nature communications

Article https://doi.org/10.1038/s41467-026-70945-8

Negative CO, emissions for long-term
mitigation of extremes in land
hydrological cycle

Received: 12 December 2024 Jongsoo Shin®", Jong-Seong Kug®?2' , So-Won Park?, Jonghun Kam®3,
Soon-Il An® 34, So-Eun Park ®*4, Hyoeun Oh®*®, Sang-Wook Yeh®7,

Sujong Jeong ® %, Chang-Kyun Park® & Jin-Soo Kim®'°

Accepted: 10 March 2026

Published online: 23 March 2026

% Check for updates Global warming has profound effects on the terrestrial hydrological cycle,

leading to alterations in regional extreme weather patterns. While terrestrial
precipitation responses under continued greenhouse gas emissions are well
established, the responses of terrestrial precipitation and vegetation feed-
backs under climate mitigation scenarios remain uncertain. Here, we investi-
gate terrestrial precipitation changes under idealized negative and zero CO,
emissions scenarios using the Community Earth System Model version 2
(CESM2). Terrestrial precipitation increases by approximately 1.1% at the peak
CO, concentration (- 725 ppm), but shows even greater increases of about
1.9% and 2.5% under substantially lower atmospheric CO, concentrations fol-
lowing zero (- 600 ppm) and negative (~430 ppm) CO, emissions, respec-
tively. Our results suggest that enhanced transpiration from terrestrial
vegetation largely contributes to this increase under the negative emissions
scenario. Furthermore, despite a substantial increase in terrestrial precipita-
tion, extreme precipitation events and droughts become less severe globally
under the negative emissions scenario, even compared to the zero emissions
scenario. While near-term mitigation is essential to curb immediate warming,
these findings suggest that sustained negative emissions could be effective for
achieving long-term reductions in hydrological extremes and enhancing ter-
restrial water availability.

Anthropogenic activities have led to a notable increase in carbon dioxide
(CO,) emissions'. The Paris Agreement aims to mitigate global warming
by reducing emissions to achieve net-zero; however, increased tem-
peratures are still anticipated®’. Furthermore, to minimize the damage

through negative carbon emissions*, along with considering large-scale
climate intervention methods, such as climate engineering or
geoengineering®. Despite these efforts, the climate system may not be
able to return to its current state even if CO, levels are restored to current

from future climate changes, it is necessary to reduce CO, concentrations  levels, meaning that the climate system is potentially irreversible®™,
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So far, many studies have investigated the reversibility of the cli-
mate system, identified hysteresis behavior, and explored associated
dynamical processes. These include the Atlantic Meridional Over-
turning Circulation (AMOC)"™, Intertropical Convergence Zone",
monsoon®™'¢, carbon uptake’®, vegetation'’, storm tracks®°, Hadley
cell”, drought area', extreme precipitation”*, global heat transport*,
global mean surface temperature” ¥, and regional precipitaion®*’,
Among these climate systems, understanding the irreversible and
hysteresis behavior of the hydrological cycle is particularly crucial for
climate adaptation and mitigation policies, as its changes can have
significant impacts on water availability, agriculture, and ecosystems.
However, current knowledge of the hydrological cycles and associated
extreme precipitation events that respond to increasing and decreas-
ing CO, concentrations is still immature, so further research is needed
to better quantify the impacts of climate change on the terrestrial
hydrological cycle, water availability, and their extremes to inform
effective policy decisions.

The plant physiological effect has climate feedback by altering the
temperature and precipitation: For instance, the greening of the Earth
due to CO, fertilization and global warming has caused the evaporative
cooling effect due to increased leaf area®. However, under high CO,
concentrations, the partial closure of plant stomata reduces plant tran-
spiration, offsetting the fertilization effect in vegetation-rich areas®>*,
This plant stomatal response causes surface warming®™ > and sig-
nificantly impacts the precipitation patterns®*® by changing the surface
energy budget®. While this physiological effect can contribute to
reduced precipitation in some regions, the rise in CO, levels increases
near-surface temperature, thereby enhancing atmospheric moisture
content by increasing the saturation water vapor pressure of air*>*, The
combination of these feedbacks from the increased CO, emissions
results in an overall increase in global precipitation. However, how plant
physiological feedback plays a role in our climate system for the zero
and negative CO, emissions remains uncertain. This study will show that
the plant physiological effect enhances a future hysteresis behavior of
the global land precipitation after the net-negative emissions.

