm day−1 in CESM2-piC (or 1.6% of its
climatology; Supplementary Table 1) and 0.02 mm day−1 in
CESM1-LE (or 0.4% of its climatology; Supplementary Table 1).
This is because the decrease in canopy evaporation (−0.12 mm
day−1 in CESM2-piC and −0.17 mm day−1 in CESM1-LE, blue
bars in Supplementary Fig. 1) is partially offset by the increase in
canopy transpiration (0.07 mm day−1 in the CESM2-piC and
0.15 mm day−1 in the CESM1-LE, green bars in Supplementary
Fig. 1).

The role of forest in the interannual variation of evapo-
transpiration. To investigate the role of rainforests in regulating
terrestrial hydrological cycles, we conducted two idealized
experiments using the modified CESM CLM4 model. The CLM4
was modified to correct the overestimation of soil evaporation27.
These experiments consisted of a control simulation and a forest
removal simulation, where all canopy in the MC was replaced
with bare soil from 90°E to 140°E (see Supplementary Fig. 2).
This resulted in near-zero canopy evaporation and transpiration,
with evapotranspiration primarily driven by soil evaporation.
Both simulations were subjected to two atmospheric forcing
datasets, the Climatic Research Unit version 7 (CRUv728) and the
Global Soil Wetness Project Phase 3 (GSWP329), from 1981 to
2014 to drive the modified CLM4, resulting in a total of four
offline simulations. More information can be found in the data,
method, and experiments section. We then assessed the impacts
of MC rainforest removal on changes in evapotranspiration and
its interannual variations due to ENSO by comparing the two
simulations.

Figure 2 shows that the CLM4 with CRUv7 forcing can
reasonably simulate changes in evapotranspiration and its
partitioning in response to changes in precipitation between
different ENSO phases. In both runs, with the same prescribed
precipitation forcing, precipitation in the MC decreased by
1.43 mm day−1 (white square bar in Fig. 2) in El Niño years

compared to La Niña years. The corresponding decrease in
evapotranspiration in the MC was only 0.1 mm day−1 in the
control run (darker gray bar). The increase in canopy transpira-
tion (0.17 mm day−1, green bar) was able to dampen the changes
in canopy evaporation (−0.26 mm day−1, blue bar), thereby
decreasing the interannual variation of evapotranspiration. In the
deforestation simulations, the mean evapotranspiration decreased
from 4.19 mm day−1 in the control run to 2.09 mm day−1 in the
deforestation run due to the lack of canopy evaporation and
transpiration. Meanwhile, the difference in evapotranspiration
between El Niño and La Niña years was larger, with a decrease of
0.17 mm day−1 (lighter gray bar), since there was no canopy
transpiration to adjust the amount of water transported from
deeper soil layers to the atmosphere. The ratio of the
evapotranspiration difference to its climatology increased from
2.4% in the control run to 8.3% in the deforestation run,
indicating that interannual evapotranspiration would vary more
vigorously after forest removal. Similar results were obtained
when another atmospheric forcing was used (GSWP3; see
Supplementary Fig. 3). Our results imply that forests can
significantly impact the interannual variation of
evapotranspiration.

The implication of enhancing interannual variation of evapo-
transpiration on the interannual variation of local precipita-
tion. Idealized offline simulations have demonstrated that
deforestation can significantly impact the interannual variation of
evapotranspiration. To further investigate the impacts on pre-
cipitation, we conducted the same paired experiments (i.e., con-
trol and idealized deforestation run) using the fully coupled
CESM2 model with forty ensemble members (see the “Data,
method, and experiments” section) to examine how the inter-
annual variation of local precipitation is affected in response to
changes in evapotranspiration over an interannual time scale. Our
results show that the dampening effect of canopy transpiration
can also be reproduced in the control simulations of the fully
coupled model (Fig. 3). During El Niño years, when precipitation
decreased by 1.4 mm day−1 (white square bar) compared to La
Niña years, evapotranspiration decreased by only 0.04 mm day−1

