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Abstract Prediction of surface freshwater flux (precipitation or evaporation) in a CO2‐enriched climate is
highly uncertain, primarily depending on the hydrological responses to physiological and radiative forcings of
CO2 increase. Using the 1pctCO2 (a 1% per year CO2 increase scenario) experiments of 12 CMIP6 models, we
first decouple and quantify the magnitude of global hydrological sensitivity to CO2 physiological and radiative
forcings. Results show that the direct global hydrological sensitivity (for land plus ocean precipitation) to CO2
increase only is − 0.09 ± 0.07% (100 ppm) − 1 and to CO2‐induced warming alone is 1.54 ± 0.24% K

− 1. The
latter is about 10% larger than the global apparent hydrological sensitivity (i.e., including all effects, not only
direct responses to warming, ηa = 1.39± 0.22% K

− 1). These hydrological sensitivities are relatively stable over
transient 2× to 4 × CO2 scenario. The intensification of the global water cycle are dominated by the CO2
radiative effect (79 ± 12%) with a smaller positive contribution from the interaction between the two effects
(6 ± 12%), but are reduced by the CO2 physiological effect (− 10± 8%). This finding underlines the importance
of CO2 vegetation physiology in global water cycle projections under a CO2‐enriched and warming climate.

Plain Language Summary Projections of future water resource under rising CO2 and warming
scenarios are highly uncertain, which is mainly due to the poor understanding of hydrological responses within
the Earth system. We evaluate two major hydrological responses associated with rising CO2 related effects:
physiological effect (e.g., decrease in plant stomatal conductance per unit leaf area, increase in leaf area index
and net available energy, etc.) and radiative effect (e.g., rising CO2‐induced warming, rapid atmospheric
adjustment and surface energy budget change, etc.). Using 12 Earth system models' experiments, we find that
the CO2 physiological effect will cause ∼0.1% decline for precipitation or evaporation per 100 ppm CO2
increase at a global scale. The CO2 radiative effect will cause ∼1.5% increase for precipitation or evaporation
per Kelvin warming. These changing rates of increase or decline are relatively stable with increasing CO2
forcing. The modeling experiments under high CO2 forcing project that the intensification of the global water
cycle is mainly controlled by the CO2 radiative effect, but the CO2 physiological effect and the interaction
between the two effects also play important roles.

1. Introduction
The global water cycle is predicted to intensify in the future, owning to rising atmospheric CO2 concentration and
related surface warming driven by anthropogenic greenhouse gases emissions (Allen & Ingram, 2002; Douville
et al., 2023; Huntington, 2006; Wentz et al., 2007). This intensification is generally expressed as increases in
surface hydrological fluxes (e.g., precipitation, evapotranspiration, and runoff) with an increase in spatial vari-
ability of surface water budget (e.g., precipitation minus evapotranspiration) (Allan, 2023; Zaitchik et al., 2023).
Although historical long‐term response of precipitation and evapotranspiration to global warming is still
ambiguous, recent studies provide some evidence to support an intensifying water cycle, for example, increased
trends in extreme river flow (Gudmundsson et al., 2021), observed global surface salinity changes (Durack
et al., 2012), and observed increases of global oceanic precipitation and evaporation (Brutsaert, 2017; Wang
et al., 2021; Wentz et al., 2007). Climate models also project strong increases in surface hydrological fluxes, for
example, global lake evaporation (Wang et al., 2018), global ocean evaporation (Wang et al., 2021), global runoff
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(Alkama et al., 2013; Betts et al., 2007; X. J. Zhang et al., 2014), and global precipitation (Shiogama et al., 2022;
Wang et al., 2021) under different atmospheric CO2 increasing scenarios.

Increased atmospheric CO2 induces infrared radiative forcing on atmosphere‐to‐surface energy balance (or “an
enhanced greenhouse effect”) which further warms the land and ocean surfaces (Myhre et al., 1998, 2013) and
alters hydrological processes around most of the world (Cisneros et al., 2014). This “enhanced greenhouse effect”
by rising CO2 is termed as rising CO2‐induced radiative effect in this study. It induces hydrological responses
across all timescales including rapid responses from atmospheric adjustments and slow responses with rising
CO2‐induced warming and transient climate change (Allan et al., 2020; Douville et al., 2023). One of the hy-
drological responses is an increase in lower‐tropospheric water vapor with a rate of ∼7% per Kelvin warming,
driven by increased atmospheric saturation vapor pressure (es) and enhanced surface evaporation in response to
global warming, as predicted by the Clausius‐Clapeyron equation and early global climate models (e.g.,
Boer, 1993; Held & Soden, 2006). The increased atmospheric water vapor consequently drives an increase of
global‐mean precipitation with a much smaller growth rate of 1%–3% per Kelvin warming (Allen &
Ingram, 2002; Wentz et al., 2007). This smaller rate of increase in precipitation is explained by the suppression
from rapid atmospheric adjustments in response to CO2 radiative effect and cooling effects from scattering
aerosols that directly alter the atmospheric energy budget and reduce convective mass fluxes (Allan et al., 2020;
Andrews & Forster, 2010; Held & Soden, 2006; Li et al., 2013).