To examine climate reversibility and hysteresis, we conducted
two idealized CO, emission-driven experiments under the positive,
negative, and zero emission scenarios with nine ensemble members
(“Methods” and Supplementary Fig. 1). The first scenario, referred to as
Z (zero emissions scenario), achieves zero emissions by the year 2125
by first increasing emissions linearly from the year 2001 to 2050 and
subsequently decreasing them linearly to reach zero in 2124 (Supple-
mentary Fig. 1a). The rate of increase until 2050 closely follows that of
the Shared Socioeconomic Pathway 5-8.5 (SSP5-8.5) scenario. In this
scenario, atmospheric CO, concentrations peak at 728 ppm in 2124,
approximately 1.9 times the initial level of 383 ppm in 2000. The
second scenario, referred to as Ng (negative emissions scenario), fol-
lows the same emission trajectory as Zg until 2124 but then continues
with negative emissions, reducing atmospheric CO, concentrations
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Fig. 1| Evolution of the land and ocean temperature and precipitation under
the zero emissions (Zg) and the negative emissions (Ng) scenarios. a Time series
of CO, concentration (dark gray for Ng, gray for Zg), mean surface air temperature,
and b precipitation over land (red for Ng, orange for Zg) and ocean (blue for Ng, sky-

return to the present-day level of 383 ppm by 2197 (Supplementary
Fig. 1b). Additionally, we performed a long-term integration experi-
ment under zero CO, emissions until 2400 for both scenarios,
extending for over 200 years, to determine whether climate system
can revert to its current state, exploring climate reversibility. These
experiments allow us to investigate the response of the global
hydrological cycle under zero and negative emissions scenarios, as
well as to evaluate the potential for reversibility of these changes.

Results
Land precipitation overshoot in the zero and negative emissions
scenarios
Figure 1 illustrates the evolution of atmospheric CO, concentrations,
mean surface air temperature (SAT), and precipitation changes in
response to the CO, emissions scenarios, compared to the reference
period (2001-2030). SAT increases over both ocean and land areas
(excluding Antarctica) and then decreases in response to changes in
CO, concentrations (Fig. 1a). SAT peaks at approximately 2.6 K over
land and 2.0 K over ocean at the highest CO, concentration (728 ppm).
After starting zero emissions in 2125 (Supplementary Fig. 1a), as the
CO, concentration decreases slowly in Zg (gray line in Fig. 1a), influ-
enced by the carbon cycles among the atmosphere, ocean, and land*~.
The land SAT decreases slightly until 2250, while the ocean SAT
remains stable during the same period (orange and sky-blue lines in
Fig. 1a). Subsequently, SAT continuously increases until the end of the
experiment, even as CO, concentrations decrease from roughly 728 to
600 ppm. In contrast, in Ng, SAT decreases as CO, concentrations
reduce through the negative emissions until 2197 (red and blue lines in
Fig. 1a). After CO, concentration returns to its initial level (383 ppm)
(dark gray line in Fig. 1a), SAT increases until 2300, accompanied by 47
ppm increase in CO, concentration (i.e., 430 ppm) during this period.
The rebound warming observed in Zg and Ng can be attributed to the
AMOC change™"**, which is weakened by increased CO, concentra-
tions but begins to gradually return to its initial state as the CO, levels
decrease (Supplementary Fig. 2)"**. Another contributing factor to the
warming is the release of heat stored in the ocean, which effectively
raises global temperatures, particularly in high-latitude regions®.
Over the ocean, precipitation aligns with ocean SAT in both Zg and
N (sky-blue and blue lines in Fig. 1a, b), which relates to the warming-
induced increase in water vapor supplied from the ocean. Similarly,
land precipitation follows the trends of SAT but with differing ampli-
tudes, particularly noticeable in Ng (red and orange lines in Fig. 1b). It is
noted that the land precipitation in Ng (-2.6%) overshoots around 2300
compared to Zg (-1.9%) and the peak CO, concentrations period (MAX,
2091-2120; ~1.1%), increasing by more than twofold. This land pre-
cipitation overshoot is particularly striking because the land and ocean
SAT at that time is lower than those of Zg and MAX (Fig. 1a). This
indicates that while the increased land precipitation is tied to the
delayed climate responses of the ocean'***—where sustained warming
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blue for Zg), respectively. Thick lines represent the ensemble mean, and thin lines
are individual ensemble members. All variables are calculated as 21-year running
means, relative to the reference period 2001-2030. Mean values are computed
over the latitude range from 60° S to 90° N using land-sea masks.
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Fig. 2 | Changes in the global hydrological cycle. a Time series of mean land
precipitation (red), moisture flux convergence (MFC, gray), evapotranspiration
(purple dashed line), and the change in precipitable water (sky-blue dashed line)
under the negative emissions (Ng) scenarios, relative to the reference period
(2001-2030). b Time series of soil evaporation (beige), vegetation evaporation
(blue), and transpiration (red dashed line) under N, respectively. Thick lines
represent the ensemble mean, and thin lines indicate individual ensemble mem-
bers. ¢ Difference in ensemble mean transpiration between the restoring period