(darker gray bar) due to the increase in transpiration (0.08 mm
day−1, darker green bar) offsetting the decrease in evaporation
(−0.12 mm day−1, darker blue bar). In contrast, in the defor-
estation scenario, the interannual variation of evapotranspiration

Fig. 2 The difference (El Niño-La Niña) in precipitation (white squared
bar), total evapotranspiration (ET, in gray), canopy evaporation (CE, in
blue), canopy transpiration (CT, in green) and soil evaporation (SE, in
orange) of the modified offline model simulations using CRUv7
atmospheric forcing. The control run is represented by the bars with darker
color (capital c), while the deforestation run is represented by the bars with
the same color but lighter (capital d). The left Y-axis indicates the
precipitation values, while the right Y-axis indicates the ET, CE, CT, and SE
values, all of which are in mm day−1. Statistical significance (Student’s t-
test) is indicated by the presence of asterisks, with stars indicating p-values
smaller than 0.001 (***), 0.01 (**), or 0.05 (*).
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was more pronounced (−0.21 mm day−1, lighter gray bar).
Evapotranspiration is also more strongly correlated with pre-
cipitation, with the correlation increasing from 0.30 in the control
run to 0.86 in the deforestation run. This can also be seen in the
scatter plot presented in Supplementary Fig. 4, where the slope
indicating the relation is significantly steeper in the deforestation
run (red) than in the control run (black). This suggests that,
without the dampening effect of transpiration in the deforestation
run, evapotranspiration is more responsive to changes in
precipitation.

However, it is important to note that the interannual difference
in precipitation decreased after deforestation (−1.09 mm day−1,
black square bar in Fig. 3) in the fully coupled model, despite the
increase in the interannual variation of evapotranspiration. The
amplified impacts of deforestation during El Niño15,30,31 help
elucidate the decreased interannual variation of precipitation. In a
neutral climate scenario, deforestation led to reduced local
evapotranspiration, causing surface warming and creating an
unstable atmosphere that facilitated increased low-level moisture
convergence from the surrounding sea; consequently, mean
precipitation increased due to deforestation32. However, these
impacts of deforestation were further enhanced during El Niño
years15,30,31. Supplementary Table 2 shows the decrease of
evapotranspiration in response to deforestation during El Niño
was 1.22 mm day−1, which was larger than the decrease observed
during La Niña (−1.04 mm day−1). This intensified decrease in
evapotranspiration during El Niño years also resulted in a more
pronounced increase in surface warming (3.75 °C). This, in turn,
led to greater low-level moisture convergence, potentially creating
a more unstable atmospheric environment. This could be a
contributing factor to the increased precipitation responses due to
deforestation during El Niño years (0.37 mm day−1) compared to
La Niña years (0.06 mm day−1). On the other hand, in the control
run, precipitation was already lower in El Niño years (9.68 mm
day−1) than in La Niña years (11.08 mm day−1). With the
intensified increase in precipitation due to deforestation during El
Niño years (0.37 mm day−1), the interannual variation of
precipitation declined in the deforestation run (−1.09 mm
day−1). Our findings reveal the responses of evapotranspiration
and precipitation to an idealized deforestation scenario in the
context of climatic phenomena like ENSO. Further research is

needed to assess the broader role of forests in hydrological
processes to develop sustainable strategies for mitigating the
potential impacts of deforestation on local water cycles.