Besides the radiative effect, the increased CO2 also induces vegetation physiological responses including
decrease in stomatal conductance per unit leaf area, and increases in leaf area index (LAI), vegetational cover and
growing seasons, and enhanced net available energy at the surface through reduced surface albedo etc. (Guerrieri
et al., 2019; Piao, Liu, et al., 2019; Piao, Wang, et al., 2019; X. Z. Zhang et al., 2022). The most significant
hydrological response is a decrease in plant transpiration and land evapotranspiration determined by reduced plant
stomatal conductance, which further induces regional and large‐scale atmospheric vapor transport adjustments
and slightly alter global precipitation (e.g., Bounoua et al., 1999; Sellers et al., 1996). This response is also
predicted to increase continental runoff (Betts et al., 2007).

The radiative and vegetation physiological effects of rising CO2 on climate have been proposed and quantified
using modeling simulations for an atmospheric CO2 doubling (abrupt 2 × CO2) scenario (Sellers et al., 1996).
Over the last two decades, climate models or earth system models with fully coupled carbon cycle were used to
quantify the rising CO2‐induced radiative and physiological effects on global warming, global carbon cycle and
carbon‐climate feedback (e.g., Betts et al., 1997; Friedlingstein et al., 2003, 2006; Woodward et al., 1998; X.
Zhang, Wang, et al., 2021; X. Z. Zhang, Wang, & Zhang, 2023).

Responses of surface hydrological processes to the forcing of rising CO2‐induced radiative effect (termed as “CO2
radiative forcing”) or rising CO2‐induced physiological effect (termed as “CO2 physiological forcing”) also have
been studied before (Andrews et al., 2010; Betts et al., 2007; Bonfils et al., 2017; Cao et al., 2010; Richardson
et al., 2018; Saint‐Lu et al., 2020). For instance, Betts et al. (2007) used an ensemble of experiments with a global
climate model (HadSM3) to show that physiological effect of a doubling CO2 on plant transpiration could in-
crease global mean runoff by 6%. Cao et al. (2010) used another coupled climate model (CCSM3 coupled with
CLM3.5/CAM3.5) and found that doubled CO2 physiological forcing will increase global runoff by ∼8.4% and
the forcing from combined radiative and physiological effects resulted in ∼7.35% increase in land precipitation
and ∼14.9% increase in runoff. Multi‐modeling experiments further emphasized the importance of rising CO2
physiological effect on global land monsoon rainfall and runoff in a CO2‐enriched climate (Cui et al., 2020).

However, in most previous studies, the hydrological sensitivities of surface hydrological fluxes (e.g., precipitation
or evaporation) due to the rising CO2 radiative and physiological forcings have not been well examined in terms
of magnitude and pattern using the state‐of‐the‐art Earth system models. Particularly, the potential interactions
between the CO2 radiative forcing and physiological forcing were ignored in previous studies. The relative roles
of the CO2‐radiative and physiological forcings and their interaction remain largely unclear on globe, land or
ocean. In this study, we develop a hydrological sensitivity analysis framework to quantify the impacts of CO2
radiative and physiological forcings and their interaction on global water cycle, using fully or partially coupled
simulations by 12 CMIP6 models under a 1% per year increasing atmospheric CO2 (1pctCO2) for 140 years
(Eyring et al., 2016). With the analysis framework, the strength of the hydrological responses to CO2 radiative
forcing (Friedlingstein et al., 2003; Hansen et al., 1984) is termed as the sensitivity of change in hydrological flux
variables (∆X) to increase in surface air temperature (∆T). The other is the hydrological responses to the forcing
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of surface vegetation, energy and climate changes due to rising CO2‐induced physiological effect. The strength of
this hydrological response to CO2 physiological forcing is termed as the sensitivity of change in hydrological flux
variables (∆X) to increase in atmospheric CO2 concentration (∆C).

2. Methods
2.1. Analysis Framework of Rising CO2‐Induced Responses of Global Water Cycle in Earth System

Following the previous frameworks developed for quantifying global carbon cycle―climate feedback (Arora
et al., 2013; X. Zhang, Wang, et al., 2021), we develop a similar analysis framework of quantifying global water
cycle responding to increasing CO2 levels by linearly combining the hydrological responses to rising CO2‐
induced physiological and radiative forcings and the two forcings' interaction. Potential interactions between the
two forcings in the fully coupled Earth system are also considered, which could be very significant at some
specific regions. For instance, a potential interaction is that rising CO2‐induced plant growth and LAI increase
from CO2 vegetation physiological effect may further enhance plant transpiration under the surface warming from
CO2‐induced radiative forcing (X. Z. Zhang, Zhang, et al., 2021; X. Z. Zhang, Wang, & Zhang, 2023). This effect
may increase evapotranspiration, reduce runoff, and alter local precipitation, but how much the interaction
affecting hydrological responses is still unknown. Hence, in linear analysis framework of a fully coupled Earth
system, change in a hydrological flux variable (∆X) during a time interval (∆t) since a beginning year (e.g., 1850)
can be expressed by