(RS, 2300-2399, blue shaded in (a, b)) and the peak CO, concentration period
(MAX, 2091-2120, red shaded in (a, b)) shown with mean transpiration time series
over a specific region (see “Methods” section). The red line denotes Ng, and the
orange line represents the zero emissions (Zg) scenarios. Shading indicates that the
change is statistically significant at the 95% confidence level. Areas where the
annual mean LAI during the reference period exceeds 50% are marked with black
dots. The A symbol indicates change. All the calculations are conducted after taking
the ensemble mean and the 21-year running mean.

continues to drive atmospheric moisture changes—the magnitude of
the overshoot cannot be solely attributed to an increase in water vapor
content from air temperature increases. The increased land pre-
cipitation in Ng remains considerably high until the end of the
experiment, resulting in similar amounts of land precipitation as in Zg
from 2300 to 2399 despite the considerable SAT difference (red and
orange lines in Fig. 1b). These results suggest that not only the
warming-induced water vapor from the ocean but also land-
atmosphere coupled processes play significant roles in influencing
land precipitation following the negative emissions.

Impact of physiological feedback on hydrological responses

To understand the land precipitation overshoot, we analyzed the land
moisture budget, which includes precipitation, evapotranspiration,
moisture flux convergence, and change in precipitable water (see
“Methods” section). In N, transported moisture contributes little to
the increase in precipitation during RS (gray line in Fig. 2a), while
evapotranspiration rises considerably, suggesting a link to the increase
in land precipitation during RS (red and purple lines in Fig. 2a). Eva-
potranspiration fluctuates in response to changes in CO, concentra-
tions due to its dependence on temperature, affecting saturated
humidity. Evapotranspiration shows symmetrical responses to
increases and decreases in CO, concentrations during the positive and
negative emission periods (purple line in Fig. 2a). However, from 2200
to 2399, the evapotranspiration in N displays a dramatic increase,
accounting for approximately 75% of the changes in land precipitation
during RS (red and purple lines in Fig. 2a). In Zg, moisture flux con-
vergence mostly shows negative values during the restoring period
(RS, 2300-2399), indicating weakening of moisture transport from the
adjacent oceans except towards the late 2300s (gray line in

Supplementary Fig. 3a), contributing to a decrease in precipitation.
Concurrently, evapotranspiration continuously rises when land pre-
cipitation rises (purple line in Supplementary Fig. 3a).
Evapotranspiration comprises water vapor fluxes from the ground
(soil evaporation), wetted leaf and stem areas (evaporation of water
intercepted by the canopy, also known as vegetation evaporation), and
dry leaf surfaces via stomata (transpiration)*®. We have analyzed these
three components of evapotranspiration and found that their relative
contributions vary significantly with CO, emissions (Fig. 2b and Sup-
plementary Fig. 3b). Soil evaporation changes similarly to land pre-
cipitation but with weak variations (beige line in Fig. 2b). Vegetation
evaporation exhibits patterns similar to land precipitation but with
greater amplitude than soil evaporation (blue in Fig. 2b), associated
with increased vegetation due to the CO, fertilization effect and global
warming, known as the Greening Earth®® (Supplementary Fig. 4). The
change in transpiration, however, is the most dominant and closely
follows the changes in CO, concentrations rather than land pre-
cipitation (Figs. 1b and 2b). In N, transpiration continuously increases
after 2220 despite stabilized CO, concentration, contributing to
increased land precipitation (red line in Fig. 2b). This indicates that the
rise in evapotranspiration is largely driven by changes in vegetation,
which combine vegetation evaporation and transpiration (Fig. 2b).
Notably, the vegetation evaporation during RS in Ng is lower than
during MAX, suggesting that the overshoot in land precipitation is
closely associated with the transpiration. As the CO, concentrations
rise, transpiration decreases due to stomatal closure (Supplementary
Fig. 5). While the change in transpiration appears symmetrical to the
CO, forcing, in N, it becomes the primary contributor to the increase
in evapotranspiration (Fig. 2b). This underscores the critical role of
transpiration in amplifying the overshoot of land precipitation.
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Fig. 3 | Response of temperature, LAI, transpiration, and precipitation to CO,
concentration changes. Response of a global mean LAI, b transpiration, and

¢ precipitation to CO, concentration and surface air temperature changes. The
response illustrates the evolution of the climate system under positive, zero (Zg),
and negative emission (Ng) scenarios, relative to the reference period (Present-day,
2001-2030). The asterisk symbol represents the 100-year climatology from the

Ne-Lanp experiment relative to the reference period. Arrows in each panel indicate
the direction of CO, concentration changes over time. The square symbols denote
the point in time when zero emissions are achieved in 2124. The A symbol indicates
change. All data points represent the ensemble mean and are smoothed with a 21-
year running mean.