Discussion
The precipitation anomalies in the MC resulting from ENSO
exhibit seasonality (Supplementary Fig. 5b–e). During the ENSO
developing stage, precipitation decreased in El Niño compared to
La Niña across the entire MC (Supplementary Fig. 5b, c). Sup-
plementary Fig. 6a, b shows our overall findings of the dampening
effects remain consistent during these two seasons. Moreover,
precipitation responses during ENSO peak and decaying
seasons33,34 showed spatial heterogeneity (Supplementary Fig. 5d,
e). Analyzing the spatial pattern of evapotranspiration and its
components in DJF (December–January–February) and MAM
(March–April–May), we observe the dampening effect through-
out the MC but with an opposite sign. In regions where pre-
cipitation decreased during El Niño compared to La Niña (i.e.,
northeastern Borneo and western New Guinea; Supplementary
Fig. 5d, e), ERA5 data generally showed a corresponding decrease
in canopy evaporation (Supplementary Fig. 5s, t) and an increase
in canopy transpiration (Supplementary Fig. 5n, o). Conversely,
southwestern Borneo and Sumatra experienced increased pre-
cipitation during El Niño compared to La Niña, also exhibiting a
dampening effect but with an opposite sign. In these regions, the
decrease in canopy transpiration compensated for the increase in
canopy evaporation (Supplementary Fig. 5n, o, s, t), also leading
to a minor variation in evapotranspiration (Supplementary
Fig. 5i, j). These findings were further corroborated by the
GLEAM data, as shown in Supplementary Figs. 6 and 7. There-
fore, the spatially heterogeneous changes in precipitation may
weaken the overall results when considering the dampening effect
across the entire MC in DJF and MAM. Specifically, the differ-
ences of each variable were generally small during these two
seasons (bars in Supplementary Fig. 6c, d). Nevertheless, the
dampening effect remained observable, where the decrease in
canopy evaporation was compensated by an increase in tran-
spiration. Spatial heterogeneity in precipitation differences (El
Niño minus La Niña) was also evident in both the CRUv7 and
GSWP3 atmospheric forcing datasets, as well as in our fully
coupled model control simulations (Supplementary Figs. 8a–e,
9a–e and 10a–e). The simulations demonstrated that regions with
decreased (increased) precipitation differences also exhibited
corresponding decreased (increased) canopy evaporation differ-
ences, and the opposite changes in transpiration differences. This
leads to minor variations in evapotranspiration (Supplementary
Figs. 8–10). However, certain grid cells displayed exceptions
where changes in canopy evaporation were not offset by
transpiration.

Given the heterogeneity of precipitation responses across dif-
ferent areas of the MC, we further introduce the coefficient of
variation (cv)35, calculated as the ratio of standard deviation to
mean, as a representation of interannual variability in evapo-
transpiration. Our analysis revealed that the cv increased after
deforestation in nearly every part of the MC (Supplementary
Fig. 11), suggesting a raised interannual variance of evapo-
transpiration in the deforestation run. These amplified variances
can be attributed to the lack of transpiration’s dampening effect
in the deforestation run. Despite varying signs of the dampening
effect in southwestern Borneo and Sumatra during DJF and
MAM, deforestation consistently led to an increase in the var-
iance of evapotranspiration across the MC.

After confirming the presence of the dampening effect across
all seasons, we endeavor to provide a comprehensive perspective
on the effect. Canopy transpiration can dampen the interannual

Fig. 3 The difference (El Niño-La Niña) in the control and deforestation
runs of CESM2 fully coupled model. The precipitation difference in the
control (deforestation) runs are represented by the white (black) squared
bar. Total evapotranspiration (ET), canopy evaporation (CE), canopy
transpiration (CT) and soil evaporation (SE) are shown in gray, blue, green,
and orange bars, respectively. The control run is represented by the bars
with darker color (capital c), while the deforestation run is represented by
the bars with the same color but lighter (capital d). The left Y-axis indicates
the precipitation values, while the right Y-axis indicates the ET, CE, CT, and
SE values, all of which are in mm day−1. Statistical significance (Student’s t-
test) is indicated by the presence of asterisks, with stars indicating p-values
smaller than 0.001 (***), 0.01 (**), or 0.05 (*).
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variation of evapotranspiration by releasing more (less) water
from land to the atmosphere through the canopy in dry (wet)
years. This phenomenon occurs due to a large amount of soil
moisture available, allowing plants to sustain photosynthesis and
transpiration even under relatively dry conditions, or El Niño
years, and vice versa for La Niña years. The same idea can also be
applied on a seasonal time scale. Studies across different rain-
forest sites in MC have shown that deep root systems in rain-
forests can access water from deeper soil layers, aiding their
ability to survive prolonged dry seasons or drought events12,36.
Similarly, the same characteristics of the compensation between
canopy evaporation and transpiration and the small variance of
evapotranspiration can be observed in the Amazon37,38. Addi-
tionally, previous studies have addressed the effect across differ-
ent species in different climate zones7,39. In temperate areas,
evapotranspiration in crops40 and temperate deciduous forests41

exhibited relatively smaller interannual variability compared to
the variability of precipitation. This phenomenon is attributed to
greater canopy transpiration and soil evaporation associated with
high radiation and atmospheric vapor deficit during dry years,
which compensates for reduced canopy interception losses41.