∆X = Β∆C + Γ∆T + ε, (1)

where X is a hydrological flux variable from the surface perspective, which in this study is annual precipitation
(P), evapotranspiration on land or evaporation on ocean (E), or surface water availability (P − E) on land, ocean,
or global scales. C is annual atmospheric CO2 concentration and T is annual global‐averaged surface air tem-
perature. ε is the interaction contribution between CO2 physiological and radiative forcings. Β ≡ ∂X

∂C is the
sensitivity parameter due to CO2 physiological effect (in a unit of mm yr

− 1 (100 ppm)− 1), and Γ ≡ ∂X
∂T is the

sensitivity parameter due to CO2 radiative effect (in a unit of mm yr
− 1 K− 1). Owing to the different units used for

Β and Γ, the sensitivity to CO2 physiological effect and the sensitivity to CO2 radiative effect are not comparable
in this study. Therefore, the hydrological sensitivities to CO2 concentration only for P, E, and P − E are
BP =

∂P
∂C, BE =

∂E
∂C, BP − E =

∂(P − E)
∂C , respectively. The hydrological sensitivities to warming alone for P, E, and

P − E are ΓP = ∂P
∂T , ΓE =

∂E
∂T , ΓP − E =

∂(P − E)
∂T , respectively.

2.2. Calculation of Hydrological Sensitivities From Decoupling Simulations of the CMIP6 1pctCO2
Experiments

The strength and relative contributions of hydrological responses from the CO2 physiological forcing and radi-
ative forcing could not be directly estimated, as they interact within the Earth's coupling system of climate, water
cycle, and carbon cycle. To date, Earth system models are almost the only effective approach to separate different
forcings' contribution to the overall global water cycle responses. To quantify the magnitudes of hydrological
sensitivity parameters (i.e., Β and Γ) from the global water cycle under rising CO2‐induced forcings, the 1pctCO2
experiments from the CMIP6 project are ideal decoupling modeling experiments, which provide the fully coupled
(COU), the biogeochemically coupled (BGC), and the radiatively coupled (RAD) simulations (Jones et al., 2016).
The COU simulations of the “1pctCO2” configuration include all water cycle and carbon cycle‒climate feedbacks
driven by transient atmospheric CO2 increased at a rate of 1% year

− 1 over a 140‐year period. By the end of the
140‐year simulation, atmospheric CO2 concentration is quadrupled (4 × CO2) from the pre‐industrial level
(∼285 ppm at 1850). The BGC simulations of the “1pctCO2‐bgc” configuration are also driven by the prescribed
1% year− 1 CO2 forcing, but only the biogeochemical cycle is turned on, meaning that only the CO2 physiological
effect on global water cycle is considered. The RAD simulations of the “1pctCO2‐rad” configuration are driven by
the prescribed 1% year− 1 CO2 forcing with the CO2 radiative forcing. Following the approaches for estimating
global carbon cycle feedback parameters (Arora et al., 2013; Friedlingstein et al., 2006; X. Zhang, Wang,
et al., 2021) and the calculation of apparent hydrological sensitivity (ηa) by Fläschner et al. (2016), the hydro-
logical sensitivity parameter for CO2 physiological forcing can be estimated by
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Β =
∆XBGC∆TCOU − ∆XCOU∆TBGC

∆CBGC (∆TCOU − ∆TBGC)
≈

∆XBGC

∆CBGC
, (2)

and hydrological sensitivity parameter for CO2 radiative forcing is estimated by

Γ =
∆XRAD

∆TRAD
, (3)

where X is hydrological flux variable (P, E, and P − E). To quantify the contribution of interaction between CO2
physiological and radiative forcings (the ε term in Equation 1), we calculated differences of the COU, BGC, RAD
simulations by

∆XINT = ∆XCOU − ∆XBGC − ∆XRAD, (4)

where X is temperature or hydrological flux variable (P, E, and P − E).