Transpiration changes in Ng show an overall positive difference
worldwide (Fig. 2c), particularly noticeable between RS and MAX (blue
and red shadings in Fig. 2b). These changes are predominantly
observed in densely vegetated areas, defined as regions where the leaf
area index (LAI) exceeds 50% during the reference period (black dots
in Fig. 2c). In the vegetation-rich regions such as South-Central
America, South America, Central Africa, and Southeast Asia, tran-
spiration significantly increases in RS compared to MAX. In both sce-
narios, the differences in transpiration during RS are substantial (red
and orange lines in Fig. 2c). As CO, levels return to the present-day
values, the associated transpiration changes contribute to increased
precipitation, in contrast to MAX, when transpiration changes tended
to offset precipitation increases (green shading in Fig. 2c). Further-
more, the pronounced increases in transpiration coupled with sub-
stantial rises in land precipitation are of sufficient magnitude to
account for precipitation changes in certain regions (Fig. 2c and Sup-
plementary Fig. 6a). This indicates the importance of land-atmosphere
coupled processes in shaping precipitation patterns and highlights
their role in the climatic response to changing CO, concentrations.

The increased transpiration in N is related to the physiological
feedback of the terrestrial vegetation to CO, concentration changes.
Transpiration is influenced by several factors, but total leaf area and
stomatal closure are most important for response to changes in CO,
concentration. Figure 3 shows responses of the land mean LAI, tran-
spiration, and precipitation corresponding to the SAT and CO, con-
centration, which can help separate global warming and vegetation
physiological effects. Under the positive emissions, as the CO, con-
centration and temperature rise, LAl also increases, possibly due to the
combined impact of the fertilization and climate effects (Fig. 3a).
Conversely, LAI decreases as the CO, concentration and temperature
decline through the negative emissions. Interestingly, LAI in Ng con-
tinues to rise with warming despite a relatively constant CO, con-
centration (around 430 ppm), mainly observed in high latitude regions
due to the increased temperature and precipitation during this period
(Supplementary Fig. 7). In contrast, the change in LAl in Z is minimal
due to the compensating effects between reduced CO, concentrations
and increased temperatures (Supplementary Fig. 4). It is noted that LAl
in Zg still remains higher than in Ng, possibly due to higher CO, con-
centrations and warm conditions.

While LAl is positively correlated to the CO, concentration, tran-
spiration decreases with increasing CO, concentration (Fig. 3b). This
reduction is primarily due to the stomatal closure*’*® (Supplementary

Fig. 5). As atmospheric CO; levels rise, plants partially close their sto-
mata to minimize water loss, thereby reducing transpiration®~**>*°-an
effect that often outweighs the CO, fertilization effect (i.e., increases in
LAI) at higher CO, concentrations®?>**7°152_ After achieving zero emis-
sion, transpiration in Zg gradually recovers as CO, levels decrease,
while transpiration in Ng becomes much stronger than that at its initial
state due to higher temperature.

A concurrent rise in both land precipitation and transpiration is
projected in Ng, marking a distinct departure from the positive emis-
sion phase, where transpiration decreased despite enhanced pre-
cipitation (Fig. 3b, c¢). This increase in transpiration further amplifies
the precipitation response because transpiration is an important
source for the precipitable water, accounting for approximately 53 to
60% of evapotranspiration in both observations and models*. In the
meantime, more precipitation can lead to more transpiration through
increased soil moisture, suggesting a two-way feedback. Additionally,
the increase in LAl in Ng likely enhances transpiration, leading to more
precipitation. With stable CO, concentrations, this additional pre-
cipitation provides the water necessary for vegetation growth, pro-
moting more vegetation. In turn, this enhanced vegetation further
increases water vapor supply through transpiration, creating a positive
feedback loop that results in increased precipitation, even under low
CO, concentrations and cooler ocean and land temperatures.