This study specifically seeks to emphasize the importance of
MC rainforests in stabilizing evapotranspiration for the following
reasons. Firstly, the compensatory relationship between canopy
evaporation and transpiration is not seen in other species with
shallower root systems, particularly during dry periods36,42.
Secondly, deforestation in MC rainforests has increased in recent
decades16,17. These factors necessitate an exploration of the
potential changes in interannual evapotranspiration and pre-
cipitation variation resulting from increasing human activities
and land use changes. While the focus of this study is on MC, it is
worth noting that the Amazon rainforest and other tropical land
regions, with their vast biodiversity, also deserve future
investigation.

Conclusions
We observed a weak interannual variation of evapotranspiration
in the forests of MC despite the vigorous variation of precipita-
tion with ENSO. Analysis of reanalysis data and model output
revealed that the smaller interannual variation is due to the
biophysical characteristics of rainforests. During El Niño, when
precipitation was lower than the climatology in the MC, canopy
evaporation decreased due to less interception, while canopy
transpiration increased in response to increased incoming solar
radiation, and the opposite occurred with La Niña. The com-
pensating effect between canopy evaporation and transpiration of
the rainforest dampens the interannual variation of evapo-
transpiration. This result is further supported by in situ rainforest
data in Southern Vietnam, which showed that El Niño years had
more evapotranspiration than La Niña years14.

To assess the role of forests in the local water cycle, we carried
out idealized experiments in which we removed all trees in the
MC. This was achieved by replacing rainforests with bare soil,
thereby eliminating the dampening effects of transpiration. Prior
to deforestation, the variation of evapotranspiration related to
ENSO was small, as rainforests had a self-compensating
mechanism among different evapotranspiration components.
However, after deforestation, the interannual variation of eva-
potranspiration was amplified and more closely followed the
variation of precipitation. The statistical analysis of cv further
confirmed the increased interannual variance of evapotranspira-
tion without forests (Supplementary Fig. 11a, f, k). This decrease
in mean evapotranspiration and increase in its interannual var-
iation further impacted the local hydrological cycle, resulting in

increased mean but decreased interannual variation of
precipitation.

Although our experiments are idealized, we have demonstrated
the potential threat of MC deforestation on the mean changes in
local evapotranspiration and precipitation, as well as their inter-
annual variation. These alterations will have additional effects on
the local hydrological cycle. Further studies should explore
changes in runoff or soil water storage to investigate the local
water and energy cycles. To accurately assess the impacts of
deforestation on the local hydrological cycle in terms of long-
term changes and interannual variations, a realistic deforestation
scenario should be considered in future work.

Data, method, and experiments
GPCC (Global Precipitation Climatology Centre). GPCC18,19 is a
monthly precipitation dataset based on quality-controlled global
stations. It is used to calculate the annual mean precipitation. The
spatial resolution used is 0.25 by 0.25 degree and the period
covers from 1981 to 2014. ENSO’s peak season is during the
boreal winter, so we define a year as starting from June and
ending in May of the following year. The data used here is from
June of 1981 to May of 2014 (33 years). For more information
and data, interested readers can refer to https://psl.noaa.gov/data/
gridded/data.gpcc.html.