Simulations from 12 CMIP6 models of the 1pctCO2 experiments are used in this study. These models include all
required outputs of the three experiments (1pctCO2, 1pctCO2‐rad, 1pctCO2‐bgc) and are available for download
via https://esgf‐node.llnl.gov/search/cmip6/. They are ACCESS‐ESM1‐5 (Ziehn et al., 2020), BCC‐CSM2‐MR
(Wu et al., 2019), CESM2 (Danabasoglu et al., 2020), CMCC‐ESM2 (Cherchi et al., 2018), CNRM‐ESM2‐1
(Séférian et al., 2019), GISS‐E2‐1‐G (Ito et al., 2020), IPSL‐CM6A‐LR (Boucher et al., 2020), MIROC‐ES2L
(Hajima et al., 2020), MPI‐ESM1‐2‐LR (Mauritsen et al., 2019), MRI‐ESM2‐0 (Yukimoto et al., 2019),
NorESM2‐LM (Seland et al., 2020), and UKESM1‐0‐LL (Sellar et al., 2019). We calculate all hydrological
sensitivity parameters at transient 4 × CO2 (i.e., 1% year

− 1 CO2 increase up to 4 × CO2) from monthly outputs of
the COU, BGC, and RAD simulations of the 12 CMIP6 models, and perform comparative analysis on global, land
and ocean scales across models.

3. Results
3.1. Responses of Temperature and Hydrological Fluxes to Rising CO2‐Induced Forcings

Figure 1 shows long‐term changes of global mean surface air temperature (TA) driven by increasing CO2 con-
centration at the 1% year− 1 for 140 years. On a global scale (including land and ocean), TA is persistently increased
to 4.62 ± 0.92 K (on ensemble mean ± standard deviation) at transient 4 × CO2, as estimated from the fully
coupled (COU) simulations of 12 CMIP6 models. The temperature growth curve indicates the non‐linear
dependence of radiative forcing upon the increasing CO2 concentration from 1 × CO2 to 4 × CO2 (Myhre
et al., 1998). Compared to this warming, global land surface warming is higher, with an estimate of 6.51± 1.29 K,
and the global ocean surface has a smaller warming of 3.93 ± 0.82 K (Figures 1a and 1b). Decoupling experi-
ments show that the CO2 radiative forcing almost dominates the global warming in fully coupled simulations with
∼96% contributions for globe and land and ∼98% for ocean (Figures 1e and 1f). By comparison, the CO2
physiological forcing (from the BGC simulations) induces only small warming of about 0.34 ± 0.28 K on land,
and 0.12 ± 0.21 K on ocean at 4 × CO2 (Figures 1c and 1d). This small warming is mainly contributed by
decreased latent heat flux as a result of reduced vegetational stomatal conductance in response to CO2 increase
(Ainsworth & Long, 2005; Bounoua et al., 1999; Cao et al., 2010).

Global mean annual P and E (including land and ocean) increase at the same rate of 8.63 ± 2.89 mm year− 1 per
100 ppmCO2 or 15.53± 2.48 mm year

− 1 per Kelvin warming (see Figure S1 in Supporting Information S1 for the
linear approximations), from the fully coupled simulations of CMIP6 models at the transient 4 × CO2, due to the
overall surface water balance on Earth (Figure 2). This result indicates the global apparent hydrological sensitivity
(ηa) is 1.39 ± 0.22% per Kelvin warming, which includes all rising CO2‐induced effects, not just the effect of
warming alone. However, the global land surface shows an increased ∆(P − E) along with CO2 increase due to
much higher increases in P compared to E on land, with P − E increased at a rate of 8.14 ± 4.01 mm year− 1

(100 ppm CO2)
− 1. Global ocean surface shows a declined ∆(P − E) along with CO2 increase at a rate of

− 3.99 ± 2.00 mm year− 1 (100 ppm CO2)
− 1 (Figures 2a, 2d and 2g).
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Regionally, spatial patterns of the∆(P − E) ensemble mean at transient 4 × CO2 (Figure 3) show that the largest
wetting land regions are tropical African (10°S–10°N, 5°E–30°E) and Asian rainforests (10°S–10°N, 90°E–
140°E), South Asia (10°N–30°N, 70°E–100°E), eastern North America (30°N–45°N, 80°W–90°W) and Western
North American area (50°N–70°N, 140°W–160°W). The largest drying land regions are Amazonian rainforests
(10°S–10°N, 50°W–80°W), semi‐arid regions over continental Europe (30°N–55°N, 0°E–30°E) and southern
Africa (10°S–30°S, 10°E–35°E) (Figure 3g). Most regions with negative ∆(P − E) over oceans are latitude
zones of − 10°S to − 40°S and 10°N to 40°N which covers the conventional oceans with low amount of multi‐year
mean annual precipitation (Figures 3d and 3g). However, the largest increased ∆(P − E) over oceans are over
the intertropical convergence zone (ITCZ), Southern Ocean (− 50°S to − 70°S) and northern North Atlantic Ocean
(Figure 3g). The strong increased ∆(P − E) over northern North Atlantic Ocean (40°N–60°N, 20°W–50°W)
driven by a large reduction in E (Figures 3d and 3g) is probably due to the North Atlantic warming hole that is
linked to a slowdown of the Atlantic meridional overturning circulation (Keil et al., 2020; Rahmstorf et al., 2015).