To further address the critical role of the stomata feedback in the
land precipitation overshoot, an additional experiment (Ngianp) Was
conducted. In this experiment, the atmospheric CO, concentration was
fixed at 430 ppm, corresponding to RS, while the CO, concentration
influencing the vegetation module was set to 725 ppm, consistent with
MAX (see “Methods” section). Therefore, only the vegetation experiences
a higher CO, concentration, while the climate is influenced by the lower
CO, concentration. When higher CO, concentrations are prescribed to
the vegetation, land precipitation decreased, which is closer to the pre-
cipitation in MAX (Fig. 3¢ and Supplementary Table 1), representing only
35% of the increase seen in RS. Notably, transpiration decreases to levels
similar to those during MAX (Fig. 3b). Although the increase in vegetation
evaporation, associated with abundant vegetation, partially offsets the
reduction in transpiration, total evapotranspiration declines compared
to RS, contributing to the reduction in land precipitation (Supplementary
Table 1). This experiment demonstrates that the reduction in transpira-
tion due to the high CO, environment considerably contributes to the
decrease in land precipitation, suggesting the critical role of the physio-
logical feedback in the land precipitation overshoot.
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Changes in extremes of the land hydrological cycle
Under global warming simulation, increased precipitation often
tends to be directly linked to an increase in extreme precipitation
events®. Concerns might arise that the augmented precipitation
from the negative emissions could also exacerbate extreme pre-
cipitation events. To address this, we analyzed regional changes in
the heavy precipitation/pluvial index, defined as the 1-day maximum
precipitation (see “Methods” section), by comparing RS and MAX. In
Zg, regions including Eastern North America, South America, Europe,
and Australia exhibit an increase in heavy precipitation alongside
overall precipitation rises during RS compared to MAX (Fig. 4a and
Supplementary Fig. 6a). In contrast, under Ng, most areas show a
significant reduction in heavy precipitation (Fig. 4b). Despite the
increase in precipitation compared to MAX, extreme events decrease
in North South America, South American Monsoon, Western and
Central Europe, and Southern East Asia regions (Supplementary
Fig. 6a). Globally, the fraction of area, where heavy precipitation in
the reference period is larger than 30 mm/day, affected by heavy
precipitation increases by about 23.4% in MAX relative to the refer-
ence period, and this increase reaches 38.1% under Zg (Fig. 4c).
However, under Ng, it remains at 14.5% despite higher overall land
precipitation levels. In other words, under the negative emissions,
the overall increase in precipitation is not directly proportional to
the increase in heavy precipitation; indeed, despite higher overall
land precipitation increases, heavy precipitation events are relatively
less severe.

Moreover, the negative emissions tend to alleviate the risk of
near-surface soil moisture deficits (droughts). In Zg, despite an
overall increase in total land precipitation, intensified droughts

remain prevalent in several regions (Supplementary Fig. 8a). Regions
with reduced drought severity are those that have experienced
increased precipitation during RS compared to MAX, consistently
accompanied by a rise in heavy precipitation events (Fig. 4a and
Supplementary Fig. 8a). In contrast, in Ng, although regions with
increased precipitation also show a reduction in droughts (Supple-
mentary Figs. 6a and 8b), these increases are not universally asso-
ciated with elevated heavy precipitation (Fig. 4b). This indicates that
the negative emissions lead to the alleviation of either heavy pre-
cipitation or drought in most regions, except for the Sahara and
Northern Europe.

The changes in heavy precipitation and drought following the
negative emissions are closely linked to precipitation changes driven
by physiological effects, such as increased leaf area and enhanced
evapotranspiration. The expansion of leaf area improves water capture
and storage, thereby increasing water availability (i.e., increase in water
storage) (Supplementary Table 1). Simultaneously, increased evapo-
transpiration continuously supplies water vapor into the atmosphere,
leading to more frequent precipitation events, evidenced by the
increase in the number and area of wet days (Fig. 4d and Supple-
mentary Fig. 9) and the total amount of precipitation (Fig. 1b). This
increase in precipitation frequency potentially contributes to a
reduction in extreme precipitation and droughts occurrences by dis-
tributing rainfall more evenly, thereby enhancing the efficiency of
water resources. This underscores the importance of negative emis-
sions strategies in reducing potential future climate impacts and
highlights the necessity of incorporating these strategies into climate
projections and developing effective mitigation and adaptation
strategies.
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Discussion

Our results suggest that even if future measures achieve zero or
negative CO, emissions, land precipitation will not return to current
levels but will exceed those projected during the periods of highest
CO, concentrations. Particularly under a negative emissions sce-
nario, there is a notable overshoot in land precipitation. While this
overshoot is driven by the delayed response of the climate system, it
is further amplified by the transpiration changes from terrestrial
vegetation. As CO, levels are restored, transpiration recovers from
the suppression induced by high CO, concentrations, allowing
transpiration to enhance precipitation. This mechanism leads to a
further increase in land precipitation under the negative emissions
scenario, despite relatively low temperatures compared to the zero
emissions scenario. Our findings demonstrate that the land pre-
cipitation response under negative emissions is distinct from that
under positive emissions, with vegetation playing an important role
in the precipitation increase.