ERA5-land (The European Centre for Medium-Range Weather
Forecasts Reanalysis v5 land data). ERA5-land20,21 is the replayed
land component of ERA5, which is the fifth generation of
atmospheric reanalysis data provided by ECMWF. The
H-TESSEL (the hydrology tiled ECMWF scheme for surface
exchanges over land) land surface model is forced by the
meteorological fields of ERA5 and produces ERA5-land with the
finer spatial resolution (~9 km, 0.1 by 0.1 degree) land surface
variables. The data used in this analysis is monthly data from June
1981 to May 2014. For additional information and to download
the data, readers are referred to the following website https://cds.
climate.copernicus.eu/cdsapp#!/dataset/10.24381/cds.68d2bb30?
tab=overview.

GLEAM (The Global Land Evaporation Amsterdam Model).
GLEAM22,23 provides estimated land variables based on a set of
algorithms. Each variable (i.e., evaporation, transpiration, and
bare-soil evaporation) is separately estimated using the Priestley
and Taylor evaporation equation based on observed atmospheric
near-surface air temperature and surface net radiation field. The
version we used is 3.5a. The spatial resolution is 0.25 by 0.25
degree and the period is from June of 1981 to May of 2014. The
data are available on https://www.gleam.eu/.

CESM2 piControl (CESM2-piC). The Coupled Model Inter-
comparison Project Phase 6 (CMIP6) CESM2-piC is a fully
coupled model simulation of pre-industrial conditions. The
model components utilized for the CESM2-piC simulation are
Community Atmosphere Model version 6 (CAM6) for atmo-
sphere and Community Land Model version 5 (CLM5) for land,
with a resolution of 0.9 degrees in latitude, 1.25 degrees in
longitude, and 32 vertical levels. Parallel Ocean Program, version
2 (POP2) is used for the ocean component with a resolution of 1°
in both latitude and longitude and 60 vertical levels. Data from
June of the first modeling year to May of the 1200th modeling
year (1199 years) is used. Further information on this simulation
can be obtained through https://www.wdc-climate.de/ui/cmip6?
input=CMIP6.CMIP.NCAR.CESM2.piControl) and the data are
available on https://esgf-node.llnl.gov/search/cmip6/.
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CESM1 large ensemble (CESM1-LE). CESM1-LE24 provides forty
fully coupled simulations. In our analysis, we utilized only 35 of
these members (001-035), which were conducted at NCAR
(National Center for Atmospheric Research). The components
used for the members are Community Atmosphere Model ver-
sion 5 (CAM5) for the atmosphere, Community Land Model
version 4 (CLM4) for land, and POP2 for the ocean. The simu-
lation period is 1920-2100, with monthly data from June 1920 to
May 2005 being used to avoid the effects of global warming. The
data are available on https://www.earthsystemgrid.org/.

The selection of ENSO cases. We used the Oceanic Niño Index
(ONI) to define ENSO cases. An El Niño case was identified when
the 3-month running averaged NINO3.4 (5°N–5°S, 120–170°W)
sea surface temperature anomaly (removing its climatology) was
at or above 0.5 °C for five or more consecutive months. On the
other hand, a La Niña case was identified if the index was at or
below −0.5 °C. For GPCC, ERA5-land, GLEAM, and our offline
model simulations, we used the ENSO years identified on the
website (https://ggweather.com/enso/oni.htm) to ensure con-
sistency across all datasets and our simulations. These included El
Niño years 1982, 1986, 1987, 1991, 1994, 1997, 2002, 2004, 2006,
and 2009, and La Niña years 1983, 1984, 1988, 1995, 1998, 1999,
2000, 2005, 2007, 2008, 2010, and 2011.

We applied the same method with a 0.7 standard deviation as a
threshold43 on fully coupled model outputs (i.e., CESM2-piC,
CESM1-LE, and our idealized fully coupled model simulations).
For a period of 1199 years in the CESM2-piC dataset, we selected
306 El Niño and 305 La Niña events. In the CESM1-LE dataset,
there were 35 members, each with between 11–17 El Niño and
11–19 La Niña events.

In the forty idealized paired simulations utilizing the CESM2
fully coupled model, we selected 10 El Niño and 12 La Niña
events/members. The ONI index of these members was calculated
based on the full period (1200 years) of the CESM2-piC output.
Any members whose ONI met the criteria mentioned above were
categorized as an ENSO event/member. In addition, the two-
tailed student t-test was applied when comparing the differences
in variables (i.e., precipitation, evapotranspiration, canopy
evaporation/transpiration, or soil evaporation) between El Niño
and La Niña.