Decoupling experiments from the RAD and BGC simulations at 4 × CO2 show that most drying/wetting regions
are primarily due to the rising CO2‐induced radiative forcing (Figures 3 and 5, and Figure S2 in Supporting

Figure 1. Changes in global annual TA under transient 1%/year increasing CO2 forcing scenario. Changes in surface air
temperature (∆TA) were calculated on global, land and ocean scales, respectively, from (a and b) the fully coupled (COU)
simulations, (c and d) the biogeochemically coupled (BGC) simulations, and (e and f) the radiatively coupled (RAD)
simulations of the CMIP6 1pctCO2 experiments. (a, c, e) Time‐series of ensemble mean± standard deviation∆TA of 12 CMIP6
models with atmospheric CO2 increasing from the preindustrial level of 285 ppm to its quadruple (4 × CO2) over a 140‐year
period. (b, d, f) CMIP6 modeled ∆TA at 4 × CO2 for the COU, BGC, RAD simulations, respectively.
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Information S1) that induces the expansion of Hadley Cells (Grise & Davis, 2020; Schmidt & Grise, 2017) and
alters the strength of tropical atmospheric circulations, cloud feedbacks and vapor transport (Collins et al., 2010;
Vecchi et al., 2006) which largely shift the meridional distributions of P by increasing P over − 10°S–10°N
around the equator and by reducing P over latitude zones of 10°S–40°S and 10°N–40°N (Figure 3). Interestingly,
the positive∆(P − E) of the northern North Atlantic Ocean (Figure 3g) is due to strong reduction of evaporation
derived from the CO2 radiative forcing, although there is smaller decrease in P over the northern North Atlantic
Ocean (Figures 3a–3c). Notably, the CO2 physiological forcing (BGC) consistently causes a decreased land
evaporation by reduced plant transpiration from CO2 stomatal effects as shown in Figure 2e, but causes a drying
up of Amazonian rainforests (10°S–10°N, 50°W–80°W) and southern African semi‐arid regions (10°S–30°S,

Figure 2. Time series of global annual P, E, and P − E changes under transient 1%/year increasing CO2 forcing scenario.
(a) Changes in precipitation (∆P) from the COU simulations, and (b) from the BGC simulations due to CO2 physiological
effect, and (c) from the RAD simulations due to CO2 radiative effect. (d–f) Same as (a–c) but for changes in evaporation (∆E).
(g–i) Same as (a–c) but for differences between precipitation and evaporation (∆(P − E)). Shaded area represents
mean ± standard deviation from 12 CMIP6 models. All series were smoothed with a 5‐year moving average.
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10°E–35°E), which is driven by a larger reduction of precipitation (Figures 3b, 3e, and 3h). Previous study
suggested that the reduced precipitation due to CO2 physiological forcing in Amazonian regions is almost entirely
due to repartitioning of sensible and latent heat flues (Richardson et al., 2018).

The interaction between the CO2 physiological and radiative forcings (Equation 4), as estimated by the ensemble
of 12 CMIP6 models, indicates relatively small changes with atmospheric CO2 forcing increase for P and E on
globe, land and ocean (Figures 4a, 4c, and 4e). However, with CO2 forcing increased to 4 × CO2, the impacts of
the interaction have comparable contribution as the CO2 physiological forcing at regional scales (Figures 4 and 5,
and Figure S1 in Supporting Information S1). Regionally, the interactions for P and P − E are strong positive
anomalies (200–300 mm yr− 1) in Amazonian rainforests and are strong negative anomalies (<− 300 mm yr− 1)
over tropical western Pacific Ocean (5°S–15°N, 120°E–150°E). The northern (southern) areas of the ITCZ over
tropical Indian Ocean (20°S–10°N, 60°E–110°E) and tropical Atlantic Ocean (10°S–10°N, 120°E–150°E) show
strong positive (negative) anomalies of P and P − E (Figures 4b, 4d and 4f). Overall, the interaction‐induced
drying or wetting effects (anomaly of P − E) over land and oceans are mainly driven by the changes of pre-
cipitation. This could be explained by that the regional large changes of precipitation triggered by CO2 radiative
forcing were further disturbed by CO2 physiological forcing‐induced responses in many processes, for example,
local to large‐scale convective activities, atmospheric precipitable water changes, atmospheric circulation
anomalies, etc.