This study advances our understanding of precipitation
responses to CO, removal by highlighting two key distinctions from
previous work. First, most earlier studies have used concentration-
driven CO; scenarios focused on temperature and precipitation
hysteresis***, without accounting for CO, outgassing from land and
ocean as concentrations decline. In contrast, our emissions-driven
experiment includes a fully interactive carbon cycle, capturing this
outgassing and providing a more realistic representation of physio-
logical feedback. Second, while previous studies emphasized
reduced transpiration due to stomatal closure under positive CO»
emissions, our results reveal the role of physiological processes in
driving precipitation changes under the negative emissions scenario.
These findings underscore the importance of vegetation in shaping
hydrological outcomes under extended mitigation scenarios and
highlight the value of emissions-based experiments in capturing
long-term Earth system feedbacks.

Our findings further indicate substantial regional implications.
While future climate impacts may worsen even after achieving zero
emissions, substantial negative emissions could effectively mitigate
several climate conditions, including hydrological extremes. Reduc-
tions in heavy precipitation are most significant in densely populated
regions such as Eastern North America, South America, Central Africa,
and Asia. Additionally, droughts are expected to decrease in Europe,
Central America, and Western Asia. These regional patterns differ
significantly from zero and negative emission scenarios, highlighting
that the extreme events are not simply proportional to total
precipitation.

This study has several limitations. First, it relies on the results from
a single model. Although nine ensemble experiments were conducted
for each scenario over a 400-year integration period, inter-model
comparisons were not performed. Second, the experimental pathways
used are highly idealized. The CO, concentration was increased to
nearly twice the present-day levels, representing an idealized scenario
designed to investigate long-term Earth system feedbacks. While this
framework provides theoretical insight, it limits the direct applicability
of the results to near-term climate policy. This underscores the need
for complementary experiments based on more realistic mitigation
pathways, such as achieving zero or negative emissions by 2050. Third,
the focus of this study is on total terrestrial precipitation rather than
regional variations. Additionally, detailed dynamical analyses of
extreme events are not provided. While extreme events could be
influenced by moisture flux convergence in some regions, such as
Eastern North America, North-Eastern South America, Western and
Central Europe, Western Africa, South Eastern Africa, and East Asia
(Supplementary Fig. 6b), this aspect lies beyond the scope of this
study. Fourth, the changes in precipitation observed under the nega-
tive emissions scenario are similar to those from the 1pctCO2-rad
simulation in the C4MIP experiments®™. However, these findings

highlight the importance of CO, physiological effects, which could be
crucial to understanding the reversibility of Earth systems.

Vegetation feedbacks remain a complex and regionally variable
mechanism in shaping hydrological responses. Elevated CO, typically
reduces stomatal conductance and evapotranspiration by increasing
plant water use efficiency®’, while simultaneously enhancing LAI via
CO, fertilization®®. The net impact on evapotranspiration remains
uncertain, as it depends on the relative strength of these opposing
processes, which varies across climate conditions and vegetation
types®®*”*5, Some studies suggest the existence of a physiological
threshold beyond which LAl-driven increases in transpiration can
outweigh stomatal limitations and reverse the direction of evapo-
transpiration change®**. These discrepancies underscore the need to
better constrain the contributions of LAI versus stomatal closure in
land surface models to improve future projections of the hydro-
logical cycle.

This study highlights the critical role of physiological feedback in
enhancing terrestrial precipitation under a negative emissions sce-
nario, demonstrating its potential to improve the hydrological cycle
and reduce the severity of extreme precipitation events. These find-
ings underscore the need to move beyond net-zero targets toward
negative emissions strategies—an increasingly important considera-
tion for future climate policy. While current mitigation efforts often
prioritize addressing immediate climate impacts, our findings suggest
that early and sustained action can also deliver substantial long-term
benefits for Earth system sustainability. This underlines the impor-
tance of forward-looking, comprehensive research to inform and
guide effective climate response strategies.

Methods

Model configuration

The Community Earth System Model 2 (CESM2) was utilized to con-
duct an idealized CO, emission-driven simulation. This model is
composed of physical components, including atmosphere, ocean,
land, and cryosphere, which are fully integrated with the land and
ocean carbon cycles®. The atmospheric model is the Community
Atmosphere Model version 6 (CAM6), featuring a horizontal resolution
of ~1° with 32 vertical levels. The ocean and sea ice models are the
Parallel Ocean Program version 2 (POP2)°' and the Community Ice
CodE version 5 (CICE5)®, respectively. The ocean components used a
nominal -1° horizontal resolution (meridional resolution ~0.27° near
the equator) with 60 vertical levels. The Community Land Model
Version 5 (CLM5)*° has the same horizontal resolution as the atmo-
sphere model. It characterizes the carbon and hydrological cycles of
the land in CESM2, which has experienced significant advancements
through the incorporation of new and updated processes and para-
meterizations. Notable enhancements include an accurate repre-
sentation of historical cumulative CO, uptake and the seasonal cycle of
net ecosystem production*®*>**, The ocean carbon cycles in CESM2 are
depicted by the Marine Biogeochemistry Library (MARBL)®.