CESM offline land model experiments. The model used here is the
CESM CLM4 with some modifications. The CLM4 has been
reported to overestimate evapotranspiration mainly from soil
evaporation27. We corrected this bias by applying the dry surface
layer (DSL) based soil resistance expression instead of the existing
CLM soil resistance parameterization. The modified CESM
CLM4 was driven by two atmospheric forcing datasets [i.e., the
Climatic Research Unit version 7 (CRUv7) and the Global Soil
Wetness Project Phase 3 (GSWP3)]. The CRUv7 dataset is an
atmospheric forcing data for the CLM28, combining the CRU
time series version 3.224 monthly data (1901–2002) and the
NCEP (National Centers for Environmental Prediction) reana-
lysis 6-hourly data (1948–2016) with 0.5° × 0.5° spatial resolution
and 6-hourly temporal resolution from 1971 to 2016. The
GSWP3 version 1 data is a downscaling atmospheric dataset
based on the Twentieth Century Reanalysis data44 and has a
spatial resolution of 0.5° × 0.5° and a temporal resolution of
3-hourly from 1971 to 201429. The atmospheric forcings used to
drive the modified CLM4 were precipitation, solar radiation,
temperature, wind, specific humidity, pressure, and incident
longwave radiation. The period of both datasets utilized in this
analysis was from June of 1981 to May of 2014.

We conducted two simulations for each forcing: a control, and
a deforestation run. In the control simulation, we employed the

default Plant Functional Types (PFT). In the deforestation run,
the PFT is set to bare soil only within the MC (green area in
Supplementary Fig. 2) to amplify the changes of canopy
transpiration’s dampening effects. Altogether, four simulations
were conducted. Chiang31 suggested an upward motion anomaly
associated with La Niña existed west of 140°E (see their Fig. 2b).
To reduce the spatial inconsistency of ENSO on the precipitation
response in MC, we deforested MC from 90° to 140°E.

CESM2 fully coupled model ensemble experiments. We utilized
experiments conducted by Chiang31 to compare the impacts of
deforestation on local hydroclimatology. Chiang31 employed forty
paired control and deforestation simulations with the CESM2
fully coupled model, which was constructed using the same
components as the CESM2-piC. Chiang31 selected 40 different
starting points in the CESM2-piC to initiate the fully coupled
model; for more details about the selection of the starting points,
please refer to Chiang31. To minimize the effects of ocean
dynamics on the global climate between the control and defor-
estation runs, the simulation was conducted for 1 year. The 1-year
period was not a traditional calendar year; instead, it was defined
from June to May of the following year to coincide with the peak
phases of El Niño-Southern Oscillation (ENSO) during the boreal
winter. This experimental design allowed for rapid ocean feed-
back in response to MC deforestation, while not significantly
altering the mean state between the control and deforestation
runs. Additionally, the forty members of the 1-year paired
simulations helped to reduce the effect of the model’s internal
variability on our results.

Data availability
A comprehensive dataset comprising observation data (https://psl.noaa.gov/data/
gridded/data.gpcc.html), ERA5-land (https://cds.climate.copernicus.eu/cdsapp#!/dataset/
10.24381/cds.68d2bb30?tab=overview), GLEAM (https://www.gleam.eu/), CESM2
piControl (https://www.wdc-climate.de/ui/cmip6?input=CMIP6.CMIP.NCAR.CESM2.
piControl), and CESM1 large ensemble datasets (https://www.earthsystemgrid.org/) is
available online. Processed data, including area-averaged variables within the study area
for each dataset, can be accessed at https://zenodo.org/record/8352453. Please note that
we do not provide the raw output of our simulations on Zenodo due to storage
limitations, but the processed data are accessible at the same link, https://zenodo.org/
record/8352453.

Code availability
All the codes for the data processing, figures, and tables can be downloaded in https://
zenodo.org/record/8352453.
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