Figure 3. Spatial patterns of long‐term changes in P, E, and P − E at transient 4 × CO2. (a) Changes in precipitation (∆P) from the COU simulations, (b) from the
BGC simulations due to CO2 physiological effect, and (c) from the RAD simulations due to CO2 radiative effect. (d–f) Same as (a–c) but for changes in evaporation
(∆E). (g–i) Same as (a‐c) but for ∆(P − E) . All results are averaged from 12 CMIP6 models of the 1pctCO2 experiments.
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3.2. Hydrological Sensitivity to Increasing CO2 Physiological and Radiative Effects

We further estimate the magnitudes of hydrological sensitivity parameters due to the CO2 physiological forcing
and radiative forcing under transient 4 × CO2. Figure 6 and Table 1 show the multi‐model ensemble estimates of
the two sensitivity parameters for P, E, and P‐E on globe, land and ocean. Due to global surface hydrological flux
balance, the hydrological sensitivity to CO2 physiological forcing for P (i.e., BP) and E (i.e., BE) on globe are
negative with the same estimate of − 0.97 ± 0.76 mm year− 1 (100 ppm) − 1, and the hydrological sensitivity to the
CO2 radiative forcing for P (ΓP) and E (ΓE) on globe are positive with 16.84 ± 2.61 mm year

− 1 K− 1 (Figure 6).
This result indicates that the global hydrological sensitivity to warming is 1.54 ± 0.24% per Kelvin warming
(Table 1). The rising CO2 radiative forcing intensifies global water cycle, but the CO2 physiological forcing partly
weakens the strength by − 0.09± 0.07% per 100 ppm CO2 increase. At the global scale, the multi‐model ensemble
indicates that the CO2 radiative forcing dominates the overall increases of global P or E at transient 4×CO2 with a
contribution of 79 ± 12%. The CO2 physiological forcing has a negative contribution of − 10 ± 8%, but the

Figure 4. Changes in P, E, and P − E due to interactions between CO2 physiological and radiative forcings under transient
1%/year increasing CO2 forcing scenario. (a) Time series of changes in annual precipitation (∆P) from the COU‐BGC‐RAD
simulations. (b) Spatial pattern of ∆P at transient 4 × CO2. (c and d) Same as (a and b) but for changes in evaporation (∆E). (e
and f) Same as (a and b) but for ∆(P − E) . All results are averaged from 12 CMIP6 models of the 1pctCO2 experiments.
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interaction between CO2 radiative and physiological forcing provides a positive contribution of 6 ± 12%
(Figure 5a).

The rising CO2‐induced effects have diverse impacts on water cycles for the land and the ocean surfaces at
4 × CO2 (Figure 6 and Table 1). On land, the negative response of CO2 physiological effect for E (BE,L) is about
2.5 times larger than the CO2 physiological effect for P (BP,L), which leads to a net positive response of
1.46 ± 1.34 mm year− 1 (100 ppm) − 1 for the land water budget (BP − E,L) or the CO2 concentration sensitivity of
0.44 ± 0.39% per 100 ppm CO2 increase. The CO2 radiative effect has stronger positive impact on the land water
budget for which the sensitivity parameter (ΓP − E,L) is 6.62 ± 3.53 mm year− 1 K− 1 or the temperature sensitivity
of 1.90± 1.18% per Kelvin warming. The global land surface's wetting (Figures 3g–3i) is dominantly contributed
by the CO2‐radiative forcing (44 ± 34%) and enhanced by the CO2‐physiological forcing (13 ± 19%) and their
interaction with a significant contribution of 20 ± 32% (Figure 5).

The negative anomalies of water budget (P‐E) on global ocean surface (Figures 2g–2i) is primarily driven by the
negative response due to the CO2 radiative forcing that contributes − 43 ± 18% of the overall P‐E decrease. This
negative hydrological response is further enhanced by the CO2 physiological forcing (− 16 ± 26%) and the
interaction with a significant contribution of − 24 ± 31%. The CO2‐radiative effect on the ocean water budget

Figure 5. Relative contributions of rising CO2‐induced radiative and physiological forcings to long‐term hydrological flux
changes at transient 4 × CO2. Relative contributions to ΔP, ΔE, and Δ(P − E) are calculated on globe, land and ocean,
respectively.
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Figure 6. Magnitudes of hydrological sensitivity parameters from rising CO2‐induced radiative and physiological forcings at
transient 4 × CO2. (a) Sensitivity of precipitation to CO2 physiological forcing (BP) on globe, land and ocean, respectively.
(b) Sensitivity of precipitation to CO2 radiative forcing (ΓP) on globe, land and ocean, respectively. (c, e) Same as (a) but for
evaporation (BE) and precipitation minus evaporation (BP − E), respectively. (d, f) Same as (b) but for evaporation (ΓE) and
precipitation minus evaporation (ΓP − E), respectively.