CLMS has been evaluated as part of an ensemble of simulations—
including prescribed and prognostic vegetation states, multiple for-
cing datasets, and previous model versions (CLM4 and CLM4.5)—using
the International Land Model Benchmarking (ILAMBv2) package*®. It
simulates LAI and evapotranspiration at a level comparable to the
dataset and shows improved performance in capturing observed
relationships between precipitation, LAl, and evapotranspiration. The
CO, fertilization effect on LAl has been demonstrated in CLMS through
perturbed physics ensemble simulations®® and historical single-forcing
experiments®. In addition, under the SSP5-8.5 high-emission scenario,
CLM5 simulates decreased stomatal conductance and evapo-
transpiration, along with increased LAI, consistent with expectations
under elevated CO, concentrations>. These studies indicate that the
model is capable of reasonably representing the relationship between
vegetation and climate feedbacks.
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Experimental design

To explore the impacts of different CO, emission trajectories, we
designed idealized simulations based on both zero and negative emis-
sions scenarios (Supplementary Fig. 1). In our model, anthropogenic CO,
emissions increase linearly from 2000 to 2050, following the SSP5-
8.5 scenario, with an annual increase of 1.09 GtCO2. After peaking in
2050, emissions decrease at the same rate until they reach zero by the
year 2124. In the zero emissions scenario (Zg), emissions remain at zero
until the end of the simulation in 2400 (Supplementary Fig. 1a). In the
negative emissions scenario (Ng), emissions continue to decrease at the
same rate after reaching zero, until the global mean surface atmospheric
CO, concentration returns to its initial value of approximately 383 ppm
by the year 2197 (Supplementary Fig. 1b). Following this, CO, emissions
are maintained at zero from 2197 until the end of simulation in 2400.

This simulation is driven by CO, emissions, where atmospheric
CO, concentrations are determined not only by prescribed anthro-
pogenic CO, emissions but also by CO2 fluxes from land and ocean,
capturing changes in CO, concentration through carbon cycle-climate
feedback. All non-CO, factors, such as land use and non-CO, green-
house gas forcings, are held constant at the present-day (2000) levels.
A total of nine ensemble members were conducted for each scenario,
with slightly different initial conditions, initialized monthly from Jan-
uary to October (excluding September) in the year 2000, using the
CESM2 esm-hist experiment.

To analyze the role of transpiration in land precipitation, an addi-
tional idealized experiment, referred to as the N, anp SCenario, was
conducted. The experiment utilized the same components as in the N,
with initial conditions set to the year 2300, based on the first ensemble
member. The atmospheric CO, concentration was fixed at 430 ppm—
representative of conditions from 2300 to 2399—while the CO, con-
centration received by the land was fixed at 725 ppm, corresponding to
the period of maximum CO, concentration (e.g., 2091 to 2120). This
setup enables the quantification of CO,-physiological forcing on land
hydrology due to elevated CO, levels at the surface under similar climate
conditions and allows for a comparison of the resulting changes in
precipitation with those observed under a negative emission scenario.
The experiment was carried out over 200 years, with the first 100 years
used as a spin-up period and the subsequent 100 years analyzed.

Definition of indices
Atmospheric moisture budget. The atmospheric moisture budget
can be expressed in the following form:

d Je g
L ofE-P- Vp(uq)g” M
»

ot to

Where g is the gravitational acceleration, g is specific humidity, p is
atmospheric pressure (sfc and top indicate the earth’s surface and top
of atmosphere, respectively), V() is the horizontal divergence in
pressure coordinates, u is the horizontal wind vector, P is the pre-
cipitation rate, £ is the evaporation rate, and %L;’ is the tendency of total
precipitable water. The last term of the right side is the total moisture
flux convergence. A positive value is observed when atmospheric
moisture is exported from the region. The change in total precipitable
water is calculated as the difference between E minus P and moisture
flux convergence.

Terrestrial water balance. The terrestrial water balance can be
expressed as®®:

%=PL—EL—RL )

Where % represents the change in soil water storage, P, is the land
precipitation, E| is the evapotranspiration, and R, is the runoff.