Table 1
Hydrological Sensitivity Parameters From Global Water Cycle Response to Transient 4 × CO2 Under 1%/Year CO2 Forcing Scenario

Parametera
CO2 physiological forcing [mm yr

− 1 (100 ppm)− 1 or (%/100 ppm)] CO2 radiative forcing [mm yr
− 1 K− 1 or (%/K)]

BP BE BP − E ΓP ΓE ΓP − E

Globe − 0.97 ± 0.76 − 0.97 ± 0.76 0.00 ± 0.02 16.84 ± 2.61 16.83 ± 2.34 − 0.02 ± 0.08

(−0.09 ± 0.07) (−0.09 ± 0.07) (0.00 ± 0.00) (1.54 ± 0.24) (1.54 ± 0.23) (0.00 ± 0.00)

Land − 1.05 ± 1.18 − 2.51 ± 1.45 1.46 ± 1.34 15.30 ± 4.79 8.68 ± 1.83 6.62 ± 3.53

(−0.13 ± 0.14) (−0.53 ± 0.30) (0.44 ± 0.39) (1.91 ± 0.78) (1.81 ± 0.46) (1.90 ± 1.18)

Ocean − 0.60 ± 1.05 0.25 ± 0.68 − 0.84 ± 0.91 17.99 ± 3.86 23.09 ± 3.87 − 5.10 ± 2.13

(−0.05 ± 0.09) (0.02 ± 0.05) (0.57 ± 0.57) (1.53 ± 0.31) (1.75 ± 0.28) (3.70 ± 1.61)

Note. Results are ensemble mean± s.d. of 12 CMIP6models. Bold values in () are for percentage changes. aNote that BX is defined as ∂X∂C, ΓX is defined as
∂X
∂T , where X are

P, E or P − E.
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(ΓP − E,O) is 3.70 ± 1.61% per Kelvin warming, which is due to the larger positive sensitivity for E (ΓE,O) than the
positive sensitivity for P (ΓP,O) on oceans (Figure 6, Table 1). However, the negative response by the CO2‐
physiological forcing for ocean water budget (BP − E,O) is due to the negative sensitivity for P (BP,O) and the
smaller sensitivity for E (BE,O) on ocean (Figure 6).

The above results indicate the global‐scale estimates of the two hydrological sensitivities on globe, land and
ocean. But how these sensitivities are partitioned to regional scales or latitudinal zones is still unknown. To this
end, we further calculated the hydrological sensitivities across latitudinal zones using Equations 2 and 3 from the
longitude‐averaged ΔP, ΔE, Δ(P − E), and ΔC, ΔT at transient 4 × CO2 (Figure S3 in Supporting Informa-
tion S1). From the zonal average perspective, the global hydrological sensitivity by CO2‐radiative forcing is
positively dominated by P and P − E over high latitudes (50°S–70°S) and tropical regions (10°S–10°N) on both
land and ocean (Figures S3b and S3f in Supporting Information S1). The hydrological sensitivity by CO2‐
physiological forcing is negatively dominated by E over tropical regions (− 30°S–15°N) on land, but strongly
positively dominated by P and P − E over tropical oceans (10°S–10°N).

3.3. Evolution of Hydrological Sensitivity With Increasing CO2 Forcing

The above analyses of hydrological sensitivity to CO2 physiological and radiative effects are based on the long‐
term changes of hydrological flux variables at transient 4 × CO2. It is unknown whether the hydrological sen-
sitivities by CO2 physiological and radiative forcings are consistent over doubling CO2 forcing levels. To
examine whether the global water cycle linearly response to the rising CO2‐induced physiological and radiative
forcing, we calculated annual values of global hydrological sensitivity parameters (B and Γ) for P, E, and P − E
over the transient 1%/year increasing CO2 forcing from 1 × CO2 to 4 × CO2.

Figure 7 shows that the global hydrological sensitivities by both CO2 physiological and radiative forcing have
little changes over transient 2 × CO2 (570 ppm) to 4 × CO2 (1140 ppm) under the 1% per year CO2 increase
scenario. Compared to the parameter values at transient 4 × CO2 (Figure 6), the global P and E forced by CO2
physiological effect (BP and BE) increase from about − 8 mm year− 1 (100 ppm) − 1 at 1 × CO2 (285 ppm) to a
relative stable value (about − 1 mm year− 1 (100 ppm) − 1) at 2 × CO2, then have little fluctuations over transient
2 × CO2 to 4 × CO2 (Figures 7a and 7c). The global hydrological sensitivities to warming or for CO2 radiative
effect feedback (ΓP and ΓE) increase to relative stable values early at 1.75 × CO2 (500 ppm) and have little
changes with CO2 forcing increased to transient 4 × CO2. The hydrological sensitivities on land and ocean show
the similar results. The large changes and uncertainties in global hydrological sensitivity to CO2 increase or
warming over transient 1 × CO2 to 2 × CO2 is likely driven by the strong inter‐annual variations of global P and E
that are modulated by climate internal variability, which covered up the much slower and smaller changes in P and
E due to CO2 increase or warming only. It is also interesting that the global hydrological sensitivity to warming
for P (ΓP) on land and ocean are basically consistent with the global estimate over transient 2 × CO2 to 4 × CO2
(Figure 7b). The increased ∆(P − E) on land or declined ∆(P − E) on ocean with CO2 forcing also nearly
linearly response to the CO2 physiological and radiative effects over transient 2 × CO2 to 4 × CO2 (Figures 7e
and 7f).

4. Discussion and Conclusions
Most previous studies investigated the hydrological sensitivity to global warming in a fully coupled climate
system, which is the so called “apparent hydrological sensitivity” (Fläschner et al., 2016), but few separately
quantify the temperature sensitivity of hydrological variables solely due to CO2 radiative effect, and the CO2
concentration sensitivity of hydrological variables due to CO2 vegetation physiological effect. For instance, the
early versions of climate models predicted that the apparent hydrological sensitivity of global precipitation is in a
very likely range of 1%–3% per Kelvin warming (Covey et al., 2003; Douville et al., 2023; Held & Soden, 2006).
This model‐based range of hydrological sensitivity is still not largely narrowed by recent estimates from CMIP5/6
models (Andrews & Forster, 2010; Douville et al., 2023; Fläschner et al., 2016; Shiogama et al., 2022). In this
study, from the fully coupled simulations of 12 CMIP6 models under transient 4 × CO2, the estimated apparent
hydrological sensitivity (ηa) is 1.17%–1.61% per Kelvin warming. It should be noted that the temperature
sensitivity of the hydrological transient responses to atmospheric CO2 increase in this study could be much
smaller than those from the stable climate state or the abrupt 4 × CO2 scenario due to that a transient climate
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induces a fast decreased precipitation response to CO2 radiative forcing (Andrews & Forster, 2010; Fläschner
et al., 2016).

Using the proposed analysis framework of global water cycle in response to rising CO2, this study defined and
quantified the global hydrological sensitivity to rising CO2‐induced physiological and radiative forcings from
decoupling simulations of the CMIP6 1pctCO2 experiments. The CMIP6 models estimated that the global hy-
drological sensitivity to global warming solely due to the CO2 radiative forcing is 1.54 ± 0.24% per Kelvin
warming, which about 10% larger than the apparent temperature sensitivity calculated from the fully coupled
simulations. The global hydrological sensitivity (precipitation or evaporation) by CO2‐physiological forcing is
− 0.09± 0.07% (100 ppm)− 1 at transient 4 ×CO2. These global hydrological sensitivities by CO2 physiological or
radiative forcings are relatively stable over transient 2 × CO2 to 4 × CO2, which is consistent with the finding that
the apparent hydrological sensitivity to warming has little change at large CO2 forcing between transient 2 × CO2
and 4 × CO2 (Raiter et al., 2023).

With the CMIP6 1pctCO2 experiments, this study isolated the relative contributions of rising CO2‐induced
physiological and radiative forcings and the interaction between the two to the transient responses of global water
cycle to increasing CO2 forcing. At the global scale, the overall increases of global P or E at transient 4 × CO2 are
dominated by the CO2 radiative forcing (79 ± 12%) and positively contributed by the interaction (6 ± 12%) but
are reduced by the CO2 physiological forcing (− 10± 8%). On land, the pattern of precipitation minus evaporation

Figure 7. Evolution of hydrological sensitivity parameters from rising CO2‐induced radiative and physiological forcings over
transient 1%/year increasing CO2 forcing (1 × CO2 to 4 × CO2). (a) Sensitivity of precipitation to CO2 physiological forcing
(BP) on globe, land and ocean, respectively. (b) Sensitivity of precipitation to CO2 radiative forcing (ΓP) on globe, land and
ocean, respectively. (c, e) Same as (a) but for evaporation (BE) and precipitation minus evaporation (BP − E), respectively. (d, f)
Same as (b) but for evaporation (ΓE) and precipitation minus evaporation (ΓP − E), respectively. Shaded area represents
mean ± standard deviation from 12 CMIP6 models of the 1pctCO2 experiments.
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show that the wetting of global land is dominantly contributed by the CO2 radiative forcing (44 ± 34%) and
enhanced by physiological forcing (13 ± 19%) and their interaction (20 ± 32%). In last two decades, a recent
study indicated that global water availability (P‐E) has significantly decreased (Y. Zhang, Li, et al., 2023). The
declining trend on land can be reversed for a long period of time, for example, in the transient 4 × CO2 scenario.
However, there are still uncertainties since climate mode changes play a key role in controlling global land water
availability. The accuracy of Earth System Models (ESMs) in predicting these climate mode changes is a critical
factor for accurately projecting changes in global land water availability. Additionally, 12 model members used in
this study may not be the optimal ensemble size to capture robust modeling uncertainty of sensitivity and
contribution estimations. Overall, this study quantified hydrological sensitivity to rising CO2 physiological and
radiative forcings and emphasized the importance of CO2 physiological forcing and interactive effect between
physiological and radiative forcings in global water cycle projections under a CO2‐enriched climate.

Data Availability Statement
All simulations of the CMIP6 models for the 1pctCO2 experiments (Jones et al., 2016) can be freely downloaded
from the Earth System Grid Federation (https://esgf‐node.llnl.gov/search/cmip6/). The supplementary text, ta-
bles, and figures are provided in Supporting Information S1. The additional resulting data set is provided at X.
Zhang (2023).
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