Heavy precipitation index. The Expert Team on Climate Change
Detection and Indices (ETCCDI) has well-defined a series of extreme
precipitation indices. Generally, these indices can be classified into
three main types: intensity, frequency, and duration. In this study, we
selected the widely accepted and commonly used heavy precipitation
index of maximum 1-day precipitation (Rxlday). The total fraction of
areas with heavy precipitation is calculated as the percentage differ-
ence between the specific period and the reference period, divided by
the reference period. This calculation is performed only for regions
where the heavy precipitation index during the reference period
exceeds 30 mm per day. Other indices, such as the number of days
with precipitation greater than 30 mm (R30mm) and the maximum
consecutive 5-day precipitation (Rx5day), are analyzed but are not
presented as they show similar patterns to Rxlday. Eight ensemble
members are used for each scenario to analyze the heavy
precipitation index.

Drought index. The near-surface soil moisture deficit (drought) index
is calculated using the total soil water content from O to 8 m depth.

Wet days index. The Wet days index, as used in the ETCCDI, is defined
as the annual total of days with precipitation exceeding 1 mm. Eight
ensemble members were utilized to analyze the index. The total frac-
tion of areas with wet days is calculated as the percentage difference
between the specific period and the reference period, divided by the
reference period.

Area means. The Global mean values are calculated over the latitude
range from 60° S to 90° N, excluding Antarctica. The land and ocean
mean values are calculated by applying land and ocean masks,
respectively.

Percentage change in precipitation. The percentage change in pre-
cipitation is calculated for each ensemble member relative to the
reference period (2001-2030).

Significance test. The significance level was determined using a
Kolmogorov-Smirnov two-sample test.

Regional acronyms. Using the regional domains defined in Figure
SPM.3 of the Intergovernmental Panel on Climate Change Sixth
Assessment Report Working Group 1 (IPCC AR6 WGI) Summary for
Policymakers (SPM) report® (Supplementary Fig. 10), we calculated
the area-averaged heavy precipitation (Fig. 4) and drought (Supple-
mentary Fig. 8) for each region. These regions are represented by
hexagons of equal size, positioned in their approximate geographical
locations. The abbreviations used for each region are as follows:
North America: NWN (North-Western North America), NEN
(North-Eastern North America), WNA (Western North America), CNA
(Central North America), ENA (Eastern North America); Central
America: NCA (Northern Central America), SCA (Southern Central
America), CAR (Caribbean); South America: NWS (North-Western
South America), NSA (Northern South America), NES (North-Eastern
South America), SAM (South American Monsoon), SWS (South-Wes-
tern South America), SES (South-Eastern South America), SSA (South-
ern South America); Europe: GIC (Greenland/Iceland), NEU (Northern
Europe), WCE (Western and Central Europe), EEU (Eastern Europe),
MED (Mediterranean); Africa: MED (Mediterranean), SAH (Sahara),
WAF (Western Africa), CAF (Central Africa), NEAF (North Eastern
Africa), SEAF (South Eastern Africa), WSAF (West Southern Africa),
ESAF (East Southern Africa), MDG (Madagascar); Asia: RAR (Russian
Arctic), WSB (West Siberia), ESB (East Siberia), RFE (Russian Far East),
WCA (West Central Asia), ECA (East Central Asia), TIB (Tibetan Pla-
teau), EAS (East Asia), ARP (Arabian Peninsula), SAS (South Asia), SEA
(South East Asia); Australasia: NAU (Northern Australia), CAU (Central
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Australia), EAU (Eastern Australia), SAU (Southern Australia), NZ (New
Zealand); Ocean: ARO (Arctic Ocean), ARS (Arabian Sea), BOB (Bay of
Bengal), EAO (Equatorial Atlantic Ocean), EIO (Equatorial Indic Ocean),
EPO (Equatorial Pacific Ocean), NAO (N. Atlantic Ocean), NPO (N.
Pacific Ocean), SAO (S. Atlantic Ocean), SIO (South Indic Ocean), SOO
(Southern Ocean), SPO (S. Pacific Ocean), Small Islands: CAR
(Caribbean).

Data availability

The CESM2 code is available at https://www.cesm.ucar.edu/models/
cesm2/. The NCAR Command Language (NCL) is available at https://
www.ncl.ucar.edu/. The data that support the findings of this study are
available in Figshare with the identifier https://doi.org/10.6084/m9.
figshare.30153862.v17°. Due to their large size, the raw CESM2 simula-
tion outputs are available from the corresponding author upon
request. Source data are provided at Figshare (https://doi.org/10.
6084/m9.figshare.30153862.v17°).

Code availability
The code used in this study is available on Figshare (https://doi.org/10.
6084/m9.figshare.30153862.v17°).
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